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NEW ANIONS FOR LITHIUM BATTERY ELECTROLYTES

Computational modelling and Raman spectroscopy

JOHAN SCHEERS
Department of Applied Physics
Chalmers University of Technology

ABSTRACT

Energy storage is crucial to realize a new global energy paradigm based on renewable
energy sources. Batteries are well suited this need, with the advantages of being
mobile and potentially environmentally benign. Li-ion batteries have revolutionized
the market of portable electronics and are now being implemented as back up
electricity for grid storage, and for transportation — powering hybrid and electric
vehicles. However, for large scale applications, the safety of current Li-ion batteries is
an obstacle. The safety problems of the Li-ion cell is inherent the reactivity of the
choice of materials. Of particular concern, is the flammable organic electrolyte with
the thermally unstable lithium hexafluorophosphate (LiPFg) salt. New salt alternatives
must, in addition to high thermal stability, combine high electrochemical stability with
facile Li* transport.

In this thesis, alternatives to LiPFg are explored by a combination of computational
and spectroscopic techniques. The vertical transition energy, AE,, and ion pair
dissociation energy, E4, are computational approaches to the electrochemical stability
of anions and the Li*—anion interaction strength, respectively. From computationally
predicted structures of anions and ion pair configurations, simulated vibration spectra
can be compared with experimental Raman spectroscopic results to probe the
molecular level environment of electrolytes. The lithium salts investigated can be
categorized according to 1) their approximate geometric characteristics; linear, planar,
or spherical, and 2) their substituents; —F, —CF3, or —C=N groups.

The approach taken here is extremely idealized compared to the complex nature
of real battery electrolytes; this is both a weakness and a strength. It will be further
evaluated and modified based on future experimental results — implementation in
lithium battery electrolytes.

Keywords: Batteries, electrolytes, ionic liquids, lithium salts, anions, ab initio, DFT,
Raman spectroscopy
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1| INTRODUCTION

This thesis comprises work on materials for rechargeable lithium batteries, today well-
developed power sources for consumer electronics, and at the brink of expanding into
new and exciting large scale application areas. In the following, an outlook is presented
of the challenges and opportunities that exist for batteries in general. This outlook
expands far out from the narrow theme of this thesis, but provides the necessary
horizon of expectations that drives research on battery materials and battery
engineering.

In view of the current environmental awareness, a future for batteries is as an
integral part of a sustainable global energy solution, where the dependence on fossil
fuels is relieved in favour of renewable energy sources. This change is motivated by
increased worldwide energy utilization, finite fossil fuel reserves, and global
environmental effects, such as air pollution and climate changes, connected with the
current global energy situation. Relying on wind and solar plants for future electricity
generation there is an increased demand for energy storage systems that can provide
back-up electricity — load levelling of the electric grid — when the wind is not blowing
or the sun is blocked. Compared to hydro-electric storage and other geographically
constrained storage systems, the size and mobility of alternative battery installations
are to their advantage.

For the transportation section, a battery powered electrical engine can support or
possibly replace a combustion engine, with the advantage of minimizing exhaust gases.
This trend is already well underway, with an increasing number of hybrid electrical
vehicles (HEVs) on the street. HEVs offer improved fuel economics and are now also
supplemented by plug-in hybrid electrical vehicles PHEVs. The latter can for a short
distance (~ 65 km)' be powered by the electrical engine alone, and be charged directly
off the electrical grid. For the future, advanced high capacity batteries may provide an
opportunity for producing competitive long range (~500 km) electrical vehicles (EVs).

In the exemplified fields and many more, lithium based batteries are being
introduced (see Appendix). However, for widespread use there are barriers to
overcome — in part technological, in part economical — depending on the specific
application. Lithium batteries are the most energy dense batteries of today, but are
also the most expensive. The overall cost of a battery per kWh depends on how the
battery is used, for example depth of discharge and cycle life, but for a rough
comparison the cost invested per kWh after the first battery cycle has been estimated
to 900 USD for a lithium ion battery, compared to 300 USD for a nickel metal-hydride



battery.2 As a back-up system for electrical grids, batteries have to be “dirt-cheap”, and
made out of materials that you “trip over in your backyard” to provide a reasonable
cost per kWh stored.? Also, for consumer electronics and transportation applications —
considered high volume, but low value markets — there is an economic barrier that
restricts the technologies that can be introduced. The Li-ion cell exemplified above,
would have to sustain approximately 10000 cycles (~27 years if 1 cycle/day) to reach a
cost of 0.15 USD (~1 SEK) / kWh,? which is well above the limit of the battery and still
above the economical threshold for several applications. Thus, alternative battery
technologies based on cheaper materials, such as sodium sulphur batteries,* are also
being explored for large scale applications. On the other hand, for military and space
applications, which are low volume but high cost markets, expensive battery
technologies, can be afforded. However, these applications face more challenging
technological requirements, since the batteries often need to operate under harsh
conditions, in terms of temperatures and pressures.

Regardless of the area of application, the development of suitable battery
technologies into commercial products is costly and investors seek to guarantee their
money before the next technological leap, which identifies another obstacle in battery
development — maturity time. In a recent perspective on the future of lithium battery
technologies, three stages of rechargeable lithium battery development are foreseen:’
in short term (0-3 years) known Li-ion battery technologies will be commercialized; in
midterm (3—7 years) advanced Li-ion technologies will be introduced, based on new
materials and material processing techniques that are currently being developed; in
long term (7-20 years) new lithium batteries are expected to go beyond the Li-ion
technology — considered a “pertinent bridge” to more advanced lithium (and non-
lithium) battery technologies. An example of the very bold strategies and goals of a
long term project is given by the metal-air ionic liquid (MAIL) battery project.®

Finally, a broad range of considerations exist beyond the technological and
economical imperatives; battery safety and lifetime are key considerations for new
applications; the toxicity and environmental benignity of individual materials relate to
the safety in handling, storage, and recycling of battery components, which are not
necessarily green products per se.” The source, abundance, and geographical location
of materials, define the possibility, cost, and energy required to extract and pre-
process the materials, and identify potential political risks involved. In conclusion, the
development of new battery technologies is truly a multi-faceted problem.



2] BACKGROUND

Entitled “New anions for lithium battery electrolytes”, the central topic of this thesis is
a limited part of the lithium battery. The background introduces important battery
concepts, components, and materials, with the interactions between the main
components as a central theme. Strategies for designing new electrolytes are
highlighted, with focus on the properties of the anion.

2.1 Battery concepts

When two different electronically conducting materials, electrodes, are brought into
contact, electrons flow spontaneously in the direction that cancels the electrochemical
potential difference, Au=E, of the two materials. The thermodynamic driving force is a
minimization of the total free energy, G, of the system (eq. 2.1)8 — here the energy
available to do electric work — where n is the number of electrons transferred and F =
96485 C mol™ (Faraday’s constant) is the charge of one mole of electrons.

AG = —nFE (2.1)

The practical application of this process is realized in the galvanic electrochemical cell.®
In the galvanic cell, direct electrode contact is avoided by positioning an ion
conducting, but electronically insulating electrolyte between the electrodes; electrons
flow between the electrodes indirectly, via an external wire to power an electronic
device, while the electrolyte provides the medium for an ionic current that balances
the electric current for overall charge neutrality. Batteries are strictly assemblies of
several electrochemical cells, but the terms are used interchangeably.

In batteries, the electric current is sustained by coupling a suitable reduction and
oxidation (redox) reaction to the electrode/electrolyte interfaces. Electron transfer
occur in two half reactions — one at each electrode — coupled by the ionic mass
transport through the electrolyte. The half-reaction at an electrode is characterized by
a standard electrode potential, E°, defined as the potential of a cell under standard
conditions (1 bar, 25°C), where the electrode of interest is combined with a reference,
the Standard Hydrogen Electrode (SHE).2 In a cell with any two given electrodes, an
estimate of the overall potential or thermodynamic driving force of the cell is given by
the sum of the standard potentials, and the relative values indicate at which electrode
reduction and oxidation will occur. The convention is to name the electrodes in
accordance with the processes that occur in a spontaneously operating cell; reduction



occurs at the cathode, while oxidation is associated with the anode — the two can be
visualized as the sink and source of electrons, respectively. In battery literature, the
electrodes acting as the anode and cathode at discharge are frequently referred to as
the negative and positive electrodes, respectively — irrespective of the mode of
operation. A battery is usually a closed system, but in metal-air batteries, such as zinc-
air'’® and lithium-air batteries,* air is the external reservoir of oxygen (cathode

material).

Performance characteristics

From a thermodynamic driving force perspective, an optimal battery would be
constructed from two electrode materials with an as large electrochemical potential
difference as possible. However, in practice it is hard to find electrolytes that are
chemically inert in a large electrochemical window and the cell materials must meet
additional criteria. In particular, the density of active materials in each electrode is of
importance for the energy density of the battery. A number of characteristics are used
to rate the performance of individual components, cells, and entire batteries, for
example; the specific energy (Wh/kg) or volume based energy density (Wh/dm?), the
specific rated power (W/kg) or the rated power density (W/dm?). Another common
characteristic is the specific capacity (Ah/kg), which states the total charge that can be
delivered from a cell per unit weight of active materials. In practical batteries,
independent of the cell chemistry, the energy available from the battery is estimated
to be only 25-30 % of the theoretical specific energy of the active materials.’® The
reasons include a combination of non-active and active materials in the battery design,
non-optimal contact between electrodes and electrolyte, and limited operating
conditions (batteries are never fully discharged). Therefore, the engineering of
batteries, for example the design of nano-structured electrode architectures, is
important to increase both the ratio of active to non-active materials and the material
utilization.

When no net current is delivered by the battery, it is characterized by an open-
circuit potential (OCV), but the cell potential is reduced with load. The depth of
discharge (DOD) expresses the delivered capacity as a percentage of the available
capacity, and the discharge rate (C-rate) is a measure of the time taken to deliver the
full capacity of the battery. At a 2C-rate the full capacity of the battery is discharged in
half an hour (C/time (hours)). The cycle-life of the battery will depend on both the DOD
and C-rate, among other factors.

Rechargeable battery systems

The status at the turn of the millennium of a few representative rechargeable
(secondary) cell chemistries is summarized in Table 1. Of these, the lead-acid battery
was first (1859) and accounted, in the late 90’s, for more than half of the world battery
sales, with its main application in vehicles for start-up, lighting, and ignition (SLI).*2



TABLE 1. Components and practical performance of rechargeable battery systems at 20°C."°

Trivial names Anode/Cathode Electrolyte Vocv Wh kg'1 Wh dm™
Lead-acid Pb/PbO, H,S0O, (aq) 2.1 35 70
NiCd Cd/NiOOH KOH (aq) 1.3 35 100
NiMH MH/NiOOH KOH (aq) 1.4 75 240
Li-ion Li,C¢/Li; C00O, LiPFg (non-aq) 4.1 150 400

The lead-acid battery has been followed by the nickel-cadmium (NiCd; 1899), nickel-
metalhydride (NiMH; 1989), and lithium ion (Li-ion; 1991) alternatives — all competitors
in the portable electronics market. Each of these cells have their advantages and
disadvantages,”® in Table 1 only a few basic properties are highlighted. In the
comparison, Li-ion batteries stand out with an unusually high cell potential, a non-
aqueous electrolyte, and the highest specific energy and energy density. The energy
densities and specific energies of battery cells depend on the actual cell design and are
therefore distributed around the values of Table 1.

Li-ion battery operation mechanism

In the state-of-the-art Li-ion rechargeable battery, lithium ions are cycled between a
graphite anode, Li,Cs and a lithium cobalt oxide cathode, Li;.xCoO,. The electrolyte is a
liquid or gel composed of a mixture of organic carbonates with LiPFs as the Li* source.
During charge and discharge, the lithium ions migrate reversibly between the anode
and cathode, in a process highlighted by trivial names such as the rocking—chair13 and
shuttlecock™ battery (Figure 1).

2.2 Electrodes and interfaces

In a battery cell, the electrodes enclose the electrolyte, which has the difficult task of
mediating ion transfer between two very demanding environments, while maintaining
its chemical integrity. The result is an often complex interplay between the electrodes
and the components of the electrolyte, a compromise in the choice of active materials,
and a reliance on meta-stable battery systems. The aim of this section is to introduce
common electrode materials of lithium batteries in the context of
electrode/electrolyte compatibility, and to identify implications of the specific
electrode materials for the choice of electrolyte.



Li,Cg + LijCoO2 = LiyCg+ LiCoO2

ANODE ELECTROLYTE CATHODE

Liy,Cg —> LigCg + xLi* + xe” Li; ,CoO, + xLi* +xe™ —> LiCoO,

Figure 1. Components and discharge reactions of the state-of-the-art Li-ion cell.

Anodes and the anode/electrolyte interface

The interest in Li* conducting electrochemical cells has its origin in two main properties
of metallic lithium; the low standard reduction potential (Li* + e 2 Li; E° = -3.045 V)2
and the small size of lithium ions. The first property makes lithium suitable to construct
cells with large electrochemical windows, using the right cathode materials. The small
size translates to a high gravimetric and volumetric density; 0.14 mol g* (7.69*102 mol
cm™), and a high capacity, 3860 Ah kg™ (2060 Ah dm™).1° The ion size is also important
for the possibility to use intercalation electrodes.

Ideally, for a thermodynamically stable battery, the electrochemical potentials of
the electrodes should be located within the stability window of the electrolyte;™ no
driving force should exist for electrons to transfer neither from the anode to the
lowest unoccupied molecular orbitals (LUMO) of any electrolyte component, nor from
the highest occupied molecular orbitals (HOMO) of the electrolyte to the cathode
(Figure 2). However, if lithium metal is chosen as the anode, it will react with any
electrolyte and stable cell operation will be possible only if the lithium surface is
passivated by the decomposition product(s) — the formation of a solid electrolyte
interphase (SEI)."® The vigorous and continuous reaction of lithium with water
discloses the use of an aqueous electrolyte and therefore, non-aqueous electrolytes
are necessary.
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Figure 2. A schematic representation of the electrode/electrolyte interplay in terms of the
electrochemical potential window defined by the electrodes or intrinsic to the electrolyte.

The SEl is a protective dynamical thin film, from a few to hundreds of A thick,"’ that
ensures a kinetically, as opposed to a thermodynamically, stable system and function
as an extended electrolyte. Therefore, it should also support the migration of lithium
ions and be electrically isolating. The properties of the SEI depend on the electrode,
electrolyte, and the operating conditions, and have been crucial throughout the history
of lithium battery development.® For lithium metal battery research, limited control
over the lithium metal SEI was the root of frustration, which culminated with the
unsuccessful commercialization of these batteries at the end of the 1980’s."* When
lithium metal batteries are charged, the plated lithium forms a rough surface at the
lithium anode and an inhomogeneous SEI from electrolyte components.18 The growth
of tree-like structures — lithium dendrites — are observed® and attributed to the loss of
active material, cell shorting,?! battery explosions, and related safety incidents.” In the
first successfully commercialized Li-ion batteries the problem of dendrite formation
was resolved by introducing lithium intercalation compounds and topochemical

reactions,zz'24

instead of metallic lithium and lithium plating.

The potential of lithiated graphite (~0.05V vs Li*/Li) is almost as low as that of
metallic lithium. However, a substantial trade-off is the much lower theoretical specific
capacity of the graphite intercalation electrode (372 Ah kg™) compared to a lithium
metal anode (3860 Ah kg?). A stable SEI is still needed despite avoiding dendrite
formation. The SEI on graphite must be formed before Li* intercalation, to avoid co-
intercalation of electrolyte components.'” In the original Li-ion battery by Sony,*2°
propylene carbonate (PC) was the main component of the electrolyte, but PC co-

intercalates into graphite and decomposes to propene gas that deteriorates



(exfoliates) the electrode.'” A more amorphous carbon anode, petroleum coke, was
then used, but later PC was substituted by ethylene carbonate (EC) and graphite could
again replace petroleum coke (graphite can intercalate roughly twice the amount of
lithium ions).?” The SEI formation on carbon anodes is more or less completed during
the first charge, with different onset potentials, better defined for graphite compared
to the disordered carbons, of Li* intercalation and SEI formation.*’

Beyond lithium metal and carbonaceous materials for lithium battery anodes,
lithium alloys were already in the 70’s able to address dendrite formation.® Lithium
alloy research has focused on cheap and abundant elements, such as Si, Sn, Sb, Al, and
Mg, and are attractive since their capacities fill the gap between metallic lithium and
graphite, or even exceed that of metallic lithium.?® The main drawback is large volume
changes during cycling, detrimental to the electrode.®® However, in a suitable matrix,
such as carbon, this can be controlled and hundreds of cycles with good performance
has been demonstrated.*

Yet another interesting class of anode materials are ceramics that avoid lithium
plating by operating at a low potential; 1-2V above lithium. The best representative of
this class is LisTisO1, (LTO),** which in combination with a LiFePO, (LFP) cathode
represent a novel lithium battery approach where both the anode and cathode
operate within the electrolyte stability window.** These batteries are fast-charging (5
min at 500V/125A), have long cycle life (>30000 cycles), and have recently been
suggested for long term operation of city EVs and implemented in demonstration
vehicles.>* However, with an operating voltage of ~2V and a theoretical anode capacity
limited to 175 Ah kg™, the trade-off in energy density is substantial. For an overview
and comparison of the intrinsic properties of lithium, carbonaceous, LTO vs. alloy
anodes, a recent review is recommended.”

Cathodes and the cathode/electrolyte interface
The passivation need is not exclusive to the anode/electrolyte interface, as high cell
voltages necessitate the use of strongly oxidizing cathodes.* Adequate stabilization of
these cathodes is a main concern for the safety of lithium batteries.*® Also, key
differences between the surface films formed on either electrode has been observed,
in particular increased thickness of cathode surface films with cycling, during storing,
or elevated temperature operation. This has motivated the use of a unique term, the
solid permeable interface (SPl), for the description of the cathode-electrolyte
interface.®

A large number of materials have been investigated as cathodes, mainly transition
metal based layered oxides (LiMO,; M=Co, Ni, Mn),a'7 spinel type structures
(LiI\/In204),38 or polyanionic compounds, such as the olivine structured LiFePO4.39 Also,
doping with metals has been used to tune various properties; standard potentials,
electric and ionic conductivity, as well as interfacial properties. In addition, surface
coating and other material processing techniques have been used to control the SPI.
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Figure 3. Model of the formation of a solid permeable interface between a LiMn,O, cathode
and a LiPF, organic liquid electrolyte. Redrawn from Edstrém et al.”

Detailed overviews of cathode material research, and especially doping,15 are available

in several recent reviews, %%

LiCoO, is still, after some modifications,*® the most
common cathode in Li-ion batteries.** However, there are numerous concerns related
to the use of LiCo0,,** disqualifying it for use in large scale battery applications.*® Most
are related to structural instability, manifested through cobalt dissolution® and loss of
oxygen, when more than half of the lithium is extracted from the cathode.” As a
consequence, only half of the lithium is available for the cell operation, limiting the
capacity of the cathode to ~140 mAh g’ at a cut-off potential of ~4.2 V vs. Li*/Li
(plateau ~3.7 V).** The high cost of LiCoO, and the toxicity and rarity of cobalt, are
additional concerns.

The spinel structured LiMn,0, played a special role in the development of the
liquid electrolytes that came to dominate Li-ion batteries from the mid 90’s (see
below). LiMn,0; is considered non-toxic, cheap, and environmentally friendly
(“green”), but historically oxygen release and in particular Mn dissolution, have
resulted in poor cell cyclability and safety.40 Now this material and doped variants are
commercialized,* as an 3D Li* diffusion offers higher rate capabilities at operating
voltages similar to the 2D layered LiCoOz.40 Also, doped variants of LiMn,04 in
combination with LTO have been suggested for 12V Li-ion batteries (5 cells a 2.5V)
competitive with the lead-acid standard.*®

LiFePQ, is another green cathode material; elements are abundant and non-toxic
and can be made at low cost, despite high processing costs for engineering of particle



size and carbon-coating.’ The latter is necessary because of the poor electric
conductivity, limiting the rate capability. With respect to cathode materials, LiFePO,
has received overall most attention for transport applications due to thermal stability
and structural integrity. The harder bound oxygen atoms and lower average operating
voltage, ~3.5 V vs. Li"/Li, are advantages for cell safety. However, for the energy
density the latter is a disadvantage. Also, the volumetric energy density suffers from
reduced particle size and carbon coating; the packed powder density (tap density) is at
best 50% of commercial LiCoO, (~2.6 g cm™).*’

Anode vs. cathode electrolyte interfaces
Several models for the formation of both SEls and SPIs have been suggested, but there

is still not a consensus about the compositions.”'18

The comparison of different films
are complicated by their complex dependence on several parameters; the electrodes,
the electrolyte components, cell operation conditions, impurities, as well as the aging

1718 Because of the difficulties involved in

or dynamic restructuring of the films.
predicting the composition and stability of the surface films on either electrode, the
reactions involved in the formation of these films are often referred to as ad-hoc

surface chemistry.®*

Modifications of electrode surfaces or the development of
concentration gradient electrodes® are strategies used, as well as to change the
electrolyte composition, either salts and/or solvents, or by adding new components

(additives).>*>*

2.3 Electrolytes

The active chemistry at the interfaces discussed in the previous section can be
considered necessary to resolve the issue of electrode/electrolyte compatibility, but at
the same time it disqualifies the electrolyte from being inert. The balance in the
compromise between safety and energy density in these kinetically stabilized systems
is application dependent. When safe operation is the primary goal, improved
electrolyte stability is needed, true especially for use with new stable high voltage
cathodes. Ideally, the electrolyte should, apart from a wide EPW (Figure 2), have the
following characteristics:*®

e high lithium ion conductivity and low electronic conductivity over a wide
temperature range.

e tolerance towards unplanned electric, mechanical, and thermal abuse, for
example overcharge, crushing, or overheating.

e be composed of renewable, non-toxic, eco-friendly, and low cost materials.
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More specific targets are nested with the type of application, for example transport
applications.52 Typical demands on ionic and electronic conductivity are g;,, > 10*s
cm?tand 6. <10 Scm-1,and a working temperature range of -20°C to +60°C.8

A high ionic conductivity, 0;,,, requires a large number, n;, of ions (carrying a
charge g;) with a high mobility, y; (eq. 2.2). Preferentially, most of the charge should
be carried by Li*, implying a high cation transport number, t. (eq. 2.3). However, this is
typically not the case; the small lithium ion is strongly solvated in the electrolyte, often
with a coordination number of four (see paper IV), and drag the solvent along. This
limits the cation mobility and frequently the anion dominates the charge transport.
The details of transport properties of both electrodes and electrolytes have been
reviewed in reference [53].

Oion = XiMiqild; (2.2)
Ky

t, =— 2.3

. (2.3)

Typical electrolyte salt concentrations are 1 to 3 mol dm™, where the lower limit is set
to prevent polarization effects, and exact values depend on an energy or power

2435 1t is a

battery design and application, as well as the salt and solvent properties.
challenge to maintain high ionic conductivity and salt solubility across a wide working
temperature range. Nevertheless, practical electrolytes with ionic conductivities well
above 1 mS cm™ at -60°C have been demonstrated.”® In the following, three main
groups of electrolyte concepts are introduced; liquid and gel, solid polymer, and ionic
liquid electrolytes, with the aim of discussing a few strengths and weaknesses of each,
important for implementation in lithium batteries. The lithium salts are treated in a

separate section.

Liquid and gel electrolytes

From sections 2.1 and 2.2 it naturally follows that the development of electrodes and
electrolytes is entangled. Two solvents were early used; PC was in the first commercial
Li-ion batteries,”® and EC, mentioned in the 1990 patent of Sony,26 figured as a co-
solvent to PC.>">° EC has a “high” melting point, 36.2°C,>® and is therefore not suitable
as a single solvent. However, in mixtures with linear carbonates, EC was identified as
an indispensible component of liquid electrolytes (LE), compatible with the LiMn,0,4

>80 | ater two ternary electrolytes were suggested; 1M LiPFg in DMC:EC (1:2

cathode.
w/w) and 1.5M LiPFg in DMC:EC (2:1), after a systematic investigation of the solvents
dimethyl carbonate (DMC), diethyl carbonate (DEC), diethoxyethane (DEE), EC, and PC,
and a number of salts; LiAsFs, LiPFg, LiBF4, LiClO4, LiCF3SOs (LiTf), and LiN(CF3SO;),
(LiTFSI).>

A clear impact of these electrolytes was seen within a few years. In 1996, an
analysis of five commercial (Sony, Sanyo, Matsushita, Moli, and A&T Battery) 18 650
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type Li-ion cells indicated that EC-based carbonate mixtures dominated. Only the Sony
cells still relied on PC.°" The properties of liquid EC-based electrolytes are extensively
summarized in reference [*®].

Closely related to LEs are hybrid or gel polymer electrolytes (GPEs), where a LE is
incorporated into a polymer matrix, for example a co-polymer of vinylidene difluoride
and hexafluoropropylene P(VdF-HFP).? GPEs offer advantages in terms of cell
flexibility and cell design according to the ”BeIIcore—concept",63 where three laminated
cell parts (anode + Cu-current collector, electrolyte, and cathode + Al-current collector)
are fused together. Here a non-active plasticizer is used as a temporary, later
extracted, stand in for the moisture sensitive LE, leaving a porous laminate, which in a
subsequent dry activation step is filled with the LE. Li-ion cells constructed in this way
plastic design

of the PLiON batteries offers an energy density advantage over the ordinary Li-ion cells

III

are known as plastic Li-ion (PLiON). Apart from a flexible design, the “al

with a metal casing. However, since they share the same active materials as Li-ion
cells, they operate in the same way, with similar operational benefits and drawbacks.
In newer generations of GPEs, which have required the trivial name Li-ion polymer
batteries, the P(VdF-HFP) matrix have been replaced by a gel-coated poly-olefin
separator.”

Irrespective of the liquid or gel nature of the electrolytes discussed above, their
most important shortcomings are attributed to the organic solvent components; high
flammability and low flashpoints, and often restricted to operating temperatures
above - 20°C, owing to the presence of EC. There is also the mismatch in EPW towards
common electrodes (Figure 2).

Solid polymer electrolytes

Contrary to GPEs, which contain organic solvents, the concept of using a polymer as
the sole electrolyte solvent impose different electrochemical properties to the overall
lithium battery. The most important is the possibility to combine the solid polymer
electrolyte (SPE) with a lithium metal anode, since the corresponding interface is more
mechanically resistant to dendrite growth (section 2.2). In principle, this leads to a
more reliable cell with a higher energy density — “perfectly suitable for electrical
vehicle appIication",64 and alternative large scale battery applications.

The initial interest in SPEs® in the late 1970’s was inspired by the favourable alkali
ion/polymer interactions that had been observed in poly(ethylene oxide) (PEO)®® and
the low reactivity of the ether (~C—0-) linkage.®’ Consequently, the first constructed
lithium polymer battery (LPB)®® in the early 1980’s used a PEO-based electrolyte, but
operated at temperatures > 120°C, which highlights one of the inherent problems of
these electrolytes — poor room temperature ionic conductivity. The ionic conductivity
of PEO lithium salt complexes is commonly of the order 10® - 10® S cm™ at room

67,69

temperature, with the exception of the use of a plasticizing lithium salt (LiTFSI/PEO,

Oion~ 10°S cm'l).
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Figure 4. Solvent components used or considered for use in lithium battery electrolytes; a)
organic liquids, b) polymers, c) IL cations.

With the facile ion transport occurring in the amorphous phase, the high crystallinity of
PEO was early identified as the main hurdle to facile ion transport. Therefore, various
attempts have been made to replace or modify PEO. However, it has been proven
difficult to find a more suitable polymer than PEO that combine high ionic conductivity
with mechanical and electrochemical stability.70 Instead, the addition of ceramic fillers,
forming composite polymer electrolytes (CPEs), have shown favourable effects on both

ion transport properties and interface stability.”’*"

However, control over particle
size, sample uniformity, and reproducibility has proven a chaIIenge.73 Nevertheless, the
development of CPEs has lead to batteries competitive for electric vehicle
applications.”

Concluding this section, two out-of-the-box examples of polymer electrolytes are
mentioned. In the first, the polymer-in-salt electrolyte,” the concept of a SPE is
reversed, with for example 15% PEO (w/w) in a lithium salt. The second example, the
polymer in ceramic eIectronte,76 follows a corresponding approach, where a porous
ceramic phase acts as a matrix for a liquid oligomer and a lithium salt. The aim of both
these approaches is to combine the good transport properties of alternative glassy and
ceramic solid-state electrolytes,®® which suffer from brittleness and mechanical

rigidity, with the flexibility and surface adhesive properties of polymers.

lonic liquid based electrolytes

One of the simplest imaginable electrolytes is an ionic system free of solvent, where a
single salt provides the charge carriers as well as the medium for ion transport. For
lithium batteries such an electrolyte would be realized by a lithium salt, molten over
the operating temperatures of interest — a Li* based ionic liquid (IL).

13



Figure 5. Geometry of an ion-pair of the ionic liquid C,mim[B(CN),]. Bulky and dissimilar
ions are responsible for the low melting points of ionic liquids.

However, a molten lithium salt is hard to realize at moderate temperatures, and
therefore the simplest IL based electrolytes are ternary systems, resulting from a
lithium salt and an IL sharing the same anion.

A popular definition of an IL is “a salt with a melting temperature below 100°C”,
which is possible for ionic systems where crystallization is hindered by a combination
of certain ion characteristics; low surface charge, large size, low symmetry,
778 The strict

requirements on the battery electrolyte drastically reduce the number of potentially

conformational flexibility, and inter-ionic mismatch (Figure 5).

useful ILs, but there exist ILs that fulfil electrode compatibility, high ionic conductivity,
and a wide liquid temperature range etc.”® The implementation of ILs as solvents for
lithium batteries is foremost driven by expectations of improved battery safety, as a
result of several intrinsic properties of ILs, such as their low volatility, low flammability,
and electrochemical stability.

Among the disadvantages are cost and high viscosities,” the latter generally
increasing when a lithium salt is added. The former is believed to restrict the use of ILs
as solvents for any cost-sensitive application,80 such as transportation and grid storage.
Recent studies have also revealed onset temperatures for thermal IL decomposition

80-81
d

lower than first reporte and addressed the chemical instability of ILs.2* Moreover,

tests of Li-ion cells have shown similar behaviour for IL and carbonate based

82

electrolytes, in the event of thermal runaways.”” However, differences in onset

temperatures and the amount of heat generated do exist, in particular as a function of

the anion. A similar anion dependence has been observed for ILs heated in the
presence of charged electrode surfaces.?®
An interesting alternative to neat ILs are ILs incorporated in polymer

78,84-85

electrolytes, yet another is combinations of ILs and organic solvents, which might

seem counter-intuitive. However, the objective is to improve the interfacial®® and

87-88

transport properties of the neat IL based electrolytes, without compromising the
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thermal properties. The possibility of including organic solvents in additive amounts to

86,89
d,

implement a lithium metal anode has been addresse and the required

passivation shown to depend on both the IL constituents and lithium salt.>*®?

2.4 Lithium salts

A lithium salt, or several, has to be added to a solvent, or more often several, to
provide a Li* conducting electrolyte with a high enough concentration of charge
carriers (section 2.3). As also mentioned in the previous section, no two-component Li*
ILs are available, implying that a minimum of three components are required for an Li*
conducting electrolyte. An exception is the use of anion functionalized polymers, or
polymer/salt hybrids, where one or both of the polymers chain ends are modified by
attaching a negatively charged group that coordinates Li*.”” Thus, the salt and solvent
are the same.

To find an optimal counter-ion to Li* is far from trivial. The interactions of the
anion with Li*, solvent molecules, electrodes, and even the current collectors, pose the
same difficulties choosing a suitable counter-ion, as a solvent or solvent mixture. A
substantial number of requirements have to be fulfilled simultaneously for an
electrolyte, and it can be very challenging to substitute any single component. This is
perhaps the main reason why so little progress has been made in the area of new
lithium salts, despite the well-known drawbacks of the state-of-the-art lithium salt:
lithium hexafluorophosphate (LiPFg). Chosen for the pioneering Sony Li-ion cell, it is
still, almost exclusively, implemented in modern Li-ion batteries, as part of LEs or GPEs.

In the following sub-sections several properties of LiPFs are reviewed together
with early competitor salts. The main disadvantage of LiPFe, its thermal instability, is
discussed separately, followed by a section devoted to the introduction of alternative
salts. These salts represent a subjective choice of research directions currently
explored, to identify new alternatives for the future.

Classic lithium salts

When LiPFs was chosen by Sony in the early 90’s, it was somewhat of a surprise, since
the purity of LiPFs had not been adequate for stable, long term battery operation, in
contrast to the use of LiAsFe.*® From the initial patent,?® the competitor lithium salts at
the time were: LiClO4, LiAsFg, LiBF4, LiB(CgHs)s, LiCl, LiBr, Li(CH3SOs), and Li(CF3SO3)
(LiTf). In 1991, Dudley et al. (Moli Energy) used the fluorinated salts above and
LiN(SO,CF3), (LiTFSI) — a total of five lithium salts and 27 organic solvents — in the
preparation and characterization of the conductivity of 150 electrolytes.”® Three of
these can be visualized in Figure 6. Most attention was clearly devoted to LiAsFe, as
part of 130 electrolytes. All electrolytes were composed of a single salt, but in
solutions containing up to four different solvents.
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Figure 6. Anions of classic lithium salts.

Although the highest conductivities overall were found among the optimized LiAsFg
electrolytes, conductivity results of electrolytes on the same footing, 1M LiX/EC:PC
(1:1), demonstrated the excellent conductivity of LiPFgin carbonate electrolytes.

LiPFg > LiAsFg > LITFSI > LiBF4 >> LiTf

Mentioned in previous section, Tarascon et al. (Bellcore; 1994) used the same five salts
(+LiClO4) in the optimization of electrolytes, based on solvent mixtures of cyclic and
linear carbonates.” The results, after optimizing the electrolyte composition with
respect to both ion conductivity and electrochemical stability towards a Mn,04
cathode, again highlighted LiPFg electrolytes as the optimal choice. Although, these
authors used LiClOy in their study, they conveyed with the opinion of Dudley et al., and
most of the battery community,>® that for practical battery systems there is too much
of a risk of violent reactions, due to peroxides formed from perchlorate (ClO4)
decomposition. Thus, all the relevant lithium salts at the time were either inorganic
high symmetry fluorinated anions, LiTf or LiTFSI. Important, is that LiPFs and the other
inorganic fluorinated salts were not suitable alternatives for SPEs, because of the
vulnerability of the PEO chains to attack by the Lewis acids (AsFs, PFs, and BFs) in
equilibrium with the corresponding anions.®® Thus, SPEs had been limited to the
perfluorinated organic anions, LiTf and LiTFSI. Out of these, LiTFSI had become the salt
of choice for SPEs.”

The success of LiPFg can be attributed to a favourable balance of properties. “%n
Table 2, the electrochemical stabilities and conductivities are collected for the classic
lithium salts,”® together with thermal stabilities and aluminium current collector
compatibilities. While LiPFg based electrolytes havefavourable high conductivity and
electrochemical stability, they suffer from a lower than average thermal stability.
LiTFSI, and a few analogues, labelled as indefinitely stable at elevated temperatures
(100"C),94 were shown to have an Achilles heel of their own — corrosion of the
aluminium current collector.
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TABLE 2. Properties of liquid electrolytes as a function of lithium salt.

IM EC:DMC (1:1)* Non-specific*

Salt Eox/Vvs.Li/Li  Gypec/mS cm’ Tecomp / °C Aliorr
LiAsF 4.7 11.2 >100 -
LiPF, >5.1 11.0 ~80 -
LiBF, >5.1 5.5 >100 -
LiTf 3.2 3.0 >100 X
LiTFSI 4.4 8.0 >100 X
LiClO, >5.1 8.5 >100 X

Thermal stability of LiPFs-electrolytes
The thermal disadvantage of LiPFg is related to the poor chemical stability of the anion,
which is slowly degraded even at ambient temperatures. The degradation rate
increase with temperature, especially when catalyzed by impurities or electrode
materials, and already at temperatures >60°C the negative effects on the performance
of LiPFg based cells are severe.® After a few days of heating at slightly higher
temperatures (285°C), the decomposition can be severe.” Two main safety risks
identified with these reactions are; the possibility of explosions, due to the formation
of gaseous products and increased cell pressure, and health concerns associated with
the high toxicity of several proposed fluorinated decomposition products.”®

In solid LiPFg, there is an unavoidable equilibrium between the salt and the Lewis
acid, PFs (g) (eq. 2.4); a reaction that is modified to produce OPF; (eq. 2.5) in the
presence of protic impurities, such as water or alcohols.”

LiPF (s) S LiF (s) + PFs(g) (2.4)
LiPF¢ (s) + H,0 (g) — LiF (s) + OPF;(g) + 2HF (g) (2.5)

99100 pr. and OPF; were identified, after

several days of electrolyte storage at elevated temperatures (70-85°C). Via deliberate

Among several decomposition products,

addition of small amounts of PFs, OPF3, or ethanol to LiPFg electrolytes, Campion et al.
suggested several decomposition mechanisms in carbonate based LiPFs electrolytes

100 OPF; is believed to induce continued

and proposed that PFs is the source of OPFs.
electrolyte breakdown, triggering the formation of alkyl fluorides (R-F) and
organophosphorous (OPF,0R) compounds.100 As suggested by Sloop et al.,” the
consumption of PFs in the electrolyte solutions implies that the anion-Lewis acid
equilibrium is pushed to the right (Le Chatelier’s principle), promoting continued anion

breakdown. However, according to these authors, PFs was consumed through a
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different route, by catalyzing EC ring opening and the formation of PEO-like polymers
and CO; release.

Overall, the decomposition events in LiPFs electrolytes in the absence of
electrodes are controversial, since the results of different studies can be influenced by
different levels of impurities (HF, H,O, and possibly alcohols) that are unavoidably
present. Only recently has a “global scheme” of thermal and electrochemical
decomposition of LiPFs, DMC, and EC been presented,101 where the initial steps of salt
decomposition agree with those predicted by Campion et al.

The present commercial recipe for preventing thermal battery failures is to add a
large number of role-assigned additives®® to the electrolyte, and by implementing
external safety devices. However, the alternative route of new solvents and/or salts is
important, in order to create intrinsically safer electrolytes and batteries. Ideally, this
will decrease the number of components in the electrolytes and the need for external
safety engineering, and hopefully give Li-ion technology a push forward.

Alternative lithium salts

To compete with LiPFg, alternative salts have to offer improved thermal stability,
without sacrificing too much in the other performance parameters. Returning to Table
2, the most important parameters can be identified as the electrochemical stability,
ionic conductivity, and the ability to passivate the aluminium current collector. In the
review by Xu,*® a number of new lithium salts were listed and sorted into six families. A
few of these are included here, together with newer salts developed. Six
representative anions of these salts are illustrated in Figure 7.

LITHIUM BORATES AND PHOSPHATES
From the mid 90’s, anions were developed based on a four-coordinated boron centre,
directly bonded to oxygen atoms of larger aromatic or non-aromatic structures.
Lithium bis(oxalato)borate (LiBOB)'?

replace LiPFe;**% a reported conductivity of 7.5 mScm™ in EC:DMC, an oxidative

seemed to have all the qualities needed to

stability up to 4.3 V vs. Li*/Li, the ability to form an SEl and SPI, and good passivation of
the Al-current collector up to 6.0 V vs. Li*/Li. However, it was later concluded that
organic carbonate electrolytes based on LiBOB formed a much more resistive
interface, had lower salt solubility and ion conductivity, which resulted in poor low
103104 |nstead of replacing LiPFg, LIBOB rapidly assumed the
role as a multifunctional additive in state-of-the-art electrolytes.”® Attempts to

temperature performance.

reintroduce LiBOB as the main charge carrier salt has involved the screening for more

196 A modification of

suitable solvents'® and implementation of alternative electrodes.
LIBOB to resolve the poor solubility and resistive interface is lithium
difluoro(oxalato)borate (LiDFOB).***%® LiDFOB is a combination or hybrid salt of the
classic LiBF4 and LiBOB, and is proposed to combine the advantages of each; the good

low temperature performance of LiBF,; and the high temperature performance of
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Figure 7. Representative anions of alternative lithium salts.

LiBOB. LiDFOB is currently under investigation in several laboratories, as the main

109-111 112-113

charge carrier salt or as one of two components in salt blends. Parallel to

the research on the LiBOB/LIDFOB couple, phosphor-based analogues have been

M5 and  lithium  tetrafluoro-

developed, lithium tris(oxalato)phosphate (LiTOP)
oxalatophosphate, **"” but these salts have received considerably less attention.

Another class of hybrid lithium salts are the fluoroalkylated variants of the classic
PFe and BF;; the trifluoromethyl modified lithium salts, LiPFg.,(CF3), introduced by Kita
et al.,'*® the lithium fluoroalkylphosphate Li[(C,Fs)3PFs] (LiFAP)119 developed by Merck,
and the lithium fluoroalkylborates Li[(CnF2n+1)BF3]12° from Mitsubishi Chemicals. The
main intention with the introduction of fluoroalkyl groups was to increase the stability
of the remaining P-F or B—F bonds, and thereby the thermal stability of the
electrolytes. For the borates, also increased ion conductivity was a target.
LiIFAP/EC:DMC electrolytes were found to be slightly less conductive compared to
those of LiPFg, however, the LiFAP electrolyte showed better discharge capacity in a
Li/Mn,04 cell, which was suggested to be a result of the improved chemical stability of
FAP.™? Also, in a subsequent study, favourable film formation on graphite and Mn,0,
surfaces was attributed to less HF in the LiFAP electrolytes.’”* Initial electrochemical
characterization of the direct borate analogue, Li[(C,Fs)BF3] (LiFAB), showed good
discharge and cycle performance of LiIFAB/EC:EMC electrolytes in Li-ion cells with a Ni-
based cathode,™?* but further studies revealed that the performance after elevated
temperature storage was poor.123 This performance deterioration was attributed to a
lower anodic stability of LiFAB against LiCoO,, compared to LiBF; and LiPFs.
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Hence, the > 5V oxidation stability measured at the surface of a Pt-electrode'? did not
reflect the stability against the LiCoO, surface, which is a recurring point for many
electrolytes.*®

LITHIUM METHIDE AND IMIDES

LiTFSI has been an attractive, structurally very different alternative to LiPFs. However,
in liquid electrolytes, its application has been hindered by corrosion of the Al current
collector (Table 2). Very early, a lithium methide salt, Li[C(SOZCZF_r,)g,],94 was suggested
as an alternative to resolve the corrosion problem. Although the onset voltage for
aluminium corrosion was increased (~4.5 V vs. Li),*?* it remained a problem for the use
of high voltage cathodes. Similar results were obtained for several lithium imides with
extended fluoroalkyl chains, for example the symmetric Li[N(SO,C;Fs),] ”beti",125 and
the asymmetric Li[N(SO,CF3)(S0,C4Fs)].*>**” New and extended variants of LiTFSI
continue to attract interest exemplified by the recent lithium (fluorosulfonyl)
(nonafluorobutanesulfonyl)imide, Li[N(SO,F)(SO,-n-C4Fs)] (LiIFNSFI).'?® However, the
increased anion size affects the ionic conductivity negatively, and the high cost of large
LiTFSI alternatives have been addressed before.”’

In LiIFNFSI, one of the trifluoromethyl groups of LiTFSI is substituted by a fluorine
atom; if two fluorine atoms are substituted for both trifluoromethyl groups of TFSI, the
bis(fluorosulfonyl)imide anion, N(SOF), (FSI) is obtained. This anion has been known
in the form of several alkali salts since the 1960°s,* but the potential use of its lithium

130

salt for battery electrolytes was first recognized in the mid 90’s.”™" In the extensive

review by Xu (2004),"® there was no mention of LiFSI, reflecting the anonymous first

130 1iFsI is smaller and lighter

decade of this salt, following its patent disclosure.
compared to LiTFSI, and based on the observation of surpressed Al-corrosion with an
increase of the fluoroalkyl group(s), LiFSI would appear to be a step in the wrong
direction. Abouimrane et al. observed a low (3.3V) onset potential for Al-corrosion by
an LiFSI/EC:DMC electrolyte, but were hesitant to whether the corrosion could have
been caused by CI" contaminants.®! This hypothesis was addressed by Han et al."*
who added CI to high purity LiFSI electrolytes. They observed a corrosion current at
3.6 V, also without CI', but for the latter the corrosion diminished at subsequent cycles.
A high purity LiFSI salt could thus resolve the problem of aluminium corrosion. In the
same study, favourable cell performance was demonstrated compared to LiPFg cells.®?
Apart from the potential application of LiFSI in carbonate electrolytes, FSI has become
fully embraced as a component of ILs, since it forms ILs with low viscosity and high
ionic conductivity.’* Moreover, several novel features for IL based Li-ion cells have
been attributed to the anion, for example the compatibility of FSI-based ILs™* (or IL
mixtures)®> with a graphite anode, and the possibility of uniform and reversible
plating of lithium at a lithium metal anode.” This last feature is interesting for the

possible application of FSI ILs in lithium metal batteries.
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Overall, the features of LiFSI electrolytes are very interesting and have singled out FSI
as one of the most promising replacements for PF¢, at present. However, there are
concerns about the thermal properties — especially in the presence of trace

moisture.**®

Huang et al. observed signs of exothermic decomposition of dry LiFSI at
183°C, which in the presence of water could occur at ~120°C, with accentuated heat
release. Another important thermal aspect is the very high self-heating rates of LiFSI
eIectrontes,l‘:’7 which together with an exceptionally high amount released heat®® are

clear disadvantages in case of cell failure.

HETEROCYCLIC CYANO BASED LITHIUM SALTS
These anions all combine an aromatic ring structure with cyano groups for charge
delocalization. The first example is the lithium dicyanotriazolate (LiDCTA or LITADC),

which was intended for SPEs.!3®

In PEO, LiDCTA turned out to have a good plasticizing
effect, although not as good as LiTFSI, and showed an improved lithium transference
number compared to traditional SPEs. After the initial report LiDCTA received some
theoretical interest,” but very little has been reported about this system since its first
description. However, it has inspired the synthesis of related lithium salts, exemplified
by the lithium 4,5-dicyano-(2-trifluoromethyl)imidazolide (LiTDI),****** and highlighted
the possibility of introducing cyano groups as electron withdrawing groups in place of
fluorine atoms or fluoroalkyl groups. LIDCTA can also be considered the seed for the
scientific work presented in this thesis, where cyano groups have been incorporated

into most of the anion classes presented.

2.5 Scope of thesis

The background of this thesis has almost exclusively been devoted to experimental
properties of lithium batteries, addressing the problems encountered when choosing
and assembling the core components of the battery; from the choice of electrodes
(lithium metal or intercalation anodes, transition metal oxide or phosphate cathodes,
effects of transition metal doping), electrolyte concepts (liquid, gel, polymer, ionic
liquid, or mixtures thereof), to the choice of anion for the lithium salt
(inorganic/organic, fluorinated/non-fluorinated). Also the compatibility of different
components has been highlighted.

In this context is may seem absurd to address a few properties of naked (non-
solvated) anions or small ion associates by means of computational modelling, and
relate the results to the properties of anions and lithium salts in real, very much more
complicated, electrolyte environments. However, it is also an advantage to focus on
single components, without the interference of impurities, and to sequentially
introduce and study the effects of minor structural modifications or added
components. Also, the properties of novel systems can be predicted, even though they
are not experimentally available.
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This said, the central approach taken in this work is to investigate the functional group
(-F, -CF3, -C=N) dependence on the electrochemical stability of novel and existing
anions, and the type and strength of anion-lithium ion interactions expected in real
electrolytes. The calculated electrochemical stabilities represent intrinsic oxidation
limits of the anions,**** for which no experimental counterpart is offered. This is
contrasted by the predicted ion-ion interactions, which are related to experimental
systems through a comparison of computed and experimental vibration spectra, when
possible. An underlying hypothesis for the study of the cyano substituted lithium salts
is that the replacement of fluoro substituents will lead to more thermally stable
lithium salts. The observation that LiTDI passivates aluminum at potentials < 4.6 V vs.
Li*/Li is a promising sign.

Hopefully, the work of this thesis will be of use in addressing the role of the anion
in future experimental work on electrolytes and lithium batteries based on the salts
investigated herein. Moreover, it could be of advantage to more clearly differentiate
the intrinsic properties of the anions from properties resulting due to specific
environments, so that the complete electrolyte can be optimized in the best possible
way.
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3] METHODS

This thesis focuses on computationally predicting and spectroscopically corroborating
properties of anions for lithium battery electrolytes. Ideally, a quick and efficient a
priori computational screening for suitable lithium salts saves resources, by limiting
costly and time-consuming material synthesis. However, the results have to be
carefully interpreted with respect to the choice of model and computational method.
The first section gives an introduction to the electronic structure methods used. In
the subsequent section, a background to Raman spectroscopy is provided, being the
main complementary tool used for the experimental studies. Introductions to
dielectric spectroscopy, differential scanning calorimetry, and electrochemical
characterization, which have only been used in connection with paper V, are omitted.
Descriptions of the specific setups are referred to the experimental section of that

paper.

3.1 Computations

Ab initio or electronic structure methods are two common terms used to describe a
number of computational approaches that, based on a quantum mechanical
description of the electron distributions, are used to predict the properties of atoms,

molecules, and assemblies thereof.'*>**°

For a discussion of these methods, the time-
independent Schrodinger equation and the components of the Hamiltonian operator,

H, represent a convenient starting point (eq. 3.1).

AY,.(R, 1) = E,¥.(R,T) (3.1)
ﬁ = iiN + h [TN + VNN] [T + I7€e + I7N€] = (32)
1 N N N 7.7 1 n n n 1 N n 7
iy Y Sy ey S T S i
=1 =1 J=1 [R; - R,| i=1 i=1 j=I Iri— ] ek R A

For a molecular system with N nuclei and n electrons, the Hamiltonian contains the
minimum of terms presented in (eq. 3.2). When the Hamiltonian operates on a
wavefunction W (R, r), representing a molecular system in state k (with nuclei and
electrons with coordinates, R=(R; R; ..., Ry) and ri=(r; r ..., ry), respectively), the terms
of the Hamiltonian extract; the kinetic and potential energy of the interacting nuclei,
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EN, and the kinetic and potential energy of electrons interacting with each other and
the nuclei, fze. Thus, Ex is the total energy of the system in state k. However,
implemented for a system of three particles or more, eq. 3.1 is not analytically solvable
with the given Hamiltonian, because of the dynamic inter-particle interactions.
Therefore, both the Hamiltonian and wave function need to be cast in approximate
forms.

In the Born-Oppenheimer approximation,**’

a separation of the nuclei and
electron part is made, with the electron arrangement now optimized with respect to a
frozen nuclear configuration (eq. 3.3). Hence, for a given nuclear configuration the
Hamiltonian is reduced to the electronic part, ﬁe, of equation (eq. 3.2), with one

analytically non-solvable term; the electron-electron potential.
he® (1) = &Py (1) (3.3)

Somewhat simplified, the available electronic structure methods represent different
approximate approaches to deal with the electron-electron interaction term, which
embeds two types of interactions; 1) a repulsive coulomb interaction, due to the
negative charge of the electron (correlation), and 2) a repulsive interaction between
electrons of equal spin (exchange). A more general and alternative division of
computational strategies refer to the direct use of Schrdodinger’s wavefunction
formalism or an indirect density functional approach based on the squared wave
function — the electron density. Different acronyms, such as HF, MP2, B3LYP, and VSXC,
discriminate between different approaches, with respect to the specific theory and
assumptions.

Wavefunction methods
The Hartree-Fock (HF) approach is the fundamental wavefunction method, described
as an exact-exchange/no-correlation approach; the electron exchange repulsion is fully
accounted for by the implementation of an antisymmetric wavefunction, but a mean-
field interaction of each electron with the average charge of the remaining electrons
substitute realistic correlation effects. A detailed derivation of the general and more
specific HF equations can be found in a review of the HF theory.147

In short, one way to derive the HF equations is from the variational theorem (eq.
3.4-3.5). An important implication of this theorem is that the unknown energy, ¢&,, of
the electronic ground-state, @, can be iteratively approached in a process known as a
self-consistent field (SCF) calculation. The calculation is initiated with a trial
wavefunction, which is sequentially updated to minimize the system energy. A self-
consistent or converged solution is obtained when the difference of two consecutive
solutions becomes arbitrarily small.
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In the HF approach, the antisymmetry of the electronic wavefunction (eq. 3.6) is

guaranteed by constructing the wave function as a Slater determinant (eq. 3.7) — a

linear combination of n orthonormal one-electron atomic orbitals (eq. 3.8) (products of

one spatial and one spin orbital):

D (Xq) oy Xy ooy Xjy ooy X)) = =Py (X1, ooy Xjy oeny Xy eny X)) (3.6)

Y1(x) Pa(xz) o Pi(xp)
b, = — l/’z(:x1) Ebzgxz) Ebz(:xn) (3.7)

Nl

) ) o )
¥i(%) = (1, 9) = o(r)x(o)) (3.8)

With suitable transformations of both the operator, h, - F and wavefunction Y >
Y, the variational derivation gives the single electron HF equations in (3.9), cast in the
form of the Schrédinger equation. Operating on the atomic orbitals ; with the Fock
operator F, the energy eigenvalues &; are obtained, which are related to the total HF
energy according to (eq. 3.10). Overall, three terms contribute to the total electronic
HF energy; one term from the one-electron operators, T, and Vy,, and two terms from
the two-electron operator, 1., (eq. 3.11).

Fyi = ep; (3.9
n 1 n
B =Y 6= = Y Uy - Kip) (3.10)
i=1 i=1j=1
n n
& =E; + ZZUU — K;j) (3.11)
i=1 j=1

Eyi = Wi |Tei + Unel0i)s Jij = 707 VeelWivh)); Kij = (W05 Ve lWabi)
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Accordingly, E; is the sum of the kinetic energy of a single electron and a potential
energy contribution from the interaction of the electron with the static nuclei, and J;
and Kj are the coulomb repulsion and exchange repulsion energies, respectively.

Practically, most HF computations are performed by solving a modified set of
equations known as the Roothaan-Hall equations that were developed in the 1950s
and have an appropriate form for implementation in computer software. In these
equations the atomic orbitals of (eq. 3.7) are constructed from mathematical functions
known as basis sets.

Beyond the HF-theory, more elaborate theories are built on the basic HF-theory,
by accounting for electron correlations in a more accurate way. Theories have been
developed where either the HF Hamiltonian is modified or where more than one
determinant is used to represent the total wavefunction. The former approach
8 1n this

approach, a second term is added to the HF Hamiltonian (eq. 3.12), which leads to an

includes the perturbation theory developed by Mgller and Plesset (MP).

unperturbed energy (the first term of eq. 3.10), and a series of energy correction
terms. The order of the approach, MP(X), depends on how many energy correction
terms are evaluated and added to the zeroth order term (eq. 3.13).

RMP2 — RHF 4 AR (3.12)
n n n
. 1 1 - =
:ZT1+ 22—_22(111 Kl])
- |l‘i - l‘]- ry— _
i=1 i#j =1 j=1
EMPX) = O 4 gD 4 ... 4 FCO (3.13)

In this work the second order approach (MP2) has been used. For an estimate of the
quality of HF and MP2 results, the HF approach offers very good predictions of
minimum-energy structures and thus may be used to screen for equilibrium structures.
However, with regard to the structural parameters, the HF approach tends to
underestimate experimentally determined bond distances. With MP2 improved
predictions of energy differences between different equilibrium structures are possible
and improved calculated bond distances are obtained.'*

Density functional methods
Density functional theory (DFT) is an alternative approach with a practical origin in the
work of Hohenberg, Kohn, and Sham in the 19605170131

theorem of DFT is that for every unique electron density of a system (eq. 3.14), there
150

The result of the basic

exists a unique energy.” Therefore, the system energy is a functional of the electron
density, E[n(r)], and in particular, the ground-state energy is a function of the ground-

state electron density (eq. 3.15). The practical form of the general energy density
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functional was introduced by Kohn and Sham (KS),*?

who proposed to separate the
known and unknown energy contributions to the overall energy, and collect the

unknown contributions in a single exchange-correlation term, E,.[n] (eq. 3.16).

n() = ) Il (3.14)
i=1
) 7
BT = itk = = | i mo@dr + Flno@]  (315)
EXS[n] = fVextn(r)dr + To[n] + Ey[n] + Exc[n] (3.16)

With this division, the remaining terms represent energies of a non-interacting system
and are therefore exactly known; the interaction of the electron density with the
frozen nuclei, the kinetic energy of non-interacting electrons, Ty, and the classic
electrostatic electron-electron (Hartree) interactions, Ey. Similar to the wavefunction
methods, the variational minimization of the KS energy expression (eq. 3.16) leads to a
Schrédinger-type equation (eq. 3.17) that can be iteratively solved until a self-
consistent solution is found. The corresponding total KS ground-state energy is
obtained from (eq. 3.18).

1
|- 59 + 7, w0 = zapu) (3.17)

’Veff = I7H + fiext + IZCC

n
D
= |IR; — 7|

V(™) = P D) =

" g o
fmdrl, Vext (1) =

n 1 I;
EXS = Zei -5 j j %drdr’+ Exc[n] — j Vee(n(@dr  (3.18)

=1

In contrast to the wavefunction approaches, the density functionals contain a mix of
exchange and correlation effects — without treating any of them exactly. Therefore, the
performance depends strongly on the quality of the approximate exchange-correlation
term. Also, unlike the wavefunction methods, no systematic improvements are
available among the DFT approaches. However, still different DFT approaches can be
sorted, depending on the sophistication of the approximation of the E,. term.
Normally this term is composed of one exchange, E,, and one correlation, E., term.
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Figure 8. “Jacob’s ladder” is a classification of density functionals according to the
sophistication of the exchange-correlation approximations. For a more artistic representation of
the ladder see ref. ['**].

The dependence of either of these terms on the electron density can be direct, as in
the local density approximation (LDA), or involve also the gradient of the electron
density, as realized with the generalized gradient approximation methods (GGAs).
These approximations represent the first two steps of a density functional

152153 (Figure 8). On this ladder, the different functionals are

sophistication ladder
arranged between the HF accuracy (below the ladder) and the exact solution (above
the ladder). Of the functionals used in this work, the Van Voorhis and Scuseria
exchange correlation (VSXC)*™* functional is of the meta-GGA type and the Becke (3-
parameter), Lee, Yang, and Parr (B3LYP)" functional is of hybrid GGA type. The hybrid
functional refers to that a certain percentage of exact exchange from HF-theory is
mixed with the exchange-correlation from a GGA approach, which has become the
most popular approach for molecular systems.**®

Compared to the extended HF-theories, the benefits of DFT is the high accuracy
obtained at a much lower computational cost. With an increase in the size of the
mathematical representation (basis sets) of the orbitals, the increase in computational
time (scaling) is smaller for the density functionals, compared to the wavefunction
methods. Drawbacks of the DFT technique are mainly the poor ability to account for
excited state properties and the appearance of spurious errors, even for ground-state
computations. More detailed comparisons of different approaches within and between
the two families of electronic structure methods are available in several textbooks and

145146149156 pacommended are also two short pedagogical

152,157

review articles.
introductions to the key concepts of DFT.
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Continuum-solvent models

The complexity of a quantum mechanical model is limited by the computation time
and ultimately the available computational resources, which makes it impossible to
model full-scale electrolytes. Fortunately, to a good approximation, realistic electrolyte
properties can be predicted from very small model systems, based on a single or a few
components. However, there exist also several possibilities to extend the size of a
model by introducing an implicit surrounding; the solvent environment of an anion
can, for example, be modelled with a continuum solvent approach.158

139 and variants thereof (for example C-

In the polarizable continuum model (PCM),
PCM), % 3 cavity is constructed around the solute, typically by fusing van der
Waals'®?'® spheres centred on all (or some) of the solute atoms. The electrostatic
solute/solvent interactions are modelled by the interactions of the solute with
“apparent” charges forming a discrete or continuous distribution at the cavity surface.
Practically, the Hamiltonian of the solute is modified with a solute-solvent interaction
potential, known as a solvent reaction potential, that describe the polarizing effect of
the charged surface on the solute and vice versa. Thus, a self-consistent solution with
respect to the new Hamiltonian requires also a self-consistent solvent reaction field.
Apart from the charged cavity surface, other solvent-solute interactions, such as
dispersive and repulsive interactions, are taken into account in relation to a set of
additional solvent accessible (SAS) and solvent excluded surfaces (SES).

Overall, the result of the continuum approach is the evaluation of a minimum free
energy of solvation, GS°™, that is composed of several contributions (eq. 3.19). In
addition to the aforementioned electrostatic, dispersive and repulsive terms, also a

free energy of cavity formation is included.*®

Ggont = Go + Gdisp + Grep + Geay (3.19)

Basis Sets

For computational convenience the Roothaan-Hall or Kohn-Sham orbitals of HF and
DFT theory, respectively, are represented by basis sets; linear combinations of a
restricted number of basis functions, ¢ (eq. 3.20).

R

Q
Yy = Z Z Cp,q Pr (3.20)
q=1

r=1

The basis functions are commonly (not always) exponential functions known as
Cartesian Gaussian-type orbitals (GTOs). The GTOs are not the most suitable choice for
an accurate representation of the electron distribution in an atom, but they are
convenient from a computational point of view, since an analytical evaluation of all SCF
integrals is possible. Their insufficiency is compensated for by forming linear
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147 These contracted GTOs

are constructed to fit the more representative, but computationally hard to handle

combinations, contracted GTOs, of several primitive GTOs.

Slater-type orbitals (STOs). The combination of primitive GTOs and contracted GTOs,
used for describing the orbitals of an atom, are known as basis sets, of which there
exist several families with different nomenclatures. In this work Pople-type basis sets
are used.

Exemplified by the 6-311+G(2df,p) basis set, the existing nomenclature for the
Pople basis sets first gives the number of primitive GTOs (6) used to construct one
contracted GTO for representing the core electrons of heavy atoms. After the dash the
subsequent numbers (-311) indicate the functions used to represent the valence
electrons, in terms of one contracted GTO (based on three primitive GTOs) and two
primitive GTOs. The plus sign (diffuse functions) and the letters within parenthesis
(polarization functions) describe the use of additional GTOs to create more flexible
basis sets, especially required for anions, which have more diffuse electron
distributions compared to neutral species and cations.

To specify whether additional functions are used only for heavy atoms (all atoms
but the hydrogen atom) or for all atoms, one or two plus signs are included for the
diffuse functions; a comma makes the same distinction for the polarization functions.
The letters of the polarization description indicate the orbital angular momentum of

146
In

the polarization functions, in line with common conventions for atomic orbitals.
the example given above, a diffuse function is added to the heavy atoms along with
two d-type and one f-type polarization function. In addition a p-type polarization

function is added to the hydrogen atoms.

Computed Molecular Properties

The approaches outlined above are recipes for calculating the electronic minimum
energy for a fixed nuclei configuration. The total energy can be explored as a function
of the nuclei positions, to obtain a multidimensional potential energy surface (PES),
where each nuclei configuration gives rise to a single point on the surface. A

185 as a function of the two

representative example is the partial PES of the FSI anion,
dihedral FSNS angles (Figure 9). A special case is to search for a minimum energy
structure from a starting structure.

To confirm that an optimized structure corresponds to an energy referred to as a
minimum, and not a possible transition state (local energy maximum), the second
derivative of the energy with respect to the nuclear coordinates is evaluated. Exploring
the curvature close to an energy minimum, the harmonic vibration frequencies for the
structure can be predicted. Analytical infrared (IR) intensities are evaluated
simultaneously, in the form of the polarizability — the second derivatives of the energy
with respect to an applied electric field.'®® Raman activities, are obtained from the
derivative of the polarizability with respect to the nuclear coordinates,*®’ this being a

third derivate property.
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Figure 9. Left: Potential energy surface (PES) for FSI, as a function of the two dihedral FSNS
angles. Reprinted with permission from [165], Copyright 2008 American Chemical Society.
Right: optimized “C1” and “C2” conformers of FSI [B3LYP/6-311+G(d)].

The calculated vibration properties of anions, isolated and associated with Li* and/or
solvent molecules, are valuable for analyzing spectroscopic data (see next section).
Detailed examples for lithium battery electrolytes; liquids, gels, and especially

polymers, are available in reference [**®

]. There, a number of properties of lithium
battery electrolytes that can be addressed by ab initio computations are reviewed. The

properties most relevant for this work are introduced below.

ANION OXIDATION STABILITY

In seminal work by Kita et al.,*®

the oxidation stability of several fluorinated anions
was estimated by a semi-empirical computational approach, correlating the energies
of the HOMO, Enono, to existing experimental data. The same approach, but based on
ab initio (HF) computations, was adopted by Ue et al.}’° The basis set dependence was
investigated and a second approach was implemented; using DFT (B3LYP), the authors
explored the concept of a vertical ionization potential (transition energy) AE, — the
removal of an electron from the anion, without a change in the nuclear configuration
(eq. 3.21; the Franck-Condon principle).”! The DFT predictions offered the best

170

agreement with experimental results,”” which was attributed to the account of

electron correlation in this approach.

AEy = Erqgicat — Eanion (3-21)
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The Epomo and AE, approaches were further tested by Johansson, for a set of twelve

structurally diverse anions; 314

semi-empirical, HF, and DFT approaches were all used
to predict both Eyomo and AE,. In addition, the effect of solvation was addressed via the
vertical free energy transition, AG,, from C-PCM calculations. The results, lead to
recommend to calculate AE, VSXC/6-311+G(2df,p), as an efficient and accurate

approach.143 This is the basic approach adopted in this work.

ION PAIR DISSOCIATION ENERGY
The ion pair dissociation energy, E4 (eq. 3.22) is a measure of the interaction strength

between Li* and one anion. It is a good approximation to the lattice energy of metal

2

salts,””? and is used to compare different lithium salts; the smaller the energy

difference, the more dissociative the salt.

E; = (Eanion + Ecation) — Esait (3-22)

The energies of different lithium ion pair configurations also offer insight to the
preferred configuration of interaction. Taking LiBF; as an example, three ion pair

configurations (mono, bi, and tridentate) were identified by ab initio calculations over

173

three decades ago.”’” Of these, the bidentate LiBF; configuration was predicted to be

the most stable. The LiBF, ion pair has since been revisited many times; at different

7% to address the effects of a solvent surrounding — implicit'’® or

174,176-

computational levels,

explicitm'178

178

— and frequently to assist the interpretation of spectroscopic data.
Different approaches to lithium ion dissociation have been compared for several

179 The results demonstrate that the most stable

common lithium salts, including LiBF,.
ion pair configuration, and relative lithium salt dissociation energies, can change
between different approaches.

Dissociation energies of a large selection of lithium salts, in vacuum or implicitly
solvated, have been compared and correlated with calculated anion volumes.™®® The
anion volume is important for the anion mobility and the overall transport properties

180-181

of the electrolyte, and can be conveniently estimated computationally. However,

for the ease of ion pair dissociation, the anion volume has suggested to be of

180

secondary importance,” and it has been given less attention in this work.

3.2 Raman Spectroscopy

The quantized energy levels of atoms and molecules are the source of the typical
discrete responses observed when electromagnetic radiation interacts with matter. Of
the many spectroscopic tools developed, Raman spectroscopy has been used in this

work, as a probe of molecular vibrations.'®?

The experimental origin of Raman
spectroscopy is attributed to the Indian scientists Raman and Krishnan,"®®* who

confirmed the theoretical predictions of Smekal. Today, Raman spectroscopy is a
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versatile technique — easy to use — due to development of lasers and advances made in
the experimental instrumentation. The development of spectrometers relying on
interferometers, Fourier transform (FT) techniques, has made it possible to analyze
scattered radiation of multiple wavelengths simultaneously (Fellgett advantage).’
Also, more radiation can be passed through the spectrometer and collected by
improved detectors, without a sacrifice in signal-to-noise ratio (Jaquinot advantage).

It is straight-forward to record a Raman spectrum from a molecular sample, since
for most purposes, a small volume of sample in a sealed glass vial is an adequate
prerequisite. Furthermore, the energy of the radiation can exceed the energy
differences between two discrete energy levels of the molecule. However, the
molecules have to be anisotropically polarizable; in an electric field, the electron
distribution should be unequally disturbed in different directions. A popular
introduction to the Raman scattering phenomenon is based on a classical description

of the interacting system (see reference [®

] for details). Accordingly, a dipole
moment, p, is induced in a molecule, due to the electric field, E, of the incident
radiation (eq. 3.23). Accounting only for the linear dependence of p on E, the property

relating the two is the molecule polarizability, a (a 3x3 tensor).
p=aE (3.23)

The collective motions of all atoms in the molecule can be represented by vibrational
normal coordinates (internal nuclear coordinates) Q;. If a is expanded in terms of Q,,
around the equilibrium structure, a description is obtained for the change in
polarizability during each molecular vibration. If the expansion is a Taylor series
(truncated at the second term) and explicit expressions for E and harmonic Q; (eq.
3.24) are introduced, the result is a three-term expression for the oscillation of p (eq.
3.25).

E = Eycos(w,t) ; Q; = Q;ocos (w;t) (3.24)

P=Pr + Pst+ Da (3.25)
Pr = %jj0 Eq cos(wy,t)

Ps = <6 ij) QioE [(wy, — w)t] p <_0 ij) QioE [(wL + w)t]
— —_— . coS|(w w; ; = i coS|lw a)i
S an . i,0~0 L i A an . ,050 L
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Figure 10. Energy diagram illustrating the principle of Stokes Raman scattering (left).
Experimental and calculated examples of Stokes Raman spectra (right).

The first component, pg is of the same angular frequency (w,) as the electric field and
is responsible for Rayleigh scattering. The second and third components, ps and pa,
have either lower or higher angular frequencies compared to the electric field, and are
responsible for the Raman scattered radiation. More specifically, the low and high
frequency components lead to Stokes and anti-Stokes scattering, respectively. The
frequency change is due to a transfer of energy from the electric field to the molecule
(Stokes) or vice-versa (anti-Stokes).

At ambient temperatures, most molecules are in the vibration ground state, which
makes Stokes scattering more probable, therefore more intense. The principle of
Stokes scattering and examples of experimental and calculated Stokes Raman spectra
are presented in Figure 10. The interaction between the sample and the radiation is
instantaneous, during which the energy of the interacting system exceeds that of the
molecule alone. The energy transferred between the photon and the molecule,
AE = E(w*) — E(wg), corresponds to that between the initial, w,, and final, w*,
vibrational state of the molecule. In a Raman spectrum, the scattered radiation gives
rise to discrete bands with observable widths, to which there are several (broadening)
contributions. Band shapes, intensity and polarization of scattered light also carry
information. However, in this work, the main analyses are based on observed changes
in band positions. The band positions are given in units of wavenumber (¥ / cm™), in
which most molecular vibrations span the interval 0 < ¥ < 4000 cm™.
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4| SUMMARY OF RESULTS

4.1 lon pair dissociation and anion stability

A dissociation-stability plot is a convenient format to analyze new anions (Figure 11).
The ion pair dissociation energy decreases from right to left and the anion oxidation
stability increases from down and up. Consequently, the most promising lithium salts
are located in the top left corner.

The results from paper I-lll are summarized in Figure 11. Each paper is a study of
structurally related anions representative of a distinct class or family of lithium salts.
The distinction made here refers to the approximate geometry of the anions; spherical
(paper 1), planar (paper Il), or linear (paper Ill) (Figure 11a). A clear separation of the
different families of salts is observed and within each family both ion pair dissociation
energies and anion stabilities increase when classic fluoro anions are redressed as
cyano alternatives (Figure 11b). The results suggest that there is room for
improvements within each family of salt, considering the archetypical (LiPFe, LiBF,,
LiTFSI, and LiFSI) lithium salts or the less well-known, but available LITADC (Figure 11c).
New lithium salts that have already emerged, are predicted to offer an improvement
of one (LiTDI) or both properties (LiB(CN)4 = LiBison). Two main questions to discuss in
relation to these results are; 1) if the results are consistent between different
approaches, and most importantly 2) how (or if) the results are of relevance for real
electrolyte properties.

The first question is addressed by comparing the DFT results (Figure 11a, b, and c)
with corresponding HF results (Figure 11d, e, and f). The HF results are more spread
out and the absolute scales are different, however, most important are the qualitative
differences obtained for the cyano and fluoro based spherical anions. The HF results
suggest a lower intrinsic stability of the As(CN)g’, P(CN)e, and Bison anions compared to
AsF¢, PFs, and BF,4 . The single strongest effect is the substantial drop (~2 eV) observed
when one of the fluoro atoms of BF, is replaced by a cyano substituent, BF3(CN)".
Perfluorination of BF,; into BF3(CF)3 has been experimentally observed to destabilize
BF3(CF)s- 1 V with respect to BF;, a result corroborated by HF calculations of the
corresponding Exomo. The same qualitative result is predicted also with the VSXC
approach (5.2 — 4.7 V vs. Li*/Li°). From the higher overall accuracy of the VSXC
method,® the results for the spherical anions using this method is expected to be the
more reliable.
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Figure 11. Dissociation-stability plots for the anions studied in paper I, II, and III. The results in
the left column are from DFT calculations and in the right column are HF results. LiX
dissociation energies, £y, decrease from right to left and anion oxidation stability, AE,, increase
from down and up.

The possibility to corroborate the results of Figure 11 is difficult, since neither property
has a direct experimental analogue. The intrinsic anion oxidation stability is correlated
to experimental oxidation potentials, Eox, measured by linear sweep voltammetry
(LSV). Different computational approaches have been validated with respect to LSV

143-144

results. However, the calculated intrinsic anion stabilities avoid the deficiencies
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of experimental setups and the specific environment. The ambiguities involved in
determining experimental oxidation potentials by LSV, the implications for comparing
results from different sources, and the relevance of the results for the stability in a
complete cell, have been concisely summarized in the final paragraphs of ref. [*°].
These issues have also been addressed by Xu,*® stressing the differences obtained with
respect to either “inert” (Au, Pt, glassy carbons) electrodes or “active” composite
cathode surfaces.

Nevertheless, the idea of an intrinsic anion oxidation potential is appealing and can
be imagined as a theoretical upper oxidation limit — possibly realized in combination
with suitable solvents and electrode materials. Thus, the anion stability results of
Figure 11 should foremost stimulate an unconventional inside-out approach to lithium
battery design, a reversal of the common procedure of applying new lithium salts to
environments optimized for LiPFs. A discussion of the ion pair dissociation results is
made in connection with the experimental results on the electrolytes of paper I, IV,
and V.

4.2 lon interactions in LiTDI and XBison electrolytes

Lithium salt dissociation in electrolytes depends on the solvent. Electronic structure
calculations on simple ion pair models are used to compare and rank Li* — anion
interactions. However, no direct information is provided on the salt solubility, which is
driven by changes in the free energy (enthalpy + entropy). Instead, a straight-forward
connection with experiments is through the relative stabilities of predicted ion-pair
configurations.

In paper IV, Raman spectroscopy and several tentative ion-ion and ion-solvent
models were used to probe the local environment in LiTDI based electrolytes, as a
function of solvent and salt concentration. The spectroscopic signatures of the
predicted minimum energy ion pair configuration (paper Il) were found to be in
qualitative agreement with the experimental signatures (Figure 12a), suggesting that
Li* preferentially coordinates to the imidazolide nitrogen. From refined models, taking
into account implicit or explicit (Figure 12b) solvent effects, the experimental results
were reproduced with high accuracy. Also, where detected, the signatures of ion-ion
coordination were found to be similar, irrespective of the solvent. This demonstrated
the possibility of, if needed, using poor electrolyte solvents to ease the identification of
the preferential anion coordination sites for Li*, prior to a quantitative analysis of ion
associates in more realistic battery electrolytes. However, overlapping signatures
originating from several associates do introduce some ambiguity in deciphering the
specific LixTDI, associates present in the electrolyte.
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Figure 12. a) experimental Raman spectrum of 1M LiTDI in acetonitrile and calculated
signatures for the most stable ion pair, b) same experimental spectrum, compared with
calculated Raman bands for several explicit Li,TDI, associates. All calculated spectra have been
shifted horizontally (uniformly in each window) to ease the comparison of experimental and
calculated results. A Lorentzian broadening has been applied to the calculated spectra of b).

The results of studies on Bison ILs (paper | and V) and XBison electrolytes (X = Li, Na, K;
paper V) further illustrate the power of a combined computational and experimental
approach. In particular, superb qualities of neat ILs, such as high ionic conductivity and
low viscosity, are no guarantees for successful implementation as solvents for
electrolytes. The solubility of LiBison in Bison based ILs is poor, which is contrasted by
the facile dissolution of LiBF4 in BF4 based ILs. In vacuum, the predicted dissociations
of these salts represent opposite extremes (Figure 11) — LiBison being the most
dissociative.

The suggested rationale for the poor LiBison solubility is a stabilization of the
monodentate Li* coordination in a dielectric environment, in combination with a high
symmetry anion. These results are based on dissociation energies for implicitly
solvated ion pairs and extended Li[Anion],> associates. The latter results suggest that
the Li[Bison]43' associates are more stable compared to the BF; based analogues
(Figure 13a). These predictions are supported by a Raman spectroscopic analysis
(Figure 13b). No similar changes in coordination preferences have been predicted for
the linear or planar heterocyclic anions. Thus, Bison based electrolytes are realized
only in strong Li* coordinating oligomer/polymer environments. A recently introduced
concept of oligoether doped ILs,® is found not to be a viable approach for LiBison
(unpublished results). Demonstrated in paper V is also the reversible intercalation of
Li* in LiFePO,4, with excellent capacity retention, using a Li/LiBison:PEGDME/LiFePO,
cell.
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Figure 13. a) dissociation energies of the explicit four-coordinated lithium ion associates,
Li[BF,]s and Li[B(CN),]s"" The order of energies is reversed compared to the ion pair energies
of Figure 11, b) Raman spectra of the v(CN) mode of 1M LiBison in C,mimBison and
calculated Raman bands of the Li[B(CN),]s> model.
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5] CONCLUSIONS AND OUTLOOK

v' Calculated intrinsic anion oxidation stabilities (AE,) and ion pair dissociation
energies (Eq4) offer an opportunity to rank new anions and lithium salts.

How do these results change if an explicit polarizing solvent, lithium ion, or surface
is taken into account? The former have been addressed in part, but further studies
should be able to reveal possible qualitative and quantitative differences.

v" AE, and E4 are related to the anion structure, the number of substituents — their
type and position. Classes of anions with different geometric characteristics; planar,
linear, or spherical, map out distinct regions in E;—AE, space.

Do the large differences between anion classes make a comparison valid over anion
“families”? More anion classes remain to be included.

v Changes in AE, and Eq4 are systematic within each class of anions and both properties
show the same functional group dependence:

—C=N > —CF3 > —F

AE, and E4 are two important properties, out of many. The volume and thermal
stability of anions are examples of other properties that need to be explored
further.

v" lon pair configurations predicted in vacuum are good first approximations to the
local structures in electrolytes. Implicit and explicit solvent effects modify the
interaction geometry and, as singular examples, may change the relative stability of
alternative configurations.

Computational studies of explicit solute and solvent combinations should address
the detailed properties of specific electrolytes.

v" A combined computational and Raman spectroscopic approach is powerful for
probing the local electrolyte environment. Detailed comparisons are possible when
solvent effects are included in the computational model.

Using spectroscopy, quantitative analysis of ion association in realistic electrolyte
should follow the qualitative results of this work.
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Overall, synthesis efforts should target the lithium salts of each class predicted to be
the most promising — the cyano rich compounds. The synthesis of for example LiCSI,
have been reported in the patent literature, but its properties need to be addressed
more in the scientific community. The possible synthesis routes of many other salts
remain to be discovered. Electrochemical characterization is crucial to investigate the
compatibility of new lithium salts towards the electrolyte and cell components, and to
properly address the stability limits. The properties of hybrid anions, contrasted with
their anion origins, will be important for an improved understanding of interfacial
properties and possible kinetic cell operation. For a coherent picture of the
relationship of computational and experimental results, more studies are needed. This
is evident from the experimental work on LiTDI and LiBison, with very different
solubilities, but similar dissociation in the main computational approach.

To connect to the introduction of this thesis, new batteries for energy applications
should be high performing, cost effective, safe, and environmentally benign. Lithium
based cells are high performing already today and have an attractive future with
respect to the remaining properties. There is an ongoing development of new
materials for more sustainable battery technologies — lithium based and others —
which include the potentially low-cost lithium-air and lithium-organic cells.” New
lithium salts will contribute to this development as well. Thus, the cost, environmental
benignity, and toxicity of the lithium salts presented here, and possible decomposition
products, must also be addressed.
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A2l APPENDIX

Li-ion batteries — application status

The Li-ion battery has since its introduction been a great success and rapidly come to
dominant the markets of portable electronic devices. In 1991 the worldwide sales of Li-
ion batteries was 1 million USD, compared to 39 and 1535 million USD, for NiMH and
NiCd batteries, respectively.184 Already in 1998, the Li-ion battery sales exceeded that
of both NiMH and NiCd batteries, and 2005 the value of the Li-ion market was
approximately three times that of the NiMH and NiCd markets, combined.’®* This
expansion was possible by a simultaneous development of Li-ion battery performance
and cost reduction through cell engineering; from 1995 to 2006 the cost of a cylindrical
18 650 cell (diameter 18 mm, length 65.0 mm)°®! was reduced by half, while the energy

184
d.

density was more than double Today billions®® of Li-ion batteries are produced

12184 The two most important markets, in terms of the

33,184

annually in a range of formats.
number of cells sold, are cellular phones and notebook computers.

It is believed that the performance limit of graphite/LiPF¢ (non-aq)/LiCoO, Li-ion
batteries was reached during the past decade, but the introduction of alternative
electrode materials, especially cathodes, has lead to new application areas. With
LiMn,O4 or LiFePO,; cathodes, improved discharge rates have made Li-ion cells

184 offering low self-discharge

contenders for NiCd batteries in the power tool market,
and improved efficiencies.’® A combination of new cathode and anode materials have
also been a ticket for entrance of Li-ion batteries into the vehicle transportation
market, because of higher cell performance, but mainly improved battery safety. The
main competition in this market are NiMH type batteries, which were introduced in
the early HEVs, but are now being replaced by Li-ion cells by several car manufactures
8 |n the

Chevrolet Volt E-REV (extended-range electric vehicle) released late 2010, a

in future HEV series, for example the Toyota Prius and Segway Transporter.

manganese based cathode and a carbon anode are the active materials of the +200
cell, 16 kWh, 181.4 kg battery.'® Fully charged, the battery can power the Volt for an
average distance ~55 km and has a recharging time from 4 hours.

The battery for the Chevrolet Volt is provided by LG Chem — one of many battery
manufacturers that have partnered up with one or several automotive manufacturers
to profit on a potential 100 billion USD market.*®’
developing batteries with a lithium titanium oxide, LisTisO1, anode in place of the

Two examples are Enerl (EnerDel),

carbon anode, and A123Systems, who provide batteries with a LiFePO,4 cathode. Enerl
supply batteries to the Norwegian EV company Th!nk, to complement the sodium
based ZEBRA battery in the Think City,188 and since 2009 also to Volvo Cars, for use in
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the Volvo C30 EV, which was recently subjected to the first demonstration of a crash-

189

test of a fully charged EV.™ A123Systems have revealed that they will provide

batteries to the largest Chinese automaker,®

Shanghai Automotive Industry
Corporation (SAIC), and supply batteries to Daimler and BMW for electrical buses and
trucks.

For the very cost-sensitive market of grid applications or uninterruptible power
sources, the lead-acid battery is the dominating battery solution. The main alternative
has been more expensive, long-life (>15 yrs) NiCd batteries, as Li-ion cells have been
too far from the estimated 0.3 USD/Wh needed.'®* However, both Enerl and
A123Systems provide grid solutions and have initiated collaborations around the
world. Enerl will develop high-performance battery systems for Russia’s federal grid
company,191 controlling the world’s fourth largest electricity market, and A123Systems
is currently providing battery solutions to the Chilean power grid and have announced
further stationary projects in Chile.'*

Thus, over two decades, improved engineering and new electrode materials have
developed the Li-ion batteries to the most important power source for consumer
electronics and in addition introduced these batteries in many other application areas.
However, little progress has been made in the development of the Li-ion battery
electrolytes, which are currently based on flammable organic liquids or gels. The state-
of-the-art electrolyte is a fuel for thermal runaway reactions and a source of hazardous
fluorinated decomposition products — the safety concerns of which increase with the
battery size. Therefore, the development of safe electrolyte alternatives is considered
a corner stone if lithium batteries are to be successful in the large scale battery
application areas (transportation and grid storage).
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