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Johanna Timhagen
Department of Physics
Chamers University of Technology

Abstract

Batteries are in higher demand than ever before as well as increased requirementsin terms of
energy and power density. The desire for higher energy density has meant that electrolytes
are pushed above their electrochemical stability limits and hence they decompose, but
typically thisis under control and a new beneficial phaseis created at the electrode surface;
the solid electrolyte interphase (SEI).

Here calcium batteries (CaBs) are targeted. The large abundance of Cain the Earth’s crust
and its relatively low electrochemical potential make CaBs a very attractive alternative.
However, Cametal anodes commonly experience i ssues with ion-isolating phases, associated
with organic electrolytes and in particular their solvents, which turn the SEls from favorable
to detrimental. Herein, we create completely solvent-free electrolytes in the form of molten
salt electrolytes (MSEs), i.e. binary and multi-component systems of inorganic cations and
anions, whereby thisissue potentially can be avoided.

For all studies herein, studying thermal properties has been crucial, both to better understand
the compositional entropy effect of M SEs, which is shown to reduce the melting temperature
from >100 °C to 55-75 °C, and as input to a predictive model for the solubility of possible
SEI components, including those for CaBs. Future work based on these findings includes
refined M SEs and detail ed studies of electrochemical properties of MSEsfor/in CaBs, aswell
as CaB full-cell tests.
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Chapter 1

| ntroduction

The success of the lithium-ion battery (L1B) hasled to power sources for mobile phones, power
tools, and electric vehicles (EVs), to mention afew [1]. Still, batteries increasingly find their
way into new applications and thus creating new demands. Additionally, the appliances
batteries are already present in, particularly EVs, are in higher demand than ever, which leads
to increased requirements on batteries in terms of cost, energy and power density, safety, and
life length [2]. Consequently, finding new battery technologies is aworldwide research quest.

A new/old concept is metal anodes, which in contrast to the LIB chemistry which is realised
through intercalation anodes [3], has been deemed far too unsafe. The safety issues largely
come from the use of lithium metal, which isvery prone to dendritic growth and is one common
underlying cause of short-circuiting [4]. Still, enabling the use of metallic anodes in batteries
would lead to higher energy densities. Three elementsthat in principle are very attractive metal
anodes are Al, Ca, and Mg, which are the 3", 5", and 7" most abundant elements in the Earth's
crust, respectively [5]. Al, Ca, and Mg have aso been shown to be less prone to dendritic
growth [6], and in addition, these three elements are multivalent, which meansthat 2 or 3 € are
transported for every cation.

Calcium batteries (CaBs) are till in their infancy [7], which largely comes from the reactivity
of the Ca metal surface, which is exceptionaly prone to oxidation [8]. In fact, until rather
recently [9], stable plating and stripping of Cametal anodes and hence rechargeability of CaBs
was deemed impossible, due to these stable phases formed at the el ectrol yte/el ectrode interface,
completely blocking Ca?* transfer [8]. Since the pivotal breakthrough, CaBs have attracted
more interest, but new battery designs — such as using novel electrolyte concepts — are needed
to achieve stable cycling of Cametal anodes, preferably at room temperature. Thisleadsto the
first important concept of thisthesis; designing new e ectrolytes for CaBs.

The design concept that is explored in this thesis is molten salt electrolytes (MSEs), i.e. binary
and multi-component systems of inorganic cations and anions. These are completely solvent-
free, hence, avoiding issues associated with organic solvents, such as the blocking of Ca?*
transfer and electrolyte flammability [8], and they do not induce a high polarization, as opposed
to when using ionic liquid-based electrolytes [10]. In particular, we have used the calcium
bis(fluorosulfonyl)imide (Ca(FSl)2) salt together with analogous Li-, Na-, and KFSI salts and
studied them both separately and in equimolar ternary and quaternary compositions, al to
explore the physicochemical electrolyte properties as functions of the compositional entropy.



The second important concept in this thesis looks at the possibility of predicting the solubility
of SEI components/salt in common electrolytes. The model wasfirst built and validated for L1B
electrolytes by comparing it to experimental data. Thereafter, Na-, Ca- and Mg-containing
electrolyteswere modelled. Herein, the thermal properties of the SEI-speciestogether with their
solubility in water are discussed, with particular emphasis on the divalent ions.

For all studies herein, studying thermal properties has been crucial. The focus lay on a better
understanding of electrolyte properties; both when the compositional entropy is increased in
solvent-free el ectrolytes, but also on how the solubility of divalent cations behave in solutions.
Background on the electrochemical properties of electrolytes is presented to put these
electrolytesin their context, but experimental data on such propertiesis out of the scope of this
thesis. Future work based on these findings includes refined MSESs and detailed studies of
electrochemical properties of MSEs for/in CaBs, as well as CaB full-cell tests.



Chapter 2

Batteries

A lot has happened since thefirst battery, the “Voltaic pile”, was invented by Alessandro Volta
in 1799. The pile was part copper and part zinc with salt water as an electrolyte [11], [12]. All
batteries the following 100 years were primary batteries, intended to be used once and then
thrown away. It was not until Waldemar Jungner created the nickel-cadmium battery in 1901,
that secondary batteries made an entrance. During the 20" Century, several different secondary
battery chemistries were designed, the most successful one, the L1B, started in the 1960s and
by several key persons[12], anong them Stanley Whittingham, John B. Goodenough and Akira
Y oshino who would win the Nobel prizein 2019.

The LIB has continued to dominate the R& D interest to this day. New chemistries are slowly
starting to enter the scene, and first in line is the Na-ion battery, which chemistry is similar
enough to the Li-ion battery, which meansthat the know-how and the production lines are more
easily adapted, but different in one key aspect — it isamuch more abundant element [13]. Other
next-generation batteries have also attracted attention even if they are far from entering the
market just yet, such as multivalent battery chemistries such as Mg, Al, and Cametal [14].

In this chapter, the inner workings of a battery - both its cell components and the
electrochemical reactionsdriving force - are explained, to giveafuller picture of all components
that need to be considered when implementing new materials for new battery chemistries.
Thereafter, an overview of the landscape of multivalent chemistries is presented, followed by
amore in-depth description of Ca batteries. Finally, an explanation of metal anodes, as well as
plating and stripping behaviour is described and put in to contrast with the more common anode
material of today; graphite, and the intercal ation mechanism.

2.1 Principles of rechargeable batteries

A battery provides electric energy by converting chemical energy through spontaneous
chemical reactions [11]. This is realized through three main components: the electrodes; one
negative (anode) and one positive (cathode), and the electrolyte. Together they make up an
electrochemical cell (Figure 2.1), which is often referred to as a battery. The anode and the
cathode contain the active materials of the battery and should always be kept physically apart
to avoid short-circuiting. This is done by the separator absorbed with electrolyte, which
typically isaliquid and traditionally consist of solvent and solute. The electrolyte’s functionis
to shuffle ions between the electrodes, and by doing so enables the chemical reactions to occur
at their surfaces. Lastly, the external circuit connects the two electrodes [15].
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Figure 2.1. Electrochemical cell showing the electrolyte the anode, and the cathode connected to an
external circuit (V), during charge (left) and discharge (right).

Rechargeable batteries will, depending on the state of charge or discharge, change which
electrode is negative or positive. To minimize confusion, the electrode that is negative during
dischargeis always the one referred to as the anode and vice versafor the cathode [11]. During
discharge, the anode gives up electrons, which go through the external circuit and to the
cathode. At the sametime, cationstravel from the anode to the cathode through the electrolyte.
The full reaction takes place during discharge,

M+X > MY+ X~ (2.1)

where M typicaly is a metal and X an oxidant. This reaction can be divided into two half-
reactions: the oxidation reaction at the anode,

M > M*+ e~ (2.2)

and the reduction reaction at the cathode,

X+e - X~ (2.3)

The full reaction is reversible by placing an overpotential to the external circuit[11]. The
amount of energy a battery can provide relies on how many ions the electrodes can
accommodate and is referred to as the capacity,

Q=1I-t (2.4)

where I is the current and t is the discharge time. The theoretical capacity is expressed in
Ampere-hours (Ah) but is more practically expressed by the specific (gravimetric) capacity,
which unit is capacity per electrode mass (mAh g1). Furthermore, for any reaction to occur, it
must be energetically favourable as described by the Gibbs free energy,



AG = —nFE°Ce” (25)

where F is the Faraday constant and n is the number of electrons taking part in the chemical
reaction. E°i, is caled the cell voltage or the standard reduction potentia (V), and is the
potential difference between the two e ectrodes,

E°cen = (Evea — Eox)- (2.6)
The energy (E) of the cell isthen afunction of the cell voltage and the capacity,
E= foQ Eocell(Q)dq- (2'7)

The energy is expressed in Watt-hours (Wh) but is more often reported as the specific energy
density (Wh/kg) or the volumetric energy density (Wh/L). Of equal importance is the speed of
the charge and discharge, which is expressed by the power,

P= Eey-1 (2.8)

where I is the current passed through the cell. The power as the unit Watts (W), and is more
often reported in the form of the power density, either as W/kg or W/L.

In the search for battery chemistries with higher cell operation voltages, and therefore
increasing the energy and power density, the standard reduction potentia of the cathode has
been pushed higher [2], effectively expanding the potential window. However, the devel opment
of electrolytes has at large been neglected, which has pushed them to operate outside their
electrochemical stability limit [16]. The electrolytes will then start to chemically break down,
though, in many modern electrolytesit is designed to do so [17], as the decomposition products
will attach to the electrode surfaces, creating a new beneficial layer called the solid el ectrolyte
interphase (SEI) [18].

Typicaly, the name SEI is only used for the interphase at the anode, while any distinct
functiona interphase created at the cathode is called the cathode electrolyte interphase
(CEIl) [19]. The SEI is conductive to ions but insulation to electrons [20] and creates a barrier
between the surface of the electrode and the eectrolyte, which effectively hinders further
breakdown of the electrolyte. Assuch it has become a crucial component in the devel opment
of longer cyclelife and safer batteries[21].

2.2 Multivalent batteries

Multivalent batteries have been part of the overal history of batteries from the very beginning,
for example, the first commercial primary battery Zn/MnO> [14]. The novel multivalent
batteries of research interest today are mostly Al, Ca, and Mg batteries, which have their own
set of advantages and challenges. Compared to Li, Ca has a volumetric capacity not much
different. However, Mg and Al there are approximately 2 and 4 times more performant,
respectively [5], [14]. Ca has compared to Mg and Al, relatively low standard potential vs. the



standard hydrogen electrode (SHE) (Table 2.1), which gives Cathe potential for high operation
voltagesfor CaBs[5]. One of the mgjor challenges on the other hand isthe diffusion of divalent
ionsisvery sluggish, owing to the strong coulombic interactions of the cations dueto their high
polarising power [22].

In multivalent metal anodes, the layers formed are both insulating toward electrons and ions,
hence disabling any form of charge transfer. This means that there are only two ways to make
reversible multivalent batteries, either the layers must be controlled, for example by clever
electrolyte design which creates SEIs that are not ionically isolating, or the e ectrolytes must
operate inside the stability window, and therefore not break down and create layersin the first

place[7].

However, the lower self-diffusion barriers at the anode interface do seem to lead to the safer
use of Mg and Ca metal electrodes [22], which have shown to be much less prone to dendritic
growth, compared to Li metal [6], [22]. While Mg, Al, and Ca have severa challenges and
motivationsin common, they have largely different levels of maturity. Mg has been around and
researched for 20+ years and Al has been picking up in recent years, and Cais still in the very
early days[14].

Table 2.1. Standard potential for selected metallic elements.

Metallic element Electrode reaction Standard potentia/V vs. SHE
Li Li+e - L7 -3.05
Cs Cs +e - Cs° -3.03
Rb Rb" +¢€ — Rb° -2.98
K K'+e - K° -2.93
Ca Ca + 2 — Ca° -2.87
Na Na' +e — Na° -2.71
Mg Mg + 26 — Mg’ -2.37
Al AP +36 = Al -1.66
Ha 2H" +2e — H, 0.00

2.2.1 Magnesium batteries

The first prototype of Mg metal batteries was reported in 2000 [23] and has since then gained
research interest. The main bottleneck istrying to find good el ectrolyte designs at the sametime
as the development of new cathode materials [5]. The most successful electrolytes early on
were either Lewis acids or Grignard regents, or a combination of the two [24]. Rather recently,
the Mg[B(HFIP)4]2 salt was synthesized, which when added in DM E showed high conductivity
and great coulombic efficiency in magnesium batteries [25]. On the cathode side, the insertion
cathode types devel oped for Li-ions are not suitable for the divalent Mg cation. Some successes
have been found with conversion cathode materials, such as sulphur, but they ultimately suffer
from low operation voltages. Mg batteries are still at the laboratory level and more still needs



to be done to find good combinations of electrolytes and cathode materials, to build redlistic
full battery cells[24].

2.2.2 Aluminium batteries

Aluminium batteries are, despite being multivalent like Mg and Ca, very different from the
other two. Uniquely the Al ion is typically part of the anion complex, such as [AlICl4], rather
than as a cation. This creates challenges regarding intercal ation into cathode materials[5]. The
biggest motivation for Al batteries, apart from their large abundance, is the mature production
line of the raw material, which neither Mg nor Ca has [14]. Still, a sombre perspective was
recently published [26], on the current state of the current aluminium research, highlighting the
difficulties of corrosion, and urging researchers to completely rethink electrolyte concepts and
cathode materials.

2.2.3 Calcium batteries

Calcium already existed in battery chemistries as an additive in Pb/acid batteries in 1935, but
as ametal anode it was never successful, and after reporting from Aurbach et al. in the 1990s
reported that Ca plating and stripping were essentially impossible [8], all research on the
element essentially died out. However, this was proven wrong in 2016 by Ponrouch et al.[9]
who managed to achieve stable plating and stripping using Ca(BF4). in EC:PC at elevated
temperature. Since this pivotal breakthrough Ca-batteries have attracted more interest.

Just as Mg, electrolytes, and cathodes need to be developed simultaneously, and unfortunately
just as both Mg and Ca can make use of the know-how from LIB research, taking concepts
from Mg and using it for Cais not completely transferable either. Mg electrolytes that have
found success in Grignard regents have no calcium analogues available [7]. In fact, the lack of
commercial Ca-salts[14], isalimiting factor overall, which combined with the desire to make
rechargeability possible at room temperature, was the main quest in the immediate year
following the proof-of-concept. First to report on room-temperature deposition was Wang et
al., in 2018, where they used Ca(BF4). in THF[27]. Following along, also at room temperature,
two groups simultaneously synthesised and reported on the successful plating and stripping of
Causing Ca[B(HFIP)4]2 sdlt in DME [28], [29].

2.3 Anodes

While there are different types of anodes; intercalation, metal, alloy-based and conversion-
reaction-based anodes [30], the focus herein will be on the first two. Intercalation anodes are
by far the most popular in LI1Bs, and work by storing the ions inside the host material (Figure
2.2). Meta anodes, on the other hand, have significantly larger specific capacity, and work by
storing energy by planting the metal ion directly to the surface. Furthermore, intercalation into
host materials happens at a higher potential than plating on to metal anodes, which means that
intercalation-types cannot store as much energy. Consequently, moving from intercal ation-
based anodes to metal anodes would lead to much higher theoretical energy density.
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Figure 2.2. Energy storage through a) intercalation of ions and b) plating metal ions directly to the metal
anodes.

2.3.1 Intercalation anodes

Intercalation anodes are made of host materials with an open structure, which provides a place
for ionsto beintercalated, without chemically reacting with said ions. The most successful one
for Li* is graphite (372 mAh g 1), which has a structure which consists of endless sheets of
fused hexagonal rings (known as graphene) [31]. The benefit of using Li* is that it is a small
ion (Table 2.2) and therefore easily fits into the open structure. However, bigger ions like K*
have also been successfully intercalated, though not without distorting the structure which can
cause changes in diffusion properties, redox behaviour, and interfacial compatibility [32]. Na*
which ionic radii lay between these two, struggles to desolvate from the e ectrolyte solution
because of its high Lewis acidity, making intercalation more troublesome [30].

Looking at multivalent ion charge carriers, the great benefit of them is that only half or one-
third amount of the ions need to be transferred to the host material to reach the same capacity
compared to monovalent ion charge carriers [33]. However, the mobility of multivalent ionsis
sluggish due to their charge. Furthermore, the diffusion of Ca?* is affected by the relatively
large ion radius [34]. Still, much of the hope for multivalent intercalation anodes hangs on the
hope of finding host materials that can accommodate the multivalent cations, while still not
reaching the much larger specific capacities of metal anodes.

Table 2.2. lonic radii for selected cations [35].

Cation
Parameter Li* Na K* Rb" cs' Mg ca™ AP
lonic radius (A) 0.76 1.02 1.38 1.52 1.67 0.72 1.00 0.54

2.3.2 Metal anodes

The great advantage of lithium metal and what has given this meta its high energy density, is
its low electrode potential (Table 2.1). However, the great drawback isits extreme reactivity to



other species, which in the battery will lead to dendritic formation on the anode surface.
Dendrites are needle-like structures which start to form when the electric field applied across
the surface is not completely smooth. As no surface can possibly be totally homogenous,
irregularities will aways happen and cannot be avoided. The roughest parts will have the
highest voltage and will be at the places at which cations will prefer to deposit as it is more
energetically favourable. The dendrites have the potential to grow to such a length that the
electrodes will connect internally, which leads to short-circuiting. In the worst case, this can
lead to fires or explosions. Furthermore, dendrites can be broken off during the stripping
process, where theisolated particles created are referred to as “dead Li®’. Dead Li° is even more
reactive than dendrites attached to the electrode surface, and as such aso more prone to
dangerous outcomes [31].

A large part of the attraction of using multivalent elements comes from the possibility of using
metal anodes. While Ca (1 337 mAh g?1), Mg (2 206 mAh g?), and Al (2 980 mAh g?) have
lower specific capacity than Li metal (3 856 mAh g1)[31], they are much less proneto dendritic
growth. In fact, while Li metal has shown dendritic growth at current densities as low as
1 mA cm 2, Caand Mg metal thereis no dendrite formation below 20 mA cm 2 [6]. While not
as much effort to hinder dendrite formation is needed for multivalent metal anodes [30], more
effort is needed to develop new electrolyte chemistries to hinder the formation of passivation
layers [36].
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Chapter 3

Electrolytes & interfaces/inter phases

The relationship between electrolytes and interphased/interfaces is one of the most important
and most complex parts of understanding the battery material chemistry, and this chapter aims
to sort through some key concepts, with a special emphasis on MSEs.

3.1 Electrolytes

As the electrolyte is the transporter of ions between the electrodes, it needs to be ionicaly
conductive. The easier the transportation is the more ionically conductive the electrolyte is.
Thislargely correlates to the viscosity of the electrolyte, where the less viscous the electrolyte
IS, theeasier it typically isfor theionsto move[20]. Thisusually also meansthat the electrolyte
should be liquid at the temperature range at which the battery isto be used [37]. This no longer
holds completely true. In recent years, interest has been taken to solid-state electrolytes, which
as the name suggests are solid and not liquid in the operation range of the battery [38]. Other
electrolytes such as polymer and gel electrolytes, aswell as MSEs and ionic liquids (ILs), also
tend to have higher viscosities.

. S\ e oy v
.\/\\\ .\ . . o PY o g . . o ® o , Solvent
\ i
. /. \- - \ \ () ® ® Cation
\ ~ \eo \ 0 < ®
| 4 .
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p \ -~ 0 . ® ' a”” . a A
| | |
[ [ [
Traditional HCE MSE
1 M salt in solution ~ 2-5 M salt in solution Solution-free

Figure 3.1. Local eectrolyte structure as a function of salt concentration.

The concentration of the solute is also important to consider, as the concentration increases the
ionic conductivity increases too, until amaximum is reached and then the conductivity starts to
decrease due to the increase of viscosity. A traditional electrolyte has about 1 M salt in the
solvent, however, in later years highly concentrated electrolytes (HCEs) (>2 M) have gained
research interest (Figure 3.1). At thislevel of concentration, the cation and anions will start to
form ion-contact pairs. In some cases, they are even super-concentrated (>5 M), at which point
the solvent molecules will form clusters with the cations and anions, forcing the remaining ions
in contact with each other [39]. Thiswill create many unpredictable properties, much of which
are not concentration-dependent, but rather dependent on the size of the ions, their charge
(monovalent or multivalent), fluorination etc. These types of highly concentrated and super-
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concentrated el ectrolytes have slowly started to bridge the definitions of liquid electrolytes and
MSEs [20].

The stability of the electrolyte aso needs to be taken into account. The stability here relates
both to the electrolyte’s thermal properties, but also the stability towards the electrodes.
Assuming that the electrolyte should be aliquid — then it should not freeze in low-temperature
battery application, and the opposite, in a hotter battery environment, it should not boil [17].
The wetting of the electrolyte on the el ectrode surface is al so something to be considered. Poor
wettability will lead to higher resistance for the charge transfer and lead to poor performance
of the battery [17]. Finally, the electrolyte should preferably be non-toxic and economical [37].

3.1.1 Liquid electrolytes

Liquid electrolytes dominate the vast magjority of the batteries on the market today. They consist
of a solvent and solute (salt) and sometimes make use of additives. Solvents commonly used
are propylene carbonate (PC), ethylene carbonate (EC), and dimethyl carbonate (DM C) to name
afew, which have either high dielectric permittivity or low viscosity. Thereisno perfect solvent
which will have all desirable properties, combining solventsistherefore very common [40], but
even then, it is a matter of compromise. What al the solvent molecules in liquid electrolytes
have in common, is that they assist the dissociation of the salt so that the cation and anion are
free and can be transported independently [20].

The relationship between the ionic conductivity and the viscosity depends on how ions move
in the electrolyte, which in turn depends on how mobile the ions are. The ion mobility can be
described asthe drift velocity, and it depends on two types of motion — diffusion and migration.
Diffusion describes how ions move on their own, driven by alocal uneven distribution of ions,
which varies by time. On the other hand, when an external circuit is turned on, there will be a
potentia difference between the electrodes — the ions will then have a preferred direction and
move according to the applied charge. Thisismigration, also sometimes called conduction. The
diffusion in a system happens regardless of charge state, and can be related to the mobility, by
the Einstein relation [41],

D = kT (3.1

where D isthe diffusion coefficient, x isthe mobility, ks is the Boltzmann constant and T isthe
absolute temperature. This relation shows that the diffusivity is in direct correlation to the
mobility of theions. Combining Einstein’s relation with Stokes’s law, which describes the drag
force which acts upon a spherical object, gives the Stokes-Einstein relation [41],

kgT
D=2
6mnr

(3.2)
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where 7 is the dynamic viscosity and r is the radius of the particle. This relation describes the
diffusion of ionsin a solvent. Furthermore, the diffusivity can also be understood through the
conductivity, by the Nernst-Einstein relation [41],

ziegF (D, +D_) = z;F
kgT ~+ 777

2
o (D4 + D) (3.3)

A=

where A is the molar conductivity, z is the valences of theions, F is the Faraday constant and
R is the gas constant. In this relation the independent contributions of the diffusivity from the
anion and the cation are related to the conductivity, and as such the relation only holds true for
very diluted electrolytes, where no ion-contact pairs are present. While ion-contact pairs can
contribute to diffusion, they are electroneutra and thus, do not carry charge and cannot
contribute to the migration of ionsin the electrolyte [41]. A traditional electrolyte for batteries
has about 1 mol/dm? of salt in the solvent, which is typically a concentration low enough to
fully dissociatetheions, but still high enough for them to feel each other’s Columbic effect [42].

3.1.2 Molten salt electrolytes

Molten salts are liquids that consist of only ions and where no molecular species are present.
lonic liquids, which are in al senses of the stated definition the same as molten salts, have a
shared history, but developed later in parallel, by research groups not aware of each other’s
work [43]. This is where definitions become more complicated. Molten salts were from the
very beginning developed for nuclear reactors to store heat [44]. Inherently this meant that the
first molten salts were liquid at very high temperatures. Researchers in different fields of
interest started to realise the benefits of having low melting salts [43], such as low volatility,
large thermal, chemical, and electrochemical stability, and high electric conductivity [45]. At
this point, in the late 80s to early 90s, molten salts and ionic liquids were not only referred to
as such but nameslike ‘ionic fluid” and ‘liquid organic salt’ were used as well [45].

Looking at the present day of how researchers chooseto refer to their liquids composed of only
ions, the general trend is still to categorise by temperature. It is common to draw astrict line
between salts melting below 100 °C to describe ionic liquids and above as molten salts [45],
however, others do not agree [43]. Furthermore, molten salts typically consist of inorganic
cationssuch asLi*, Na*, K*, Mg?", etc. lonic liquids, instead, make use of large organic cations,
to bring the salts melting temperature down to room temperature or lower [46]. Technically any
single salt whose cations and anion can be dissociated by temperature can become a molten
salt [20] (Figure 3.2). However, a special emphasis on eutectic compositions is regularly made
for molten salts, which isaresult of them often exciting in binary or higher-order systems[46].
Meanwhile, ionicliquidsaretypically used asthey are or asasolvent combined with adissolved
sat [43].
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Figure 3.2. Visualization of a) asingle salt, b) amolten salt, and c) anionic liquid.

Here, the term MSEs is used intentionally, to first highlight the application (electrolytes) and
the role they have in this work. Second, al cations used in various molten systems are either
alkali metal ionslikeLi*, Na* or K* or alkaline earth metals like Ca?*, and therefore, inorganic.
Hence, the chosen definition of molten salts versusionic liquids, herein, is by types of cations
rather than drawing a strict line by temperature.

Despite M SEs having no solvent molecules, and thus no liquid for the ions to diffuse through,
the Stokes-Einstein equation ((3.2) still roughly holdstrue. Thisisrelated to the “voids” created
in the M SEs because of the volume expansion (~10-20%) upon melting. This creates an uneven
distribution in the long range which allows the ions to move. As the voids and the ions are
roughly the same size, no other consideration is needed for the Stokes-Einstein equation.
However, in the short-range M SEs are still ordered, which means that for the Nernst-Einstein
equation ((3.3) acorrection term for the ion-contact pairs must be added [41],

zF? zF?
A= ﬁ(D+ +D_) — ﬁDionpair (3.4)

Systems of MSEs have been tested in different chemistries, from traditional Li-ion
batteries [47] to next-generation battery concepts such aslithium-air [48], Na-ion [47] and Na-
metal [49], [50], and Al-ion [51] and Al-metal [10]. Frequently, these molten salt electrolytes
consist of different chloride sdts, some with high melting points of around 350-
500 °C [49], [50], others have successfully made use of AlICIs, which forms large AlxClax+1—
moieties, which brings down the melting temperature to 120 °C [51] or even 93 °C [10].
Combinations of binary and ternary mixtures of either bis(trifluoromethylsulfonyl)imide
(TFSI)  [52]-[54], bis(fluorosulfonyl)imide (FSI) [55]-[58] or (fluorosulfonyl)-
(trifluoromethanesulfonyl)imide (FTFSI) [59]-[63] have also been explored in a series of
articles and summarized [47], there it is shown that it is possible to bring down the melting
temperature to aslow as 36 °C, still only using inorganic cations.

3.2 Gibbs free energy

Consider a closed system, the first law of thermodynamics applies the mechanical principle of
energy conservation to thermodynamic systems, by establishing that if a system undergoes any
transformation, then, the variation of its interna energy U, is a summation of the heat
exchanged with its surroundings, 6Q, and the work spent or done on the system, 67, asfollows,
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dU = 60+ 6W = 8Q — P dV (3.5)

Conversdly, the second law of thermodynamics introduces entropy, another state function that
determines whether a transition from one state to another occurs spontaneously. Therefore,
while the first law introduces interna energy to discern allowable changes, the second law
employs entropy to distinguish spontaneous transitions among these allowable changes. Thus,
for an infinitesimal transformation involving aheat exchange with areservoir at temperature T,
the second law dictates that the change in entropy of the system obeys the following
relationship,

5Q (3.6)
ds > —

specifically, the entropy of a thermally insulated system can only increase or be stationary:
dSins > 0 which means that the entropy increases during a spontaneous change. Consider now a
system in thermal equilibrium at temperature, T. When a system undergoes a change and there
Is an exchange of energy with the surroundings,

d
ds — ?q >0 (3.7)

If the energy is transferred as heat as constant pressure, P, and there is only expansion work,
then (dq = dH)p, and

TdS =dH (3.8)
At constant enthalpy or constant entropy, the previous inequality can be written as,

(dS)yp =0 (3.9)

or as,
(dH)sp =0 (3.10)

respectively. On that account, at constant pressure, if the enthalpy of a system remains
unchanged, the system’s entropy must increase, as there can be no alteration in the entropy of
the surroundings. Likewise, if the system’s entropy remains constant, the enthalpy of the system
must decrease, as this ensures an increase in the entropy of the surroundings. By introducing a
state function, the Gibbs free energy can be written as,

G =H-TS (3.11)
When the state of the system changes at a constant temperature, then,

AG = AH —TAS (3.12)
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By its definition, Gibbs free energy isinfluenced by the interplay between the enthalpy change
and the entropy change. For a pure system, like a single salt, which goes through a phase
change, the corresponding equation is,

AGqu == AHqu - TASqu (313)

For compositions, either binary or of higher order, such as M SEs, thereis a contribution of both
fusion and mixing. Here, only the mixing effect is assumed,

AGpix = AHpiy — TASix (3.14)

where the entropy of mixing is given by

AS;ix = —MR z x; In x; (3.15)
i

where n is the total number of moles, R is the gas constant and x; is the molar fraction of the
species i. Because In x < 0, it follows that 4Smix>0 for all compositions. Consequently, the
addition of multiple components to increase 4S serves as atactic to counterbalance 4H, hence
decreasing the free energy. The high-entropy effect involves the addition of extra components
in the system [64].

3.2.1 High entropy electrolytes

The interest in intentionally increasing a system's entropy stems from high entropy alloys
(HEA) [65], which defines high entropy as a system composed of five or more components, of
which at least make up 5% of the whole [66]. When alloys are in this compositional region,
interesting properties start to emerge, such as high hardness and superb specific strength,
superior mechanical performance at elevated temperatures, and exceptional ductility and
fracture toughness at cryogenic temperatures [67]. In the last years, the interest in high entropy
has expanded to other types of materials, such as ceramics [68] and for specific applications,
such as energy storage [69].

Interms of electrolytes, high entropy has started to be explored aswell, even if astrict definition
of high entropy electrolytes (HEES) is still quite ambiguous. Some refer to their system as
having higher entropy by using severa solutions [70], [71], others do so by using more than
one salt [72], and others do both [73]. Whether it istruly high entropy or not in the strict sense
as seen in HEAs is not of as much interest, as to conclude that enough articles have been
published on the subject to accept that electrolytes go under different definitions. Interesting
properties due to the high entropy effect have been found for HEEs. By using more than one
solvent the cation mobility was increased [70] and hence led to higher diffusivity and
conductivity. This was proven to be due to smaller clustering of cations [74]. Furthermore,
increased entropy of asystem lowered the freezing temperature of the electrolyte and increased
the operation temperature of the battery cells[70].
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In the MSEs community, the high entropy effect is not talked about directly, even though in
binary and higher order systems, the lowering of melting temperature is a direct effect of the
increased entropy of mixing. As M SEs originate from M Ss, it isin the nature of the community
to combine different components, however, most do not extend past ternary systems. The
complexity of combining different cations, anions and their corresponding charges, instead
raises the question of the effect of the internal energy of the system.

3.2.2 Charge symmetry & asymmetry

It is of great importance to understand which combinations of salts will create homogenous
mixtures for MSs. Thisis largely attributed to the enthal py of mixing, and as such M Ss can be
created in different configurations and levels of complexity (Figure 3.3). Two things need to be
considered: (1) If the salts mixed contain a common cation combined with multiple anions
(multi-anionic) or contain acommon anion combined with multipl e cations (multi-cationic) and
(2) if al ions in the mixtures have the same charge (symmetric) or different charges
(asymmetric). Keeping this in mind, mixtures can be classified into three different categories
with increasing complexity [75]:

I.  Mixtures with symmetric charge structures that are either multi-anionic or multi-
cationic.

[1.  Mixtures with asymmetric charge structures that are either multi-anionic or multi-
cationic.

1. Mixtureswith either symmetric or asymmetric charge structure with no common cation

or anion.
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Figure 3.3. MSE of a) multi-cationic, b) multi-anionic and ¢) mixed cations and anions systems.

The change in enthalpy isrelated to theionic radius [ 76]. Multi-cationic mixturesin category |
do in general have a more ideal enthalpy of mixing if the species are not too different in size.
Furthermore, when comparing multi-cationic mixtures of analogous anions, the variation in the
enthalpy of mixing is small. For analogous multi-anionic systems, the same is true, as long as
the relative cation size difference is small. Looking more closely at multi-anionic systems, the
larger the difference between the anions in the system, the more endothermic the enthalpy of
mixing [75].

In category 1, the mixing of multivalent and monovalent cations has been shown to create a
“competition” between them for the common anion. Thisis driven by the polarizing power of
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the cations. Small cationslike Li*™ and to some extent Na*, mixed with multivalent cations have
small enthalpies of mixing and the formation of complex anions is less likely. While large
cations like K*, Rb* and Cs" mixed with multivalent cations have more negative enthalpy of
mixing and are more prone to the formation of complex anions. For multivalent cations, the
larger polarizing power of Mg?* relative to that of Ca?*, makes Mg?* more prone to complex
anions [75].

When making mixtures with no common cation or anion (category I11), theideal mixing of salts
IS,

AX + BY = AY + BX (3.16)

where salt AX, containing cation A and anion B, is mixed with salt BY, containing cation B and
anion Y, would create the same mixtures as combining salt AY and BX (Figure 3.4) [75].
However, often mixtures are not ideal, hence, the species created will depend on which ones
are energetically favourable. Typicaly, small cations are drawn to small anions, and large
cations are drawn to large anions [77], which will create short-range ordered clusters in the
melt. Therefore, when mixing cations and anions simultaneously, the choice of which ones
needs to be carefully considered.
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Figure 3.4. Ideal mixing of saltsin category IlI.

3.3 Interfaces/I nter phases

An interface is the intersection between two physically distinct phases. It does have its own set
of unique properties, due to the electric charge buildup between the two phases, called the
electric double layer. As such it does not behave as the bulk electrode or the bulk
electrolyte [78]. When the electrolyte decomposes, the species attach to the surface of the
electrodes and start to form an interphase, it becomes its own distinct phase. This means that
the system now has one more interface — one between the electrode and the interphase, and one
between the interphase and the electrolyte (Figure 3.5). This statement holds true for graphite
and mental anodes, but becomes more ambiguous for transition metal oxides, as they often
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experience a conversion type of layer, which is not completely distinct from the electrode
material [79].

Interface
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Figure 3.5. Electrode and electrolyte acting a) inside the ESW and b) outside the ESW.

The interphase that is beneficia to the battery cell, the SEI, must be stable enough to not
dissolve back into the electrolyte, as well as being inactive to electrons. While metal deposition
is also formed at the electrode surface, it is not a new distinct phase and is also conductive to
electrons, which meansit is not an SEI [78]. Asthe SEI is composed of very diverse products,
it is often uneven - something which is not desirable as it increases the likeliness of dendrite
formation. The layer istypicaly somewhere between 2-50 nm, as anything less than 2 nm will
not stop the tunnelling of electrons, and anything thicker than 50 nm will make ion conduction
limited [79].

The beneficial interphases, the SEI and CEI, have one crucia assignment and that is to extend
the electrochemical stability window of the electrolyte (Figure 3.6). The limit of the electrolyte
can be defined as the difference between the lowest unoccupied molecular orbital (LUMO) and
the highest occupied molecular orbital (HOMO). Electrons at a higher energy level than the
LUMO will be transferred to the electrolyte which will cause a reduction decomposition to
occur. Accordingly, if electrons are at a lower energy level than the HUMO, electrons will
instead be extracted from the electrolyte and oxidation decomposition occurs[79].

A

eV ESW

Figure 3.6. The electralyte stability window.
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The most vulnerable species in the system will decide the oxidation and reduction limit,
however, the respective limits do not necessarily come from the same species [78]. It is aso
shown that the stability of the species depends on operation temperature, as higher temperature
means higher likeliness of dissolving. Typically, the least soluble species are inorganic ones,
placing organic ones as the more vulnerable. Furthermore, moving beyond Li creates other
circumstances. Nais in general much more soluble, meaning that the electrolyte will not be
protected by the SEI layer and will continue to decompose. K is about as soluble as Li [79].
Multivalent elements like Mg and Ca, do not have the same problem, as the phases formed by
these products instead tend to be very stable[6]. This meansthat the phase created isinsulating
to both ions and electrons, which makes it a passivation layer that hinders further charging and
discharging, and as such is no longer afunctional SEl-layer [79].

Because of the different ways the SEI behaves depending on the componentsit isformed from,
the ionic migration though the layer is for many systems the rate-determining step (RDS) [21].
In interphases, the ions are immobilized and for them to migrate from one coordination to the
next, they first need to free themselves and hop. Multivalent ions have a hard time doing so
because of the very strong Columbic interactions with the surrounding species[79]. Therefore,
it was long believed that multivalent battery chemistries should be interphase-free [31]. While
making SEIl-free batteries would get rid of the resistance of the RDS of the system and lead to
excellent power density and reversibility, the trade-off would be mediocre energy density [79].
Still, much of Mg and Ca research began here, particularly for Mg with Grignard’s reagents.
However, the anodic resistance was weak and there were not many other solutions to choose
from. Eventually, it was realized that multivalent batteries can work with a SEI present as
well [31]. In Cain particular, it has been found that fresh SEl-layers that are disordered and
contain many defects, enable Ca?* migration, however, during storage when the SEI-layer have
become more ordered, thicker and with fewer defects, the layer is entirely passivating [21].
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Chapter 4

Experimental

Here the experimental methods used are presented alongside any adaptation needed for molten
salt electrolyte (MSE) studies.

4.1. Preparation of molten salt electrolytes

Three main types of MSEs have been studied, all focusing on the Ca?* as the conducting
species: A multi-anionic MSE consisting of three different Ca-salts, a multi-cationic MSEs
consisting of five different TFSI-salts and finally a multi-cationic MSESs consisting of up to
four different FSI-salts. Whileit would be desirable to have eutectic compositions of the M SES,
the complexity and the time-consuming task of experimentally finding the eutectic point for
ternary and quaternary systems, has led to the choice of creating equimolar compositions. The
M SEs are prepared inside an argon-filled glovebox by manually grinding the salts together with
amortar and pestle for ~15 minutes, to create even and smooth powders.

4.1.1 Multi-anionic Ca?*-based M SE

Themulti-anionic MSE, Ca[FSI, TFSI,NFSI]. (Table4.1), consisting of Ca(FSl)2 (Provisco CS,
99.0 %), Ca(TFSI)2 (Solvionic) and Ca(NFSI). (Provisco CS). Before the grinding process, Ca-
salt were dried in avacuum Biichi oven, at temperatures adjusted to their melting temperatures,
asfollows: Ca(TFSI)2 wasdried at 120 °C for 24 h and Ca(NFSI)2 at 100 °C for 48 h. Ca(FSl)2
was used as received.

4.1.2 Multi-cationic TFSI-based M SE

One quinary system containing Ca(TFSI). (Solvionic), LiTFSI (Nippon ShokuBai Co.),
NaTFSl (Solvionic, 99.7%), KTFSI (Nippon ShokuBai Co.) and CsTFSI (Solvionic, 99.7%),
was created aswell. All salts were dried in a vacuum Biichi oven at 80 °C for 72 hours.

4.1.3 Multi-cationic FSI-based M SEs

Four multi-cationic MSEs, three ternary and one quaternary (Table 4.1), were prepared by
combining Ca(FSl). (Provisco CS, 99.0 %) with the analogous LiFSI (Nippon ShokuBai Co.)
NaFSI (Solvionic, 99.7%), and KFSI (Nippon ShokuBai Co.). All saltsweredried in avacuum
Biichi oven, at 80 °C for 72 hours, apart from Ca(FSI)2 which was used as received. The molten
salt electrolytes were given the names [Ca,Li,NaK]FSI, [CalLi,Na]FSI, [Cali,K]FSI, and
[CaNa,K]FSI as represented by the different cations and the anion contained in each of them.
To confirm that these molten salt electrolytes have eutectic points containing Ca, four
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corresponding mixtures without Ca(FSI). were recreated [57], but in equimolar compositions,
aswell.

Table4.1. All MSEs studied.

Category MSEs Single salts

Multi-anionic Ca*-based CalFSI, TFSI,NFSI] Ca(FSl)z, Ca(TFSl)z, Ca(NFSl)z

Multi-cationic TFSI-based ~ [CaLi,Na,K,CSTFSI CA(TFSI)2, LITFSI, NaTFSI, KTFSI, CSTFS|
[Ca,Li,NaK]FSI Ca(FSl),, LiFSI, NaFSI, KFS|
[Ca,Li,NaFSI Ca(FSl)z, LiFSI, NaFs|

Multi-cationic FSI-based
[Ca,Li,K]FSI Ca(FSl)z, LiFSI, KFS|
[CaNaK]FS Ca(FSl)z, NaFS!, KFS|
[Li,NaK]FS| LiFSI, NaFS!, KFS

M ulti-cationic FSI-based [Li,Na]FSI LiFSI, NaFSI

(references without Ca™") [Li,K]FSI LiFSI, KFSI
[NaK]FS NaFSl, KFSI

4.2 Thermal gravimetric analysis

Thermal gravimetric analysis (TGA) is a technique where mass change is measured under a
controlled temperature program, where the temperature is either continuously increased
(dynamic) or kept at a constant temperature (isothermal) [80]. This way it is possible to find
out at which temperature or at which time a materia starts to decompose, and the result is a
typical step in the curve, as shown in Figure 4.1. While this figure shows only one step, a
material can have severa steps.

When studying decomposition from TGA data, it is most common to look at where 1% and/or
5% of mass loss occurs. For very pure materias, the 1% mark gives agood indication of when
the decomposition startsto occur. However, if any impurities are present, in the material or the
crucible holding the sample, that decay before the main reaction, it can give deceptive results.
Hence, the 5% mark is often a more secure way to see the material break down.

TGA was performed on all single saltsand MSEs, using a TG 209 F1 Iris from Netzsch, in the
range of 25 °C to 500 °C at a heating rate of 5 °C/min. To protect the hydrophilic samples,
sealed aluminium panswith pinholesin the lids were used and filled with ca. 5-12 mg of sample
inside an argon-filled glovebox. The MSEs are tested in their powder form, directly from the
preparation step, but melt far before the decomposition, and still give an accurate decomposition
temperature.
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Figure4.1. TGA trace showing &) overall behaviour and b) details of the 1% and 5% mass | osses.

4.3 Differential scanning calorimetry

Differential scanning calorimetry (DSC) is a technique in which a sample, which can be any
type of material, and an inert reference, typically an empty pan, are placed on their individual
sample holder in the same furnace [81]. The goal is to keep the heat flux to both even, any
deviations will give a signal which creates a peak in the thermal anaysis curve. When the
sample melts, an endothermic reaction occurs and the DSC responds by increasing the heat flux
to the sample, so that the heating of the sample and the reference are even again. On the other
hand, if the sample crystallises, the opposite happens; the reaction is exothermic, and the DSC
needs to respond by decreasing the heat flux to the sample. The most common reactions that
can be studied with DSC, which can be seen in Figure 4.2, are glass transitions, Ty,
crystallization Tc and melting Tm.

During the glass transition, no forma phase change occurs, only the relaxation of a phase,
which consequently will appear as a step in the thermal analysis curve. The Tg can be defined
in different ways, such as the onset or the endpoint of the transition, the most common way,
which isthe way defined in this thesis is by the midpoint. As opposed to the Tg, the Tm, of the
system is defined as the onset of the reaction. As aso seen in this figure, the area between the
melting peak and the baseline corresponds to the enthalpy of fusion, AHs, for a pure system.
For MSEs the same area, herein, is designated as the enthal py of mixing, 4Hmix.

When the entropy 4S in a system is increased, such as in higher-order molten salts, the
corresponding curve tendsto follow one or two ways. Either the salts mix well together and the
corresponding melting peak will look more or less like the melting curve in Figure 4.2, or if the
salts do not mix fully with each other, two or more separate peaks for each salt will be seen.
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Figure 4.2. A typical DSC trace showing a) glass transition, crystallisation and melting for a single salt,
b) a close-up of glass transition with onset, endpoint and midpoint, ¢) close-up of the melting point and
the change in enthalpy, and d) melting peaks for a MSE with separate melting points.

DSC was performed using aDSC250 from TA Instruments. Sealed Tzero aluminium panswith
ca. 5-12 mg of the sample were prepared in an argon-filled glovebox and compared with empty
pans of the same sort, and then tested under flowing helium gas, 50 mi/min. For the T of single
saltsand M SEs, theinitia heating curves taken between -50 °C to 200 °C (300 °C for Ca(FSl)2)
at a heating rate of 5 °C/min were used. For the Ty of molten salt electrolytes, new samples
were prepared and heated at 10 °C/min to 150 °C and kept there for 30 minutes, before being
cooled down at 10 °C/minto-100 °C, kept for 5 minutes, and then heated at 5 °C/min to 200 °C.
Only the last heating curve isincluded to show the Tg.

4.4 Raman spectroscopy

With Raman spectroscopy, it is possible to identify the vibrational frequencies of a material.
This means that characteristics such as compositions, interactions, and phase of a material, can
be determined. While some materials are Raman inactive, such as metals, all materialsthat are
Raman active, have their characteristic spectra. This means Raman can be used for molecular
identification [82]. Furthermore, Raman can be used mapping tool to see gradientsin amaterial,
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aswell asoperando whereit ispossibleto follow peaksthat appear and disappear during charge
and discharge during battery cycling.

When light impinges on asample with the frequency vo, most of it is passed through the sample.
A small amount, roughly 1/1000 of the resulting photons scatter, and do so in all directions,
either eastically or inelastically, as can be seen in Figure 4.3. The photons that scatter
elastically, that is, when the frequency in (vo) and the frequency out (vo), are the same, is called
Rayleigh scattering. The photonsthat do not scatter with the frequency vo have instead scattered
inelastically, which means that the material has absorbed some of the light and is therefore
either greater than (Stokes) or less than (Anti-Stokes) the frequency vo. The energy at which the
photons scatter depends on the vibrational motion of the atoms. Depending on the motion, the
consequent vibration is categorized in different modes, for example, bending (change of angle
between two atomic bonds) or stretching (vibration in the same direction of atomic bonds),
among others. While both Stokes and Anti-Stokes scattering are part of Raman scattering, they
give the same information, but the intensity of the Stokes scattering is stronger and therefore
more commonly used [82].
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Figure4.3. Schematic energy diagram showing the principles of elastic (Rayleigh) scattering and inelastic

(Raman) scattering.

In thisthesis, the FSI anion is present in several molten salt electrolytes, there atypical spectra
of LiFSI can be seenin Figure4.4. All single saltsand molten salt el ectrolytes have been studied
using a FT-Raman from Bruker. The molten salt electrolytes were placed in glass vias in
powder form, and melted in a heated cell, at a temperature above their melting point (Tm +
50 °C), therethey were kept for ~1 hour, after which spectrawere taken. Thereafter, the samples
were cooled down to room temperature and new spectra were taken. Furthermore, the samples
were stored in an argon-filled glovebox for ~1 week and new spectra were taken at room
temperature.
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Figure 4.4. An example of a Raman spectra, here showing LiFSI.
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Chapter 5

Results and discussion

In this chapter molten salt electrolytes for calcium batteries are presented in the first three
subsections, followed by predictions of solubility of SEI-spicesin the last subsection.

5.1 Multi-anionic Ca?*-based M SE

For future battery tests containing Cametal anodes, the charge carrier of interest is Ca?*, it was
thus of interest to create aM SE containing only Ca-salts. The chose of salt feel ontherelatively
low melting salts of FSI, TFSI and NFSI anions. This M SE is multi-anionic and hasasymmetric
charge structure, which does not make it a simple system but still makes it one of the least
complex M SEs presented. In Figure 5.1, TGA and DSC traces of the single salts and the MSE
Ca[FSI, TFSI,NFSI]. are seen. The Tq of the single salts are all well over 300 °C, while for the
Ca[FSI, TFSI,NFSI]2, 5% of the mass loss is reached already at 246 °C. Ca2* exhibit strong
Coulombic attraction, practicaly dueto its relatively small size, but mostly due to its divalent
nature. Therefore, it is quite surprising to see that a combination of Ca-salts produces a lower
Tq than the single salts.

Of al the single salts, Ca(NFSI). got the lowest Trm at 189 °C, followed by Ca(FSl). at 240 °C
and Ca(TFSl)2 at 330 °C. Furthermore, Ca(FSI). show a crystallization peak at 181 °C before
it melts. Ca[FSI, TFSI,NFSI]. show acomparably small peak at temperatures which are hard to
properly designate. While charge symmetrical multi-anionic MSES in general, show small
enthal piesof mixing [75], the absence of any clear melting behaviour, together with the lowered
Tq of this system, indicates that this combination of salts does not form homogenous melts.
Consequently, the CaFSI, TFSI,NFSI]. electrolyte was not studied further.

27



a) 100 b) N
2 T, =240 °C
(0]
=
g
8 50t '“é Ca(TFSI), T,=330°C
=
% T, =189 °C V]
Salt/MSE Ty °C) Tyss, (°C) 2
; Ca(FSI), 173 317 =
Ca(TFSD), 199381 § | Ca[FSLTFSLNFSI],
Ca(NFSI), 205 350 2 2
Ca[FSL,TFSINFSI], 152 246 . . .
0 " 1 1 L 1 N 1 L * *
100 200 300 400 500 0 100 200 300

Temperature (°C) Temperature (°C)

c)

Ca[FSI, TFSI,NFSI],

Heat Flow (Normalized) (W/g) exo—

0 100 200 300

Temperature (°C)
Figure5.1. Graphs of single Ca-salt and the MSE Ca[FSI, TFSI,NFSI], where a) show TGA traces of the
decomposition behaviour, b) show DSC traces of the melting behaviour and c) close-up of
Ca[FSI,TFSI,NFS]..

5.2 Multi-cationic TFSI-based M SEs

With the prospect of studying the effect of high entropy, and inspired by the community of
HEA, creating systemswith 5 or more salts[66], were wished for. By first creating aquintenary
system, and then removing one salt at atime, effectively creating four quaternary systems, the
effect of one single salt's contribution to the system could be studied. The choice fell on the
relatively low melting sdts of [M]FSI (M = Ca, Li, Na, K, Cs). However, as no CsFS| was
commercialy available for purchase, the analogous TFSI-salts were picked as an aternative,
and thus, the system of [Ca,Li,Na,K,Cs| TFSI was created.
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Figure 5.2. Graphs of single TFSI-salt and the MSE [Ca,Li,Na,K,Cs| TFSI where &) show TGA traces of
the decomposition behaviour, b) show DSC traces of the melting behaviour and c) show a close-up of
[CalLi,NaK,CsTFSI.

In Figure 5.2, TGA and DSC traces of the single salts and the MSE [Ca,Li,Na,K,Cs|TFSI can
be seen. The single TFSI-salts have a large spread in Td, particularly for Tase which ranges
from 344 °C for LiTFSI to 428 °C for KFSI. [Ca,Li,Na,K,Cs| TFSI has a Tasy of 324 °C, which
is lower than for any of the single salts, and additionally, it has a stepwise decomposition.
Regarding the Tp, it ranges from 125-235 °C for the alkali metal salt, which is expected from
literature [52]. Ca(TFSl)2, which can be seen in Figure 5.2, but is more easily seen in Figure
5.1, has a Tm of 330 °C. [Ca,Li,Na,K,Cs|TFSI show several peaks, the first of them (Tm) at
115 °C, followed by peaks at 140 °C and 170 °C.

It has been suggested that systems, particularly those of metals, that show two eutectic peaks
have produced cocrystals [76]. The corresponding concept in MSEs would be that of the
formation of complex ions, which are prone when mixing ions with different charge structures.
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This effect is further enhanced when large cations like Cs" are combined with multivalent
cations [75]. The severa melting peaks shown for [Ca,Li,Na,K,Cs|TFSI in Figure 5.2, are not
enough proof of the existence of complex ions in the system. However, combined with the
stepwise decomposition seen in TGA, it is enough to conclude that this system does not form a
homogenous mixture. With the higher melting temperatures of TFSI-based salts, compared to
that of FSI-based salts, and with no added benefit gained from the addition of a fifth salt, no
further quaternary systems based on TFSI were created.

5.3 Multi-cationic FSI-based M SEs

Here, one quaternary and three ternary multi-cationic MSEs with FSI as the single anion is
presented. All combinations contain the divalent Ca?* cation together with the monovalent Li*,
Na" and K™ cations, making these mixture charges asymmetric. To emphasise each sat's
contribution to the M SES, the properties of the single salts are included as well. Additionally,
oneternary and three binary M SEswithout Ca?*, were made as referencesto highlight the effect
of Ca?*.

5.3.1 Thermal properties

Ascan be seenin Figure 5.3, the single FSI-salts have their Tq19% and Tase at around 170-200 °C
and 300-320 °C, respectively. Apart from LiFSI which decomposes earlier at 208 °C. This
agrees well with literature for the akali metal salts [57]. There is no previously reported
literature on Tq for Ca(FSl)2, however, the presented data follow the same trend as the other
salts. Decomposition in single saltsis decided by the breakdown of the anion, as all these salts
contain the same anion, the difference comes down to the cations. Apart from LiFSI, thereis
no big difference between the other salts.

a) 100

b) 100

50 50

Mass (%)
Mass (%)

Salt Ta10, CC)  Tsy, °C) ~ MSE T1e °C)  Tyse, (°C)
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—— LiFSI 188 208 [Ca,Li,Na]FSI 148* 300
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Figure 5.3. TGA traces of a) single salts and b) molten salt electrolytes. The insets highlight the
decomposition temperatures.
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The MSEsall follow the same trend of decomposing at around 176 °C and 300 °C for Tg10 and
Tas%, respectively. The expectation is [Ca,Li,Na]FSI, which appears to decompose already at
148 °C, but thisis rather aresult of fluctuationsin the instrument. As these MSEs are built up
of single FSI-salts, it is expected that the weakest bond of the single salt will al so be the weakest
bond of the MSEs. The MSEs containing LiFSI marginally have the lower Taso With the order
of highest to lowest corresponding well with the molar fraction of LiFSI in each MSE.
Consequently, the only MSE without LiFSI — [Ca,NaK]FSI — is aso the system with the
highest Tas%. The significantly lower Tasy Of LIFSI does not appear to affect the MSEs to the
extent that perhaps would be expected, as such it is tentatively suggested that the increased
entropy of the system might have had somewhat of a stabilizing effect.
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Figure 5.4. DSC traces showing @) melting of single FSI-salts, b) melting of M SEs containing Ca?*, c)
glass transitions of M SEs containing Ca?* and d) melting of M SEs without Ca?*.

For the single FSI-salts (Figure 5.4 @) the Tm for LiFSI, NaFSI and KFSI all lay between 100-
140 °C, which agrees well with the literature [57]. Ca(FSI) first appearsto crystalize at 181 °C,
before the onset of melting at 240 °C. The melting behaviour of salts largely depends on the
size of the cations and anions. FSI which is large and has a delocalized negative charge has
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compared to more simple anions like Cl, F and NOs, a much lower Tm for its analogous
cations. The cation contribution can be seen by the fact that the biggest cation (K*) also hasthe
lowest Tm. Ca?* which isrelatively small, but still roughly the same size as Na', and bigger than
Li*, has a much higher Tm. Multivalent cations like Ca?*, have larger columbic attractions,
which makes them more robust, and consequently, the T is pushed higher.

The Tm of the MSEs lay between 60-75 °C for the ternary mixtures and at 54 °C for the
guaternary mixtures, whichisall far lower than the single salts. However, it isimportant to note
that these melting points are aresult of theinitia heating of crystalline powder. Asthe mixtures
are cooled down, they do not go through crystallization but rather a glass. Still, these lowered
melting temperatures are achieved by increased 4Smix, reducing the 4Gnix. Hence, the higher
entropy of the quaternary systems results in the lowest melting temperature. Furthermore, the
disorder that is created in the systems by using different-sized cations can also be seen, as the
system with the smallest cation size difference, [CaLi,Na]FSl, is also the system with the
highest Tm.

The Tm of the MSEs with Ca?* agrees very well with the literature of eutectic MSEs without
Ca* [57], which begsto differ if Ca?* truly is part of the eutectic solution. Complementary tests
of equimolar M SEs without Ca?* were created, which showed slightly higher Tm (Figure 5.4)
than previously reported. This indicates that Ca?* is part of the eutectic solution of the original
M SEs. Furthermore, by comparing the melting peaks, the addition of Ca?* makes the A Hrix less
endothermic (Table 5.1), which is a consequence of these systems' charge asymmetry [75]. By
looking only at the systems containing Ca?*, the lowest AHmix primarily depends on the large
polarization power of the small Li* paired with Ca?*. Only secondarily does 4Hmix depend on
the cation size difference of the whole system [75], which isthe most disrupted by the large K™.
Hence, the system without Li* has the largest 4 Hiix.

Table 5.1. Comparison between the enthalpy of mixing of systems with and without Ca(FSl)..

AHpix (kJ/mol)
System with Ca without Ca
[Li,Na,K]FSI 13 17
[Li,Na]FsI 13 16
[Li,K]FSI 12 19
[Na,K]FS 17 16

As these éectrolytes are to be operating in ambient temperature battery cells, an isothermal
TGA test was done (Figure 5.5) at 100 °C for 12 h followed by 120 °C at 12 h (purple line). As
can be seen, the sample mass loss (blue line) is almost neglectable, as only 1% of masslossis
recorded after 13 h (1 h of 120 °C), and 5% or even 2% of mass loss is never reached during
the test time (24 h).
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Figure5.5. Isothermal TGA trace of the MSE [Ca,Li,Na,K]FSI.

5.3.2 Local structure

Thelocal structure of the M SEs has been studied further by Raman spectroscopy. Of particular
interest for salts based on FSl, is the ‘breathing mode’ in the spectral range between 700-
800 cm? (Figure 5.6). The ‘breathing mode’ of an anion occurs when the bond between two
atoms oscillates, which causes the surrounding atoms and bonds to have a responding
movement — as a result, all atoms of the ion undergo collective vibration. The simultaneous
movement in the ion results in difficulties in assigning the band(s) at this location to just one
mode. However, for LiFSI the band at 773 cm™* has been assigned to the symmetric stretching
of the SN-S bonds (vsSNS) [83]. As the S-N-S bonds are the physically closest to the cation
their movement will also be affected by the cations’ size and charge structure. For single salts
based on the same anion, the bands are expected to be the same, however, the band frequency
isexpected to shift in adecreasing manner asthe polarizing power of the cations decreases[84].

NaFSI shows one band at 753 cm™ which has been assigned as a combination of scissoring of
the SO, bonds (3siSO»), stretching of the S-F bond (vSF) and scissoring of the S-N-S bonds
(3siSNS) [85]. KFSI, which contains the larger K* cation, has a different crystal structure
compared to the other salts [85], and has three bands in the same region. The first one at
727 cm! has been assigned as 6sSO, and vSF, while the following two bands at 749 and 768
cm?, are assigned as §siS02, vSF and 3«iSNS [85]. The band of Ca(FSI), a 772 cm™ has
previously not been reported but is here carefully assigned as vsSNS. Ca(FSl). aso have an
additional band at 795 cm, however, as this band differ from the other salts, it is here left
unassigned. The bands of the breathing modes in this spectra range do shift according to
polarization power, as expected, apart from the band in Ca(FSl)2. Despite Ca?* having larger
polarization power than Li* [86], the band appear shifted marginally lower.
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Figure5.6. Raman spectra of a) single salts and b) M SEs in the spectra range between 650-850 cmL.

The MSEs al have one strong band at 772 cm™ followed by the same less intense band at
795 et (Figure 5.6), an indication of Ca(FSl). influence that has bands at the same position.
Typically, when single salts of the same anion-spices are combined into multi-cationic mixtures
of molten salts, the Raman spectra are expected to be simply additive, where the cation fraction
of each salt correspondsto the overall shift of the combined salt spectra[84]. However, asthese
M SEs are charge asymmietric, it is not certain that the enthalpy of mixing isideal and as such
the overall spectra cannot be guaranteed to be additive. The clear band at 772 cm™ also have a
‘shoulder’ connection to it. Broad bands and shoulders are expected of glasses and materials
with high entropy [87], due to their amorphous nature. As these M SEs are both glass-forming
and have higher entropy, the shoulder is due to amorphous contributions.

5.3.3 Entropy effect

To further see the effect of increased entropy, the stability of the structures was studied. This
was done by naturally ageing the M SEs, including the addition of [Li,Na,K]FSI as areference,
inside an argon-filled glovebox for aweek. By comparing the spectra of the “aged” M SEs with
the spectra of the “as cast” ones (Figure 5.7), it shows that the aged ternary M SEs have lost the
‘shoulder” which could be seen before. However, the spectra of the quaternary system havein
the same time frame stayed mostly the same. It is not until [Ca,Li,Na]FSI is aged further (> 2
weeks), that it loses the shoulder as well.

The disappearance of the shoulder, and particularly the appearance by the two additional bands
at 727 et and 749 cm?, of all spectrums except that of [Ca,Li,Na]FSI, indicatesthat it is KFSI
that has partially (re-) crystallised/micro-separate from the remaining salts. K* isthe cation with
the lowest polarizing power compared to Ca?*, Li* and Na*, hence, the mobility of K* isthe
greatest out of all the cations. This indicates that the structures of the MSES are metastable.
[CaLi,Na]FSI which keeps its amorphous structure for longer, is thus, more stable. The only
system not containing Ca?*, [Li,Na,K]FSI, see the same micro-separation of KFS| as the
systems with Ca?*. Therefore, it can be concluded that the metastability is not an effect of the



divalent Ca?*, but rather the stabilising effects seen in [Ca,Li,Na,K]FSI is at least partialy
attributed to the high entropy effect, which has lowered the free energy of the system.
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Figure5.7. Raman spectraof “as cast” and aged MSEs, there a) show all quaternary and ternary systems,
and b) show only [Ca,Li,Na,K]FSI.

5.4 Solubility of SEI components

The desire for higher energy density has meant that electrolytes are pushed above their limit
[16], thus, the electrolyte decomposes, creating a new phase at the electrode surface, the SEI
[18], [21]. Importantly, the SEI must be both stable and conductive to ions, which has been
done successfully in LIBs[31]. In new battery technologies, such as Na*-based ones, the species
are more soluble, risking re-dissolving into the electrolyte [79], while in technol ogies based on
multivalent ions like Mg?* and Ca?*, the phases created are often isolating to ions, therefore,
blocking charge transfer [6]. The nature and the stability of the SEI layer at the anode are,
therefore, fundamentally crucial for both the cycle-life and safety of today’s advanced
rechargeabl e batteries [6].

It is then somewhat surprising that relatively few direct efforts targeting solubility properties
have been made, given the importance of the SEI for battery functionality. This is possibly
connected with experimental difficulties alongside that within the battery community SEI
research has amost entirely been devoted to electrode surface studies rather than electrolyte
studies [37], [40]. Here, amodel was built on experimental data taken from the literature as
well complemented with additional experimental values. These were then used for density
functional theory (DFT) calculations, used for the subsequent conductor-like screening model
for rea solvents (COSMO-RS) calculations of the predictive model.

Herein, the experimentally extracted thermal properties are discussed together with solubility
data, with afocus on Ca?*. For a deeper analysis of the calculations for the predictive model,
please refer to paper I1.
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5.4.1 Thermal properties

The melting temperature (Tm) and the enthalpy of fusion (4Hus), where needed as input to the
COSMO-RS calculations. While most of the data was taken from the literature [88],
complementary testswere donefor LiC2HsO, NaC>HsO and NaHCOO. Asthese saltsare highly
pyrophoric with low flash points, TGA analysis was first performed to understand the
decomposition temperature which was needed as a safety limit for the following DSC analysis.
Early DSC results showed no traces of the melting peaks. The saltswere, therefore, tested above
their decomposition temperatures, in pans with pinholesto release any gases formed during the
experiment.

In Figure 5.8, the TGA traces of the three salts can be seen that LiC2HsO and NaC2HsO, which
both have the same anion, start to decompose at around 70 °C. This is followed by a stepper
decomposition at 164 °C and 188 °C, for Li and Na, respectively. NaHCOO is more stable and
has a T19 of 189 °C and Tgse of 371 °C. The DSC traces show that LiC2Hs0 only has a small
endothermic peak with an onset at 195 °C. NaC>HsO and NaHCOO, have sharp peaks which
have onsets at 320 °C and 259 °C, respectively.
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Figure 5.8. SEI-species/salts where @) TGA traces of the decomposition behaviour and b) DSC traces of
the melting behaviour and the enthalpy of fusion.

As the salts aready have started to decompose before melting, there is a need to study the
endothermic peaks in relation to the decomposition temperatures. As such, the decomposition
and the onset of the endothermic DSC peak, both happen around 190 °C for LiCoHsO, which
suggests that the peak is not due to melting but rather decomposition. Therefore, should the
corresponding area under the baseline not be assumed to be A4Hws. The other two salts,
NaC>HsO and NaHCOO, both exhibit pesks further away from their decomposition
temperature, and have sharp peaks which are more typical for the melting of pure salt.
Therefore, the only accurate data which can be used for the COSMO-RS model, are those of
NaC>Hs0 and NaHCOO. However, NaC>Hs0 reacts with water, creating NaOH, which means
that thereis no real solubility datafor NaC>HsO, consequently, only NaHCOO was used in the
actual model.
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5.4.2 Solubility of SEI species

By using the experimental and literature data of the Tm and the 4Hss, using DFT and then
COSMO-RS, the solubility of 13 salts could be predicted. In Figure 5.9, the predicted solubility
can be seen on the y-axis and the experimental solubility data available from literature can be
seen on the x-axis. For good agreement between the predicted data and the experimental data,
the salts should be located on the dotted line showing ideality. Overall, there is a very good
qualitative agreement for the SEI speciesof Li* and Na*, while for the multivalent cation-based
species, and especialy for CaCOsz and MgCOs, there are larger deviations. This is due to the
intrinsic problem of COSMO-RS to handle non-ideal solubility behaviour, as well as not
considering long-range interactions, as such thereis difficulty in predicting divalent cations and
anions.

Apart from making predictions regarding solubility of Ca?* and Mg?* salts more difficult, the
divalent nature of these cations also makes them much less solublein water, and other solvents,
than their monovalent counterparts. The solvent molecules in liquid electrolytes assist the
dissociation of the salt so that the cation and anion are free to be transported independently,
however, divalent cations have much stronger Columbic interactions [79], which means that
they do not easily dissolve. Consequently, new electrolyte strategies for CaBs and magnesium
batteries are urged for.
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Chapter 6

Summary and outlook

M SEs systems are complex, not the least when combining different cations, anions and their
corresponding symmetric or asymmetric charges. As such understanding the underlying
thermodynamic properties, such as change in enthalpy and entropy, is the key to creating
homogenous low melting systems. Threetypes of systems have been explored in thisthesis, the
first, CaFSI, TFSI,NFSI]2, which is multi-ionic and does not create a homogenous low melting
mixture. All single salts of this system have melting temperatures in the range of 190-330 °C,
which cannot be considered low melting but is still so by comparison to the other few
commercially available Ca-salts. Consequently, exploring other combinations of multi-anionic
Ca*-based M SEs might not be feasible.

The second system explored was the quintenary multi-cationic TFSI-based system,
[CaLi,NaK,Cs TFSI, which showed several melting peaks. This indicated a non-homogenous
melt which also did not reach ambient temperatures. Thus, no quaternary systems were studied
further. While a TFSI-based system was not suitable in combination with Ca?*, it does not rule
out other quintenary systems with a different anion-base in the future. Not the least by FSI —
which undoubtedly has created the most successful systems in this thesis— where there is still
hope of eventually purchasing CsFSI as it becomes available. Still, the ternary and quaternary
multi-cationic FSI-based M SEs, which were created in this thesis, resulted in homogenous
melts at ambient temperatures. Additionally, the quaternary system showed improved stability
whichisat least partially attributed to the high entropy effect.

The only types of MSEs which have not been explored here are those of mixed cations and
anions. These types of systems present a large freedom of which salts can be combined. One
such system could be to explore Ca[FSI, TFSI,NFSI]> — with the addition of an alkali metal salt
as a ‘softening’ agent to the system to reduce the melting temperature and potentially create
homogenous mixing. Another option could be to combine LiFTFSI, KFTFSI and CSFTFSI,
which al have melting temperatures around 100 °C, with either Ca(FSl)2, Ca(TFSl). or
Ca(NFSl)2. Three such quintenary systems have in fact been tried but are not included in this
thesis as these are still only primary results.

Before diving deeper into systems with such high complexity, it isimportant to bring back the
purpose of creating solvent-free electrolytesin thefirst place; avoiding passivation layers at the
Cametal anodes in CaBs, created due to organic productsin the electrolyte solvent. Therefore,
detailed studies of electrochemical properties of the multi-cationic FSI-based M SEs systems
for/in CaBs, aswell as CaB full cell tests are of utmost importance. For instance, as abattery is
charged and discharged the charge carrier concentration in the electrolyte will increase and
decrease. Adjustment of the electrolyte composition might, thus, be needed. Furthermore, it is
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important to know how the interface and the interphases are affected by the MSEs, and if this
strategy is truly successful in creating functional SEI-products, rather than passivation layers.

The solubility of SEI-species containing Li/Na/Ca/lMg was explored in a predictive model by
COSMO-RS, which overal showed the qualitatively and the semi-quantitatively calculated
solubilities and experimental solubilities correlate well. However, specific deviations did occur
and become especialy pronounced for Mg and Ca-sdlts. It highlighted that the solubility of
divalent saltsislow, and as such, new electrolyte strategies are urged for.
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