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Electrolytes and Interfaces in Calcium and Magnesium Rechargeable
Batteries
Juan David Forero Saboya
Universitat Autònoma de Barcelona
Institut de Ciència de Materials de Barcelona (ICMAB-CSIC)

Abstract

The development of next-generation batteries (post Li) will have a great im-
pact in the upcoming years of transition from fossil fuels to renewable sources
of energy. Among the many next-generation battery concepts, the ones based
on divalent metals as negative electrodes stand out (particularly Ca and Mg),
given their combination of low standard redox potential and high natural
abundance. Development of Ca and Mg metal batteries have been histor-
ically hampered, as only a few organic electrolytes allow reversible electro-
plating/stripping of the metal, which is required for a continuous and stable
operation of the metallic negative electrode.
In this thesis, some efforts on the optimization of organic electrolytes for Ca
metal plating are presented, with parallels to Mg application. The electrolyte
formulation, which is based on a mixture of salt, solvent, and additives, is
studied in this work from three complementary points of view: preparation
of calcium salts, physicochemical properties of the obtained electrolytes, and
evaluation of their electrochemical performance, which includes also the possi-
ble reductive decomposition of the electrolyte and the formation of a passiva-
tion layer on the electrode. Although they are separated in different chapters,
these are not isolated parameters, and their interactions are discussed across
this document. Particularly, the cation solvation appears as a physical pa-
rameter of critical importance from the three points of view: being influenced
by salt and solvent choice, it is responsible for the macroscopic properties (as
ionic conductivity and ionicity), and affects, in turn, the dynamics of elec-
troplating, and the nature of the passivation layer formed. Therefore, some
insights in the cation solvation-shell manipulation are presented as a route to
optimize the operation of a Ca metal as the negative electrode.
Additionally, a study on the passivation layers formed on metallic calcium
electrodes is presented, as function of the electrolyte formulation. The borate-
based passivation layer, which is produced in situ by anion or additive decom-
position, was shown to promote calcium plating in contrast to a carbonate-
based passivation layer, which appeared to be fully blocking for Ca2+ cations.
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Further studies will determine a more precise composition of the borate-based
layer and will pave the way for artificially generated passivation layers to be
used in future calcium batteries.
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Electrolitos e Interfases para Baterias Recargables de Calcio y Magnesio
Juan David Forero Saboya
Universitat Autònoma de Barcelona
Institut de Ciència de Materials de Barcelona (ICMAB-CSIC)

Resumen

El desarrollo de una nueva generación de baterías (post Li) tendrá, en los próx-
imos años, un impacto importante en la transición de combustibles fósiles a
nuevas fuentes de energía renovables. De los diferentes conceptos de baterías
de próxima generación, destacan los que utilizan metales divalentes como elec-
trodos negativos (especialmente Ca y Mg), dada su combinación de bajo po-
tencial estándar de reducción y su gran abundancia. El desarrollo de baterías
de Ca y Mg metal se ha visto históricamente obstaculizado debido a la limi-
tada opción de electrolitos orgánicos que permitan la deposición y disolución
reversible del metal, una condición necesaria para un funcionamiento continuo
y estable del electrodo metálico.
En esta tesis se presentan algunos esfuerzos en la optimización de electrolitos
orgánicos para la electrodeposición de Ca, con ciertos paralelos a la apli-
cación en el caso de Mg. La formulación del electrolito, que se basa en una
mezcla de sal, disolvente y aditivos, se estudia en este trabajo desde tres
puntos de vista complementarios: la preparación de las sales de calcio, las
propiedades fisicoquímicas de los electrolitos obtenidos y la evaluación de su
rendimiento electroquímico, que incluye también la posible descomposición
del electrolito por reducción y la formación de una capa de pasivación en el
electrodo. Aunque los tres puntos de vista están separados en diferentes capí-
tulos, no están realmente aislados, y sus interacciones se discuten a lo largo
de este documento. En particular, la solvatación del catión aparece como
un parámetro físico de vital importancia que afecta los tres puntos de vista:
está influenciada por la sal y el disolvente, es responsable de las propiedades
macroscópicas (como conductividad iónica e ionicidad), y afecta, a su vez,
la dinámica de electrodeposición y a la naturaleza de la capa de pasivación
formada. Por lo tanto, en esta tesis se presentan algunos detalles enfocados
en la manipulación de la esfera de solvatación del catión, como una vía para
optimizar el funcionamiento de un electrodo de Ca metálico.
Además, se presenta aquí un estudio sobre las capas de pasivación formadas
en electrodos metálicos de calcio, en función de la formulación del electrolito.
Se ha demostrado que la capa de pasivación a base de borato, que se produce
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in situ por descomposición de aniones o aditivos, favorece la electrodeposi-
ción de calcio, en contraste con una capa de pasivación a base de carbonato,
que parece bloquear totalmente los cationes de calcio. Estudios futuros eluci-
darán de manera más precisa la composición de esta capa basada en boratos,
y allanarán el camino para la utilización de capas de pasivación generadas
artificialmente en futuras baterías de calcio.
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1
Introduction

By 2050, electricity will be the main energy carrier, according to the Interna-
tional Renewable Energy Agency (IRENA), increasing from a 21% share of
the total energy consumption in 2018 to over 50% in 2050 [1]. This increase
is the result of an intense electrification of the end-uses, such as heating and
transportation, but also to the anticipated rise of new energy-demanding ap-
plications such as sensors, communication relays, and information processors,
which are part of the Internet of Things (IoT) [2]. The ever-increasing pres-
ence of electricity in our daily lives, together with the transition from fossil
fuels to renewable sources, constitute the core of the energy revolution that
will reshape our society in the upcoming years.

Energy storage devices, particularly batteries, will play a significant role in
this transformation. They are beneficial in many ways, as they, for example,
can sustain and accelerate the deployment of intermittent energy sources, pro-
vide flexibility by correcting frequency and voltage changes across the electric
grid, cover a temporary lack of supply, etc [3].

Since their first commercialization, lithium-ion batteries (LIBs) dominate the
market of portable electronics and have been extensively employed in electric
vehicles [4]. Nowadays LIBs are starting to gain terrain in stationary applica-
tions given the recent reduction of cost and the increased production capacity
worldwide [5, 6]. However, LIBs rely on non-abundant materials which may
produce a future increase in their price, and eventually a shortage of raw
materials. Given the vast battery market emerging at the moment, and al-
though LIBs will probably continue to be the dominant battery technology
in the near future, it is important to develop next-generation batteries based
on more abundant elements to power the many energy applications to come.
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1. Introduction

Figure 1.1: Working scheme of a LIB. In this scheme, graphite is working as nega-
tive electrode and LiMO2 as positive electrode (with M a transition metal as Co or Mn)
Reprinted with permission from Ref. [7]. Copyright 2004 American Chemical Society.

1.1 Principle of operation of lithium-ion batteries

Like any other battery cell, LIB cells are composed of a negative and a posi-
tive electrode (usually referred to as the anode and the cathode, respectively),
electronically separated by an electrolyte. In the case of commercial LIBs,
the electrodes are based on host materials in which lithium cations can be re-
versibly intercalated/deintercalated (Figure 1.1). Upon discharge, the lithium
cations stored in the negative electrode (graphite is used in current commercial
cells) are released into the electrolyte, together with the equivalent amount
of electrons that are transferred to the external circuit. Simultaneously, the
host material at the positive electrode, which can be CoO2, MnO2 or others,
is reduced by the electrons coming from the external circuit and intercalates
lithium cations in the crystal structure to compensate the charge.

The process of discharge is summarized, then, by the following equations,
occurring at potentials E− and E+, respectively:

LiC6(s) C6(s) + Li+ + e– (1.1)
MO2(s) + Li+ + e– LiMO2(s) (1.2)

With MO2 being a transition metal oxide as CoO2 or MnO2. Upon charge,
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an opposite bias is applied to the cell, reversing the flow of electrons and so
the reverse reactions occur at the electrodes.

Although the theoretical open circut voltage (OCV) between electrodes can
be calculated thermodynamically from E+ and E−, the real output voltage
during discharge is influenced by a combination of many dynamic factors aris-
ing from the movement of charged species (electrons and Li+ cations) inside
the electrode materials, across the electrolyte and through the electrode |
electrolyte interfaces. A general term encompassing all these energy ineffi-
ciencies can be denoted ηE , as an overall overpotential of the cell, obtaining
an output voltage: E = E+ − E− − ηE . Among others, ηE is related with the
conductivity of Li+ cations in the electrolyte, the energy barrier for cation
desolvation at the electrode | electrolyte interface, etc.

Complementarily, the capacity of an electrode material is determined by the
maximum amount of electrons that can be stored, and can be calculated by:

Qtheo [mAh g−1] = nF

3.6 MW
(1.3)

Where n is the moles of electrons accepted or released per mol of material
during charge/discharge (e.g. n = 1/6 for graphite, according to Equation
1.1), F is the Faraday constant and MW is the molecular weight of the com-
pound. The theoretical capacity of a graphite negative electrode is then ∼372
mAh g−1. However, the capacity of a battery cell is lower than the capacity of
the pure materials, as some inactive components are necessary, like electrode
binders, conductive additives, current collectors, electrolyte, etc.

The total energy density of a battery cell is calculated as the product of the
output voltage of the cell by its capacity. Therefore, foreseeable strategies to
improve the energy density are: i) use of high capacity electrode materials,
ii) use of high redox potential positive electrode materials, and iii) use of low
redox potential negative electrode materials.

1.2 Formation of the solid-electrolyte interphase -
(SEI)

In LIBs the electrolyte is often unstable at the working potentials of the
negative electrodes (typically < -2.0 V vs. SHE). Therefore, different com-
ponents of the electrolyte are prone to decompose at the surface producing
soluble, gaseous or solid products. In the ideal case, the solid decomposition
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Figure 1.2: Some of the reactions occurring at the surface of the negative elec-
trode of a LIB.

products will entirely cover the surface of the electrode forming a layer with
high ionic and low electronic conductivities. This surface layer is denoted the
solid-electrolyte interphase (SEI). Several models exist currently to describe
the SEI formation and evolution, which additionally varies depending on the
negative electrode used and the cycling conditions [8–10]. An overview of the
SEI formation over graphite negative electrodes is presented here.

The benchmark electrolyte used in LIBs is composed of LiPF6 dissolved in
a mixture of cyclic and linear carbonate solvents, most commonly ethylene
carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), or
ethyl methyl carbonate (EMC). A combination of microscopic and spectro-
scopic studies have identified lithium alkyl carbonates as the main organic
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Figure 1.3: Scheme of initial growth and evolution of the SEI layer over the
negative electrode of a LIB. Reprinted with permission from Ref. [15]. Copyright 2019
Elsevier Inc.

component of the SEI layer produced during the first cycles (Reactions A and
B in Figure 1.2), with the evolution of the respective gases confirmed by mass
spectrometry [11, 12]. In turn, the PF –

6 anion can be readily decomposed
by any trace of water in the electrolyte, producing LixPFyOz and LiF, the
latter being the main inorganic component of the SEI during its first stage of
formation (Reaction C in Figure 1.2).

The SEI layer formed at the beginning of cycling is, nonetheless, not static,
and the different components evolve during time or cycling. For example, the
LEDC and other alkyl carbonates can be further decomposed producing the
fully inorganic lithium carbonate (Li2CO3), or react with the salt to produce
LiF, CO2, and poly(ethylene oxide) (Reactions D to G in Figure 1.2). During
this process, the initial organic rich layer evolves into a more inorganic-rich
and more porous layer. The increased porosity allows further electrolyte re-
action and thus more LEDC is formed covering the surface again.

Upon time this process leaves a mixed organic-inorganic SEI, in which the
outermost part is more polymeric in character and semipermeable to the
solvent, while the innermost part is inorganic and only allows for bare lithium
ion migration (Figure 1.3). Although the growth of the SEI is more prominent
in the first cycles, it is a continuous process which increases the impedance of
the electrode and contributes to the overall ageing of the battery [13, 14].

In order to improve the properties of the SEI layer, i.e. improve its ionic con-
ductivity, decrease its thickness, or enhance its mechanical stability, several
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SEI-forming additives can be included in the electrolyte formulation. The
most prominent ones are vinylene carbonate (VC) and fluoroethylene car-
bonate (FEC). The reduction potential of both additives is higher than the
original components of the electrolyte, and thus, are preferentially decom-
posed at the surface of the negative electrode, modifying the SEI formation
pathway described before. In both cases a thinner SEI is obtained, with a
lower concentration of lithium alkyl carbonates (as LEDC or LMC shown
in Figure 1.2) and with the presence of some polymeric structures denoted
poly(VC) and poly(FEC) [16, 17]. Additionally, the reduction of the FEC
additive results in a higher content of LiF, which is regarded as a beneficial
component of the lithium SEI [18].

1.3 Alternative battery chemistries - case of Ca and
Mg batteries

As mentioned before, the capacity of a graphite negative electrode used cur-
rently in LIBs, is only about 372 mAh g−1, given by the low amount of lithium
that can be intercalated into the structure. In order to increase the capac-
ity of the anode, other host materials are being explored. This is the case
of silicon, for instance, which forms an alloy with Li. Stoichiometries such
as Li21Si5, corresponding to a theoretical capacity of 4008 mAh g−1 can be
achieved [19]. The use of silicon anodes in commercial cells has been ham-
pered, however, by its huge volumetric expansion during lithiation, leading to
an eventual pulverization of the silicon particles, loss of the electrical contact,
and a strong capacity fade [20].

Alternatively, lithium metal can be used as negative electrode in lithium bat-
teries, in which case they are denoted lithium metal batteries (LMBs) rather
than LIBs. Given its high theoretical capacity (around 3860 mAh g−1) and
low redox potential, lithium metal is considered the Holy Grail of lithium bat-
tery negative electrodes. Compared to intercalation electrodes, the use of a
lithium metal significantly changes the mechanism of charge storage. Instead
of storing lithium as cations in a host crystal structure, the charge/discharge of
a metal anode implies the lithium plating/stripping on each cycle: Li(s)
Li+ + e–. However, Li metal is prone to uneven deposition during plating,
producing dendrites (as seen in Figure 1.4) which cause some important safety
hazards [21]. The Li dendrites formed upon cycling, can reach the opposite
electrode and cause short-circuits, possibly initiating a thermal runaway and
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Figure 1.4: Direct observation of Li metal dendrites
during electrodeposition. Figure reprinted from ref. [23]
under the terms of the CC-BY-NC licence.

explosion of the cell. Although the development of solid-state electrolytes
for LMBs is expected to overcome this issue, recent evidence suggest that Li
dendrites can be formed even in these materials [22].

Aside from lithium, other electropositive metals could be used as anodes for
secondary batteries. Some figures of merit for Na, Ca and Mg metals are
presented in Figure 1.5 and compared to lithium and graphite anodes. Alkali-
earth metals, like Ca or Mg, benefit from high volumetric and gravimetric
capacities as they store 2 e− per cation. Both, Ca and Mg, are much more
abundant than lithium in the earth crust, which may result in a cheaper and
more sustainable technology.

As a result, Mg-based batteries have been extensively studied since the 90′s,
with the first proof of concept Mg-metal battery reported in the year 2000
[25]. The reported cells employ a magnesium metallic anode, coupled with
MgxMo3S4 as cathode, and use a Mg(AlCl2BuEt)2 in tetrahydrofuran (THF)
electrolyte. The cell presented a modest output voltage of about 1.0–1.3
V (compared to the nearly 4 V for commercial LIBs). Further technological
development has been restricted by limitations in electrolyte stability [26] and
lack of high-voltage, operational cathode materials [27]. In the case of calcium,
its low redox potential, only 170 mV above Li+/Li (and near the intercalation
potential of Li+ in graphite, Figure 1.5c) suggests that a future calcium metal
battery (CMB) would be able to compete with currently commercial LIBs in
terms of energy density [28]. However, as in the case of magnesium, nowadays
there are only a few examples of reversible intercalation of calcium cations in
inorganic hosts, limiting the options for cathode materials [29, 30].
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Figure 1.5: Figures of merit for different negative electrodes for batteries. a)
Approximate volumetric and gravimetric capacities, b) relative concentration in the Earth’s
crust (* the area plotted for Li is 10x bigger than the real), data taken from Ref. [24], and
c) standard redox potential of the respective Mn+/M couple.

The challenges associated with the development of calcium and magnesium
intercalation cathodes stem from the high charge density of the cations (Figure
1.6). Given the higher charge of Ca2+ and Mg2+, they interact more tightly
with the anion frame of the crystal structure, resulting in higher migration
barriers [31, 32]. This high barrier derives in a very sluggish diffusion of
ions through the solid or even in the complete inactivity of the cathode [33].
Additionally, also the strong interaction between cation and solvent in the
electrolyte results in slow interfacial processes at the cathode surface, and
even some solvent co-intercalation has been observed [34]. Recent efforts
combining computational screening of materials together with experimental
evaluation of suitable candidates may provide an interesting avenue into the
discovery of suitable high-voltage cathodes for divalent batteries [35].

Alternatively, organic cathodes may provide a faster charge and discharge
kinetics as the transport of cations is sustained mainly in the liquid phase,

Figure 1.6: Comparative ionic radii of cations. Values obtained from Ref. [36]
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and complete cation desolvation may not be necessary [37]. Mg2+ positive
electrodes based in a heterogeneous enolization reaction (C O C O–)
have been reported [38], and recently it has been shown that they can operate
at very high cycling rates [39].

1.4 The negative electrode | electrolyte interface in
divalent metal batteries

Not only the cathode development poses a problem in the further advance of
calcium and magnesium metal batteries. As it has been pointed out before,
the development of electrolytes allowing for reversible metal plating/stripping
is crucial for the realization of these concepts. Here, a very brief overview of
the past and current trends in electrolyte formulation for Mg and Ca batteries
will be presented, with a particular interest in their impact on interfacial
processes.

1.4.1 Electrolytes allowing for Mg plating

Electrodeposition of Mg from Grignard solutions was reported as early as
1927 [40]. However, practical electrolytes for use in Mg batteries were re-
ported later, based on chloroaluminate complexes, formed by the mixture of
RxMgCl2–x and R′

yAlCl3−y (R, R′ = CH3, CH2CH3, or C6H5) in THF
or other ether solvents [41]. In these solutions, a ligand exchange occurs be-
tween the two metal centres, and a variety of chloro-magnesium cations (e.g.
[MgCl]+,[Mg2Cl3]+) and organoaluminate anions (e.g. [R4Al]–,[R2ClAl Cl

AlClR2]−) are formed, with the exact proportion being dependent on the R
groups and the Mg:Al:R:Cl ratios [42, 43]. The formulation further evolved to
a rather simple mixture of MgCl2 and AlCl3 in the same solvent, although in
this case the electrodeposition of Mg showed little efficiency in the first plat-
ing/stripping cycles (and thus required so-called conditioning cycles) [44].

Some mechanistic studies have been published dealing with the electroplating
of Mg metal from this electrolyte. It is believed that the dimeric [Mg2(µ-
Cl)3(THF)6]+ present in the electrolyte disproportionates in the vicinity of
the electrode, forming [MgCl(THF)5]+ ion pairs which adsorb to the surface
(Figure 1.7). Then, conventional nucleation and growth can occur, with the
cation being stripped, at least partially, of its solvation shell in order to fa-
cilitate its adsorption. The last step involves the charge transfer from the
electrode, the formation of Mg0 and the growth of the solid metal. Evidence
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Figure 1.7: Proposed mechanism for Mg plating from a magnesium chloroa-
luminate solution. Reprinted with permission from Ref [46]. Copyright 2018 American
Chemical Society.

of adsorption of the ion pair was gathered by X-ray absorption near-edge
spectroscopy (XANES) [45], and the existence of a chemical step prior to
the charge transfer agrees well with electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV) results [46, 47].

The removal of the last few solvent molecules and the Cl− ligand from the Mg
complex have been suggested as the most energetically costly [48]. However, if
the distance to the surface is short enough, electron transfer can occur before
Mg Cl dissociation. In this case, the interaction energy between anion and
cation diminishes and the desolvation energy barrier is surpassed [48, 49].

Despite the good plating/stripping cyclability and the low overpotential ob-
served for this reaction in the magnesium chloroaluminate electrolytes, the
presence of Cl− causes corrosion of the metallic casing of batteries, and the
ether solvents used display very limited oxidative stability [26]. These two
drawbacks notably limit the development of commercial Mg-metal batteries
and push towards alternative electrolytes.

One potential electrolyte candidate is Mg(BH4)2 dissolved in THF or 1,2 -
dimethoxyethane (monoglyme or G1). Similar to the case of Cl−, the BH –

4 an-
ion interacts strongly with Mg2+, producing [Mg-BH4]+ ion pairs or [Mg-
(BH4)2]0 triplets. The formation of such ionic clusters decreases the total
amount of charge carriers in the electrolyte and therefore reduces its ionic
conductivity; < 0.03 mS cm−1 in THF [50]. Additionally, the speciation
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of the Mg complexes appears to have a high impact on the kinetics of the
electrodeposition reaction, as was observed by adding different amounts of
LiBH4 [51]. Although DFT calculations suggest that the [Mg BH4]+ is elec-
trochemically stable at the Mg metal potentials [52], experimental evidence
shows the presence of some boron hydride phase forming concomitant with
the Mg plating, probably due to BH –

4 decomposition [51].

Weakly coordinating anions (WCAs) are preferable for both, calcium and
magnesium electrolytes, in order to decrease the cation-anion interactions in
solution. This is the case of the carba-closo-dodecaborate anion [CB11H12]–,
which Mg salt was reported for Mg electroplating using either triglyme or
a G1/diglyme (G2) mixture as solvents [39, 53]. The solvent is able to dis-
sociate entirely the salt, producing [Mg(G2)(G1)2]2+ complexes in solution
with no interaction with the anion. Moreover, the electrolyte was found to
be completely stable during Mg plating/stripping without anion or solvent
decomposition observed in the XPS spectra of the deposited Mg [54].

Although the surface of the magnesium electrode seems to remain passivation-
free in electrolytes based on magnesium chloro-aluminates, or in Mg(CB11H12)2,
this is not always the case as the low redox potential of the magnesium metal
may promote the decomposition of the electrolyte components. For exam-
ple, a piece of metallic Mg immersed in a solution of Mg(TFSI)2 (magnesium
bis(trifluoromethane)sulfonimide) in G1 exhibits the formation of a thin solid
surface layer with evident presence of fluorine (detected by XPS) arriving
from anion decomposition [55]. This situation can be avoided if some MgCl2
or Mg(BH4)2 is added to the solution, as the more coordinating anions will
displace the TFSI in the Mg2+ solvation shell and prevent its approxima-
tion to the electrode during the plating [56, 57]. These studies exemplify the
strong relationship existing between the solvation structure of the cation and
its electroactivity and will be expanded upon in the next section.

Lastly, electrolytes employing Mg[B(hfip)4]2 (magnesium tetrakis(hexafluoro-
isopropyloxy)borate, Figure 1.8) in G1 or THF have shown high oxidative
stability, high ionic conductivity, and good efficiency of Mg deposition, mak-
ing them some of the most promising electrolytes for Mg-metal batteries [58].
Analysis of the electrode surface after Mg deposition indicates that this anion
can decompose forming MgF2, MgO, MgCO3, and some unidentified boron
compounds [59]. These results are in agreement with DFT calculations show-
ing the decomposition pathways of alkoxyborate anions in Mg-containing elec-
trolytes during plating [60].
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Figure 1.8: Molecular structure of cation and anion in the crystalline
Mg(G1)3[B(hfip)4]2. Redrawn from CIF file reported in Ref. [58]. Mg in orange, C
in grey, O in red, B in pink, F in light green, and H in white.

1.4.2 Electrolytes allowing for Ca plating

Electroplating of Ca metal from organic electrolytes has been investigated
to a much lesser extent due to the restricted choice of electrolytes solutions
allowing the reversible reaction to occur. This is the result of the highly
reductive potential of calcium metal, which will promote the decomposition
of most electrolytes forming surface passivation layers which in most cases
prevent Ca2+ migration [61].

The first successful calcium plating was reported in 2016 using Ca(BF4)2 in
a mixture of ethylene carbonate (EC) and propylene carbonate (PC) as elec-
trolyte at elevated temperature (T > 75 °C) [62]. Although needing high tem-
perature to allow for plating/stripping, the use of carbonate solvents allowed
the use of this electrolyte together with high voltage positive electrodes. A
detailed study of the surface layer formed in the negative electrode using this
electrolyte is presented in this thesis (see Chapter 4), showing the beneficial
effect of a boron-containing surface layer, derived from anion decomposition.

More recent studies reporting Ca plating are derived from analogous Mg cases.
For example, a Ca(BH4)2 in THF electrolyte allows for calcium plating and
stripping with high coulombic efficiency (CE ∼96%) with a surface layer com-
posed mainly of CaH2 [63]. The use of Ca(BH4)2, however, is limited to THF
or other ether solvents not susceptible to reduction. These solvents, however,
present a limited stability upon oxidation as was demonstrated for Mg. A
study of Ca plating over Au or Pt electrodes from this electrolyte showed
that a chemical step precedes the calcium metal deposition. This chemical
step was attributed to the dehydrogenation reaction of THF or BH –

4 , form-
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ing the CaH2 [64]. A similar hydride-rich surface layer was observed in the
Ca(CB11H12)2 electrolyte, in contrast to the magnesium case which remain
passivation-free in the analogous electrolyte [65].

Ca plating was demonstrated also in a Ca[B(hfip)4]2 electrolyte, where the
deposited calcium was found to be covered by CaF2 coming from anion de-
composition [66, 67]. Surprisingly, other decomposition products like a boron-
containing phase for example, are seldom mentioned. This electrolyte for-
mulation is currently the most promising for room-temperature Ca plating,
although a deeper understanding of the SEI layer formed is needed.

1.5 Relationship between solvation shell and elec-
troplating of divalent metals

Due to the high charge density of the divalent cations, they tend to bind
more strongly to the ligands in their solvation shells, a fact that undoubtedly
influences the kinetics of electroplating. Recently the relationship between
the solvation structure of Ca2+ and Mg2+ and the operation of the respective
metal electrode is attracting more and more attention. DFT calculations
have shown that, starting from a fully solvated Mg2+ cation, the desolvation
of the first coordination site is the rate-limiting step, after which the cation
readily accepts 1 e− (Mg2+ Mg+), then loses the rest of the solvation
shell and gets fully reduced (Mg+ Mg(s)) [49]. The single-charged cation
Mg+ is unstable, and promotes the decomposition of the solvating molecules,
which explains why the passivation layer in most cases seems to be directed
by the solvation shell of the cation. This mechanism, however, does not
apply once the passivation layer is fully formed, as the cation needs to be
completely naked to cross it and reach the surface. In this case, the desolvation
of the last solvent molecule and the cation migration through the passivation
layer are expected to limit the entire plating process. This analysis is also
true for calcium plating. For example, it was observed that plating from
a Ca[B(hfip)4]2 electrolyte can be completely hindered by using a strongly
coordinating solvent, like triglyme [68].

Further solvation shell engineering can be performed by including a second
anion in the electrolyte. This strategy has been employed, for example, to
allow reversible Mg plating from a Mg(TFSI)2 solution in diglyme after the
addition of MgCl2 or Mg(BH4)2 co-salt [57]. The anion of the co-salt is in
these cases expected to bind more strongly to the cation than the TFSI anion,
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avoiding its decomposition on the surface. A similar case study was reported
recently for Ca(TFSI)2 + Ca(BH4)2 in THF electrolytes [69].

The desired tailoring of the solvation shell can also be accomplished by incor-
poration of a suitable electrolyte additive, as reported recently [70]. Different
methoxy ethyl-amines (e.g. ethylenediamine) were added, and their participa-
tion in the cation complexation demonstrated. Moreover, the solvation shell
displays favourable characteristics, promoting a fast rearrangement at both
cathode and anode interfaces and thus promoting fast reaction kinetics. The
high cathodic stability limit of the amines guarantee their stability against
calcium and magnesium metal electrodes, but their anodic stability needs to
be carefully monitored as they are reported to undergo polymerization and
formation of surface films upon oxidation [71, 72].

Further discussions on cation solvation and surface layer formation will be
presented in Chapter 4.

1.6 Scope and objectives of this thesis

Figure 1.9: Scheme of the different processes occurring during Ca or Mg plating.

To summarize, the electrolyte formulation plays an important role in the
conception of magnesium and calcium metal batteries. Not only the individual
properties of solvent, salt and additives need to be considered, but also the
interactions between them, particularly through the solvation of the cations.
In order to optimize the electrolyte formulation for divalent metal plating,
different processes need to be tailored (Figure 1.9) [73]:

• A high degree of cation-anion dissociation is needed to produce high
number of charge carriers and decrease the ohmic losses in the cell.
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• A high mobility of the charge carriers, which will influence the mass
transport and the concentration polarization.

• Moderate desolvation energy of the cation at the interface between SEI
and electrolyte.

• High mobility of the naked ion across the SEI.

• Low activation energy for electron-transfer and metal nucleation and
growth.

In the three chapters comprising the body of this thesis, different aspects of
the electrolyte formulation will be discussed, always with the aim of optimiz-
ing these five critical points. The ocerall objective of the thesis is to advance
Ca plating kinetics, while using an electrolyte with a wide enough electro-
chemical stability window to allow for benchmarking of high voltage positive
electrodes.
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Traditionally, salts based on weakly coordinating anions are employed in LIBs
given their high solubility in organic solvents, and thus, the high ionic con-
ductivity of the resulting electrolyte. This is even more important when
employing divalent cations, as their higher charge density makes them more
susceptible to interactions with anions in solution. In addition, the use of
metals with low redox-potential, such as calcium and magnesium, as anodes
of next-generation batteries requires electrolytes with water contents below
ppm-levels, to avoid the formation of oxides or hydroxides on their surface.

However, compared to lithium, there is a low availability of calcium and mag-
nesium salts of sufficient purity in the market, posing a significant challenge
in the study of these systems. In this chapter some efforts in the production
of several calcium salts are presented, either from the commercially available
hydrates (Ca(BF4)2·xH2O, for example) or from anhydrous synthesis routes.
A structural and spectroscopic characterization was performed by means of
powder and single-crystal X-ray diffraction (XRD), nuclear magnetic reso-
nance (NMR) and infrared (IR) spectroscopies, and mass spectrometry when
necessary.

2.1 Drying of commercial Ca(BF4)2·xH2O

Calcium tetrafluoroborate is commonly prepared in water and sold commer-
cially only as a hydrate (Ca(BF4)2·xH2O) [74]. Its use in battery electrolytes
requires a drying protocol, which is not necessarily straightforward, as will be
discussed in this Section.

Three methods were employed to quantify the amount of water in commercial
Ca(BF4)2·xH2O. Thermogravimetric analysis (TGA) of the salt shows an
initial weight loss of 16.7% with an onset at 50 °C, which is attributed to

17



2. Salts

Figure 2.1: Thermal analysis of commercial Ca(BF4)2·xH2O. a) Differential scan-
ning calorimetry (upper panel) and Thermogravimetric analysis (lower panel) of the com-
mercial salt, recorded at 5 °C/min. b) water content estimation by three different methods.

a water loss (Figure 2.1a, grey trace). Curiously, in this temperature range
two peaks are observed in the scanning calorimetry curve (Figure 2.1a, red
trace), which are the result of two endothermic reactions occurring at this
temperature range. The presence of two different reactions can be explained
by the evaporation of water molecules from two different environments (e.g.
surface vs. crystalline water) or to another non-identified reaction occurring
concomitant to the water evaporation.

A second weight loss, of 46.2%, is observed starting at 210 °C, which can
be attributed to salt decomposition into some volatile species, although the
recorded temperature is slightly lower than the reported decomposition tem-
perature of Ca(BF4)2 into BF3 and CaF2 (280–285 °C) [75]. The previous
estimation used a slightly faster heating rate than the TGA presented here (9
°C/min vs. 5 °C/min respectively), which may explain the small differences
observed. However, it is also possible that the presence of some remaining
water after the first weight loss would promote the decomposition of the an-
ion at lower temperatures. This hypothesis will be discussed deeper further
down.

The second method to determine the water content was based on elemen-
tal quantification of hydrogen by combustion (see Chapter 6 – Experimental
methods). A total amount of 2.07 wt.% of H was obtained, which would
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Figure 2.2: TGA-MS of the
commercial Ca(BF4)2·xH2O
Upper panel: TGA trace of the
commercial salt at 10 °C/min.
Lower panel: Evolution of relevant
fragments as function of tempera-
ture, the fragments were assigned
considering the corresponding
isotopic distributions.

correspond to 18.6 wt.% of water in the commercial salt.

A third method consisted in dissolving a small amount of the salt in a pre-
viously dried EC:PC mixture ([H2O] < 5 ppm) and measuring the water
content of the resulting solution by Karl-Fischer (KF) Coulometric titration.
The water content found in the salt was around 30 wt.%, significantly higher
than the estimations made by the previous two methods. The higher content
of water estimated by KF titration may be the result of interferences of the
anion during the measurement, as described in the experimental methods.
This highlights the low reliability of KF to determine the water content of
Ca(BF4)2 electrolytes. This interference is expected to play a particularly
prominent role when the electrolyte under test has high water content, for
example, the solutions employed for this experiment had a salt concentration
of 0.1 M and resulted in water contents of around 7000 ppm according to KF.

To better understand the possible chemical reactions of the salt during the
TGA essay, the mass spectra of the evolved gases was recorded and analysed
by electron-ionization mass spectrometry (EI-MS). Using the EI, the decom-
position products evolved from the sample are fully fragmented and these
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fragments are counted as function of time. Figure 2.2 shows the TGA trace
together with the evolution of some selected fragments. As expected, a big
increase in the fragment of mass to charge ratio (m/z) 18 [H2O+] is recorded
above 170 °C, corresponding with the first weight loss. An increase in the
fragment of m/z 19 [F+] during the same weight loss indicates that the anion
is being decomposed even at these low temperatures. Upon further heating,
the anion is completely decomposed as fragments of m/z 68 [BF +

3 ], m/z 49
[BF +

2 ], and m/z 19 [F+] are detected in the evolved gases. Additionally, frag-
ments of m/z 66 [BF2OH+] and m/z 47 [BFOH+] are detected, demonstrating
the hydrolysis of the BF –

4 anion during the heating process.

In LIBs, electrolytes based on PF –
6 or BF –

4 anions are known to suffer from
hydrolysis if traces of water are present, releasing corrosive HF in the solution
and promoting the formation of LiF in the SEI.[7] This anion decomposition
reaction is expected to be exacerbated by the presence of a divalent cation,
such as Ca2+, which results in the precipitation of highly stable CaF2.[76, 77]
As the standard Gibbs free energy for CaF2 formation is much higher than
the one for LiF (–1167.3 vs. –587.71 kJ mol−1 respectively [78]), the anion
is thermodynamically pushed to decompose when Ca2+ is present, a process
that is further enhanced at higher temperatures.

In order to limit the anion decomposition, the removal of most of the water in
the solid was performed at lower temperatures, following the next protocol:

1. A room temperature drying step using a rotary pump and a liquid
nitrogen trap (P ∼ 8 x 10−2 mbar) for at least 12h.

2. Increase the temperature to 80 °C and dry for another 12 h using a
turbo pump and a liquid nitrogen trap (P < 5 x 10−3 mbar).

3. Increase the temperature to 120 °C at the same conditions, dry for 12
h.

4. Increase the temperature to 140 °C at the same conditions, dry for 12–
24h.

At the end of this drying procedure, the commercial salt losses in total an
average of 24% of its original weight.

Using this vacuum-dried salt, 0.45 M Ca(BF4)2 in EC:PC electrolytes were
prepared, containing 700–1000 ppm of water according to KF titration. This
amount of water would correspond to a total of 1–1.4 wt.% of water in the
solid salt that was not removed during the drying procedure. As such elevated
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water content would be detrimental for the operation of a Ca-metal battery,
several drying procedures of the electrolyte itself were attempted.

First, the use of a water trapping agent was considered by placing the elec-
trolyte on a bed of 3 Å molecular sieves. The amount of water was reduced
to ∼400 ppm. However, no further decrease was recorded even after two
weeks and several changes of freshly activated molecular sieves. Additionally,
a significant K+ or Na+ contamination was found when molecular sieves are
in contact with a calcium-containing electrolyte (> 500 ppm, measured by
inductively coupled plasma mass spectrometry, ICP-MS), probably due to a
cation exchange between the sieves and the solution. Given the risk of con-
tamination and the low efficiency of this drying method, it was not further
considered for future electrolyte preparation.

Second, the use of calcium hydride as water scavenger agent was investigated.
The low solubility of both CaH2 and Ca(OH)2, which is produced by its
reaction with water, would allow for an easy removal by filtration. However,
the addition of 50 mg of CaH2(s)/mL of electrolyte solution had no effect on
the water content after one day of constant stirring. When the electrolyte
was heated at 90 °C for 24 h in the presence of CaH2, the amount of water
decreased to 140 ppm. The remaining powder at the end of this process was
filtered and rinsed with DMC, its powder X-ray diffraction pattern is shown in
Figure 2.3. Remarkably, no presence of calcium hydroxide was recorded and
the solid is entirely composed from unreacted CaH2 mixed with crystalline

Figure 2.3: Powder XRD pattern of the reaction product of CaH2(s) and
Ca(BF4)2 electrolytes. Peak positions for CaH2 (ICSD 260873), CaF2 (ICSD 60559),
and Ca(OH)2 (ICSD 51411) are shown as references.
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Figure 2.4: Characterisation of the precipitate formed in the electrolyte solution
during heating. a) powder X-ray diffraction pattern of the precipitate. Peak positions of
CaF2 (ICSD 60559) are shown as references. b) FTIR spectra of the precipitate compared
to the original components of the solution.

CaF2, suggesting that instead of water consumption only the anion is being
decomposed.

It is suggested that the BF –
4 anion itself must be acting as a water-scavenging

agent at high temperatures. This hypothesis was tested by heating a 0.43 M
Ca(BF4)2 in EC:PC electrolyte (containing around 1000 ppm of water) at 90
°C for 24 h. At the end of this heat treatment the water content decreased
to 135 ppm, and the concentration of BF –

4 anion also decreases from 0.43 to
0.34 M evidencing a significant decomposition (the concentration of BF –

4 in
solution before and after the thermal treatment was measured by qNMR, as
described in Chapter 6, page 110). A gel-like film was formed at the bottom of
the flask which was recovered, washed with DMC, and analysed by attenuated
total reflectance Fourier transformed infrared spectroscopy (ATR-FTIR) and
powder XRD (Figure 2.4).

The XRD pattern of the solid shows evidence of an amorphous phase with
the presence of some crystalline CaF2. Meanwhile, in the FTIR spectrum
most of the bands may be attributed to remaining EC, PC, or Ca(BF4)2
from the electrolyte. In the region between 850 to 1100 cm−1 several con-
tributions of different, poorly resolved bands are observed. There are two
evident new bands (1269 and 1334 cm−1) which can be attributed to B O
stretching vibrations in an amorphous boron compound, likely produced by
anion decomposition/hydrolysis (not evidenced in the XRD).

As a conclusion, clear evidence of BF –
4 decomposition is observed upon ther-
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Figure 2.5: ESI-MS spectrum of a Ca(BF4)2 in EC:PC electrolyte after heat
treatment. The use of electrospray-ionization (ESI) allowed the identification of high-
molecular weight ions without fragmentation.

mal treatment of the electrolyte, a situation particularly aggravated by the
presence of Ca2+ cations. Previously, Ca2+ has been used to remove BF –

4 and
F– contaminants in waste water by promoting the formation of stable CaF+

and CaF2 species, particularly at high temperature [76, 77]. In the case of or-
ganic electrolytes, as the ones studied here, this hydrolysis of tetrafluoroborate
anion is acting as a water scavenger itself with longer heating times produc-
ing drier electrolytes, but at the expense of salt concentration. Preparation
of very dry Ca(BF4)2 electrolytes was possible experimentally by heating the
prepared electrolyte at 90 °C for long times.

It must be stressed that, although dry electrolytes were obtained by heating,
this is not a desirable or optimal method for producing suitable electrolytes.
The water content always decreases at the expense of anion concentration,
producing several undesirable products. Apart from solid CaF2 and the amor-
phous borate compound discussed before, which can be separated by filtration,
several soluble boron compounds were observed in the mass spectrum of the
filtered electrolyte (Figure 2.5). The intense peak at m/z 87.0036 corresponds
to the expected BF –

4 predominant component of the electrolyte, the peaks at
m/z 128.9894 and m/z 222.9766 correspond to higher molecular weight anions
containing one boron atom (given the small satellite peak 1 u below the main
peak and intensity ¼). Similarly, the peak at m/z 196.9945 corresponds to
an anion with two boron atoms, based also in the boron isotopic distribution.
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2.2 Anhydrous synthesis of Ca(BF4)2

The previous Section has outlined the difficulties to produce sufficiently dry
Ca(BF4)2 starting from the commercial hydrate salt. In this Section, two
anhydrous synthesis routes will be presented.

2.2.1 Solvothermal synthesis from borontrifluoride diethylether-
ate (BF3·O(CH2CH3)2) – Synthesis A

De Pape & Ravez studied the thermal properties of the anhydrous tetrafluo-
roborates of alkaline earth metals, which were prepared from the reaction
of the corresponding fluoride with borontrifluoride diethyletherate (Equa-
tion 2.1) [79]. This reaction takes place only at high temperature, as the
BF3·OEt2 complex dissociates only at T > 130 °C [80].

CaF2 + 2 BF3·OEt2
∆ Ca(BF4)2 + 2 Et2O (2.1)

In a typical synthesis, 1.47 g of ultradry CaF2 (18.8 mmol) were mixed with
an excess of boron trifluoride diethyletherate (6 g, 42.2 mmol) in a polyte-
trafluoroethylene (PTFE)-lined stainless-steel autoclave (Figure 2.6). The
autoclave was tightly closed inside an Ar filled glovebox and transferred to
an oven at 150 °C. After 72h, the autoclave was cooled at room temperature
and transferred back to the glovebox. The solid product was recovered and
washed several times with dry DMC, a total mass of 2.99 g was obtained,
corresponding to a yield of ∼59%. The presence of unreacted CaF2 is evident
in the powder XRD pattern that will be discussed in Section 2.2.3.

The reaction yield did not significantly increase by extending the reaction
time. The low yield is attributed to the very low solubility of both CaF2
and Ca(BF4)2 in the diethyletherate. As the reaction proceeds, the reaction
product covers the surface of the CaF2 particles and hampers further reaction.
The use of a more suitable solvent (anhydrous HF) is explored in the following

Figure 2.6: PTFE-lined stainless-steel autoclave used for Ca(BF4)2 synthesis.
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Section.

2.2.2 Synthesis from BF3(g) in anhydrous HF – Synthesis B

Compared to other solvents, CaF2 is slightly soluble in anhydrous HF (aHF),
which makes it suitable for the synthesis of Ca(BF4)2 following Equation 2.2:

CaF2 + 2 BF3(g)
aHF Ca(BF4)2 (2.2)

This synthesis has been made in collaboration with Dr. Matic Lozinšek and
Dr. Kristian Radan from the Jožef Stefan Institute (Ljubljana – Slovenia).
The handling of HF, F2 and BF3 was performed in a metal vacuum line
(nickel, copper) equipped with Monel Helicoid pressure gauges, PTFE valves,
a soda lime scrubber, liquid-nitrogen-cooled traps, and a two-stage rotary
vacuum pump. Commercial aHF was stored into a 1.9 cm outer diameter,
1.6 cm inner diameter and 23 cm long fluorinated ethylene propylene (FEP)
vessel containing ∼1 cm high of K2NiF6 for water traces removal (Figure 2.7).

The reaction vessel consisted in a FEP tube (19 mm outer diameter, 16 mm
inner diameter, 29 cm long; V = 58 mL) equipped with a PTFE valve and
a PTFE-coated magnetic stirrer bar (Figure 2.7c). The reaction vessel was
passivated with F2 prior to use.

In a typical batch, 180 mg (2.31 mmol) of solid CaF2 were weighed in the

Figure 2.7: Equipment employed in the anhydrous synthesis of Ca(BF4)2 at
room temperature. a) General view of the F2 resistant vacuum line, b) detailed view
of the assembly showing the reaction vessel, the HF storage vessel and the BF3(g) tank
connected to the line, and c) FEP reaction vessel employed for the synthesis.

25



2. Salts

reaction vessel inside a glovebox. The reaction vessel was then connected to
the vacuum line and the connections were passivated with F2 for few hours.
Approximately 3.6 mL of aHF were dispensed under static vacuum from the
K2NiF6-containing storage vessel into the FEP reaction vessel which was kept
at -196 °C in a liquid-nitrogen bath. Upon warming of the reaction vessel
to room temperature, some of the solid was dissolved yielding a colourless
solution over a white solid. An excess of BF3 (∼7.66 mmol) was condensed
into the FEP reaction vessel following the same procedure, together with more
aHF solvent. The reaction was warmed to room temperature and let stirring
for 2 days after which the aHF and the excess BF3 were pumped out.

2.2.3 Characterization of the synthesized Ca(BF4)2

The formation of the desired product was confirmed in both cases by powder
XRD (Figure 2.8). In the case of synthesis A, the low solubility of the CaF2
precursor in the reaction media results in an incomplete reaction and some
CaF2 can be clearly observed in the obtained product. Rietveld refinement of
the XRD pattern led to an estimation of 70 wt.% of Ca(BF4)2, the remaining
30 wt.% being attributed to CaF2 (details of the Rietveld refinement are
presented in Annex A). Synthesis B produces a much purer product, with
all the peaks in the XRD pattern being assigned to the desired anhydrous
Ca(BF4)2.

Figure 2.9 shows the 19F and 11B NMR spectra of the two synthesized salts,

Figure 2.8: Powder XRD patterns of the Ca(BF4)2 prepared by the two anhy-
drous routes. Peak positions of CaF2 (ICSD 60559) and Ca(BF4)2 (ICSD 1839) are shown
for reference.
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Figure 2.9: NMR spectra of the obtained Ca(BF4)2 by the two synthetic routes
compared to the commercial product.

compared to the commercial salt dried with the protocol described in Section
2.1. The 11B NMR shows a single peak at -1.20 ppm in the three cases,
agreeing with the reported chemical displacement for the tetrafluoroborate
anion.[81]

In the 19F spectrum, the formation of the desired anion is also confirmed by
the doublet at -153 ppm. A doublet is observed in this case due to the 80:20
isotopic ratio of 11B:10B, which influences the chemical environment of the
fluorine ligands. A small impurity is observed at -150.2 ppm in the product
of synthesis A, which is also present in the commercial Ca(BF4)2 after drying.
Although we are unable to determine the exact chemical composition of this

Figure 2.10: IR spectra of the obtained Ca(BF4)2 from synthesis A and synthesis
B, compared to the commercial product after drying.
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impurity, its 19F chemical displacement suggests that is a BF –
4 decomposition

product in which a –F ligand has been displaced by other lower electrowith-
drawing group (as –OR) producing a downfield shift in the 19F resonance
[82].

Figure 2.10 shows the FTIR spectra of the prepared Ca(BF4)2 salts evidencing
three of the four fundamental vibrations of the tetrahedral BF –

4 (543 cm−1,
786 cm−1 and 1010 cm−1), while the forth one is out of the experimental
range (expected below 350 cm−1) [83], refer to Table 2.1 for the respective
assignments. Due to symmetry restrictions, only the bands at 543 cm−1

and 1010 cm−1 are supposed to be infrared active, however an asymmetric
coordination environment in the solid would distort the original Td structure
and would activate the remaining vibration modes. The satellite band at 1310
cm−1 is also attributed to this symmetry distortion. Even after the extensive
drying of the commercial salt, bands at 1642 and ∼3500 cm−1 clearly evidence
the presence of water.

2.3 Preparation of solvated salts Ca(BF4)2(DME)2

and Ca(BOB)2(DME)2

Given the low solubility of calcium salts in organic electrolytes, new calcium
salts can be prepared by metathesis in which the desired calcium salt is pre-
cipitated from a respective lithium solution in a suitable solvent. This method
was used recently in the preparation of Ca(PF6)2 [84], although the low solu-
bility of the CaCl2 precursor used would probably result in low yields. In this
Section the isolation and characterization of Ca(BF4)2 and Ca(BOB)2 from
the corresponding Ca(TFSI)2 solution is presented (BOB = [B(C2O4)2]−,
bis(oxalato)borate).

Ca(TFSI)2 + 2 LiX DME CaX2↓ + 2 LiTFSI (2.3)

5 mL of a 0.5 m solution of Ca(TFSI)2 in previously dried DME ([H2O] <
5 ppm) were carefully added on top of 3 mL of 1.5 m solution of LiBF4 (or
LiBOB accordingly). The addition was done paying particular attention to
avoid any fast mixing, so that the calcium solution remained on top and the
ions diffuse slowly across the solution. The vial was let undisturbed for three
days, after which crystalline solids were obtained at the bottom of the flask.
The crystals were washed several times with DME and left to dry in an open
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vial inside the Ar-filled glovebox.

Attempts to obtain Ca(BOB)2 by this route using water as solvent resulted
in precipitation of calcium oxalate as the only product. When using THF as
solvent, no solid is precipitated, the solution turns white and very viscous,
suggesting some anion or solvent decomposition and the formation of a poly-
mer. The reaction was only successful when a DME was used, given its high
stability and low nucleophilicity.

2.3.1 Chemical and thermal characterization

Previous reports suggest that the produced salt by metathesis reaction might
result in significant contamination from the Li+ or TFSI used as initial reac-
tants [85, 86]. The two obtained solids were analysed by ICP-MS to quantify
the content of Ca, B, and Li. A 2:1 molar ratio of B:Ca was observed in both
cases, and with Li contents below 100 ppm.

Following the quantification procedure described in the Experimental Section
(Chapter 6, page 111), the number of DME molecules included in the crystal
in each case was estimated by 1H qNMR. A ratio DME:Ca2+ of 2:1 was
found for both compounds, and thus the molecular formulas are confirmed
as: Ca(BF4)2(DME)2 and Ca(BOB)2(DME)2.

To evaluate the release of DME from the crystal solids, the TGA of both
solvates was measured at 5 °C min−1 from room temperature to 600 °C, the
respective traces are presented in Figure 2.11, compared to the obtained before
for the commercial Ca(BF4)2·xH2O hydrate under the same conditions. In
the case of Ca(BOB)2(DME)2, a two-step loss is observed at 124 and 188 °C
respectively, with each step corresponding to 13.7 wt.% and agreeing with the
loss of one DME molecule each time (theoretical weight loss = 15.1 wt.%).
A third weight loss starting at 279 °C corresponds to the decomposition of
the BOB anion, slightly lower than the reported decomposition temperature
of LiBOB (293 °C, measured at a 1 °C min−1 heating ramp) possibly due to
the presence of the different cation [87].

The behaviour of Ca(BF4)2(DME)2 is slightly more complex. A two-step
loss is also observed in this case, at 98 and 150 °C, but the weight loss in
each step is much higher than the expected for the release of DME from the
structure (theoretical loss = 22.8 wt.%). This mismatch could be the result
of undesired secondary reactions happening during the heating of the solid,
although a deeper investigation is needed. A third step, related to anion
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Figure 2.11: TGA traces of Ca(DME)2(BOB)2, Ca(DME)2(BF4)2, and
Ca(BF4)2·xH2O. A constant heating ramp of 5 °C/min was applied, and a flow of dry
N2 gas was used.

decomposition can be seen starting at 199 °C, which is significantly lower
than the reported decomposition temperature for anhydrous Ca(BF4)2 (280-
285 °C) [75], and also lower than the previously observed for the commercial
hydrate, discussed in Section 2.1.

2.3.2 Structural characterization

Crystals suitable for single-crystal XRD were grown using the same method
described above, but employing lower concentrated solutions (0.18 m Ca
(TFSI)2 and 0.3 m LiX, with X = BOB or BF –

4 anions). Colourless crys-
tals were obtained for both compounds. Upon exposure to air, they lose
crystallinity and become white and brittle, indicating that DME molecules
can be easily removed from the crystal structure, or exchanged by water from

Figure 2.12: Picture of the
prepared Ca(BF4)2(DME)2

crystals. a) freshly prepared,
and b) after 2 h in contact with
air.
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Figure 2.13: Crystal structure of Ca(BF4)2(DME)2 and Ca(BOB)2(DME)2 salts
refined from single-crystal XRD a) Structure of the (BF4)4(DME)4 dimer, b) structure
of the [Ca(BOB)2(DME)2]n chains, c) packing of the dimeric structure in the crystal, d)
packing of the polymeric chains in the crystal. Ellipsoids are drawn for a probability of
50%. Ca, light blue; C, grey; F, green; O, red; protons are omitted for clarity.

the atmosphere (Figure 2.12). To avoid this, the crystals were stored in dry
DME inside the glovebox until the XRD measurements were performed. The
refinement of the crystal structures (Figure 2.13) was performed with col-
laboration of Dr. Matic Lozinšek from Jožef Stefan Institute (Ljubljana –
Slovenia) and Prof. Elies Molins from the ICMAB.

The Ca(BF4)2(DME)2 solvate crystallizes as Ca2(BF4)4(DME)4 dimers, in
which two BF –

4 anions act as a bridge between the two calcium cations.
The remaining two anions coordinate the Ca2+ cation in a bidentate con-
figuration. Additionally, each Ca2+ is coordinated bidentately by two DME
molecules, completing the 8-fold coordination environment typical for Ca2+

cations in solids (Figure 2.13a).Comparatively, the LiBF4(DME)2 analogue
crystallizes as [Li+BF –

4 ] pairs with the anion coordinating only monoden-
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Figure 2.14: Chemical structure of the BOB anion.

tately the lithium cation [88]. Other LiBF4 solvates have been reported,
forming dimers or chains depending on the solvent molecule [89]. In all cases
containing lithium, the anion coordination is monodentate. Bidentate coordi-
nation by BF –

4 has been reported before, but only in anhydrous monovalent
salts like NaBF4, KBF4, RbBF4, and CsBF4, in which the ionic radius allows
the accommodation of the anion by this configuration [90–93].

In contrast, the chemical structure of the BOB anion allows for the formation
of coordination polymers as it displays four terminal O atoms in the two ex-
tremes of the molecule (Figure 2.14). This is the case of the Ca(BOB)2(DME)2
solvate, which crystallizes as [Ca(BOB)2(DME)2]n chains (Figure 2.13b and
2.13d). The backbone of the chains is formed by Ca2+ cations linked by a dou-
ble bridge of BOB anion. Each anion binds one Ca2+ cation on each extreme
by a monodentate configuration only. The equivalent solvate Li(BOB)(DME)
also crystallizes forming coordination polymeric chains, but monodentate and
bidentate coordination are present [94].

2.3.3 Spectroscopic characterization

The 1H, 13C, 11B, and 19F NMR spectra of the obtained products agree with
the literature, confirming that the salts are obtained in high purity and with
no contamination from TFSI anions:

Ca(DME)2(BF4)2: 1H NMR (DMSO-d6, 400 MHz): δ 3.22 (s, 6H, CH3O-
CH2CH2OCH3), 3.41 (s, 4H, CH3OCH2CH4OCH3). 13C{1H} NMR (DMSO-
d6, 100 MHz): δ 58.1, 71.2. 11B NMR (DMSO-d6, 128 MHz): δ -1.29 (s, BF –

4 ),
19F NMR (DMSO-d6, 376 MHz): δ -153 (d, BF4

–).

Ca(DME)2(BOB)2: 1H NMR (DMSO-d6, 400 MHz): δ 3.22 (s, 6H, CH3O-
CH2CH2OCH3), 3.41 (s, 4H, CH3OCH2CH4OCH3). 13C{1H} NMR (DMSO-
d6, 100 MHz): δ 58.1, 71.1, 158.2. 11B NMR (DMSO-d6, 128 MHz): δ 7.36
(s, B(C2O4) –

2 ).
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Figure 2.15: IR spectra of Ca(BF4)2(DME)2 and Ca(BOB)2(DME)2 salts com-
pared to pure DME, LiBOB, and Ca(BF4)2 Bands assigned to a) BF –

4 bidentate, b)
BF –

4 bridging, and c) DME bidentate coordination are highlighted.

The infrared spectra of both solvated salts was measured and the assignment
of some relevant bands was performed by comparison between them and with
other reference compounds (Figure 2.15), a summary of the assignments is
shown in Table 2.1. The coordination modes of DME and the anions towards
the cation is discussed below.

The DME molecules in the neat solvent are conformationally free, resulting
in broad bands in the C H stretching region, around 2900 cm−1. In solvated
crystals, these bands evolve into very sharp peaks agreeing with a more rigid
configuration of the DME chains. The CH2 rocking mode at 850 cm−1 dis-
places to 869 cm−1 as expected from the trans-gauge-trans conformation of
DME observed in the crystal structure [95]. The C–O–C stretching vibra-
tion of the neat solvent (at 1105 cm−1) lies in a region crowded by several
vibration modes of the BOB and BF –

4 anions. However, given the similar-
ities between the DME coordination environments in Ca(DME)2(BF4)2 and
Ca(DME)2(BOB)2, we expect this vibration to occur at the same frequency.
Thus, we assign the band at 1056 cm−1 to this vibration mode in the coordi-
nated DME, also in agreement with other DME-containing complexes [96].
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As discussed in section 2.2.3, the Td symmetry of free BF –
4 anion implies

that only two bands should be infrared active: 543 and 1010 cm−1. In the
solvate, however, two different coordination environments are present (the
bidentate BF –

4 and the bridging BF –
4 , see Figure 2.13a), both of them with

slightly distorted C2v symmetry. The previously forbidden band at 786 cm−1

(assigned to the symm. stretching of the anion, ν1) is then clearly visible
and split into contributions at 772 and 762 cm−1, corresponding to the two
different BF –

4 in the solid. The same behaviour is observed for the band at
548 cm−1 (ν4) which splits into 542 and 513 cm−1, and the band at 1010
cm−1 (ν3) which splits into 946 and 969 cm−1.
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Table 2.1: Assignment of some relevant IR bands of DME, LiBOB, Ca(BF4)2,
Ca(DME)2(BF4)2, and Ca(DME)2(BOB)2.

Vibration
mode

neat
DME

LiBOB Ca(BF4)2
Ca(BOB)2
(DME)2

Ca(BF4)2
(DME)2

479 479

ν4(BF –
4 ) 547

537
542
513

d(O B O) 711 708

ν1(BF –
4 ) 786 772

762
b(CH2) 850 869 869
d(O C O) 945 982
νas(O B O) 969 1002

ν3(BF –
4 ) 1010 946

969
1025 1025

νs(O B O) 1084 1089
b(O C O) 1105 1056 1056

1149 1140
1193 1193 1193
1247 1247 1247

ν(C O) + ν(C C) 1268 1288
1307 1312

ν(C O) ∼1800 ∼1800

ν(C H)

2818
2878
2923
2982

2845
2866
2896
2961

2845
2866

2910
2961
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2.4 Preparation of Ca(B(OCOCF3)4)2(DME)2

Calcium tetrakis(trifluoroacetoxy)borate (Ca(TFAB)2) was synthesized in a
one-pot synthesis route in two steps, following a similar route reported previ-
ously for the lithium and caesium analogues [97, 98]:

Ca(OH)2

O

OHF3C O

O-F3C
Ca2+

2

1.
F3C O

O

CF3

O

2. B(OH)3

B

O
O

O O

O

F3C
O CF3

OF3C

CF3

OCa2+

In a round-bottom flask, under an Ar protective atmosphere, and equipped
with a magnetic stirrer bar, 250.8 mg (3.38 mmol) of Ca(OH)2 were com-
pletely dissolved in a mixture of 8 mL of trifluoroacetic acid and 1 mL of
trifluoroacetic anhydride, obtaining a completely transparent solution. 7 mL
of trifluoroacetic acid and 2 mL of trifluoroacetic anhydride were again added
to the reaction medium, together with 418.6 mg (6.77 mmol) of B(OH)3.
The boric acid was completely dissolved after one night of constant stirring
producing a transparent and slightly yellow solution.

The obtained solution was completely dried under vacuum to remove the
excess of solvent and unreacted anhydride. A total mass of 3.51 g of product
was obtained, which was transferred to a glovebox to further purification. For
purification, ∼350 mg of crude product were completely dissolved in 0.6 mL
of dry DMC, 0.8 mL of DME were then added drop-wise producing a fast
precipitation of a white crystalline solid. The solid was recovered, washed
several times with small portions of DME, dried under vacuum, and stored
inside the glovebox.

Due to the fast precipitation of the crystalline material we were unable to
obtain crystals suitable for single-crystal XRD. The powder XRD diffraction
pattern was measured in a sealed borosilicate capillary at ALBA Synchrotron
(MSPD beamline) with an irradiation energy of 20 keV equivalent to a wave-
length of 0.62 Å. The obtained difractogram is shown in Figure 2.16.

The formation of the anion can be tracked by IR spectroscopy when comparing
the spectra of the starting CF3COOH, the intermediate Ca(CF3COO)2, and
the final recrystallized product (Figure 2.17). The ν C O band undergoes
the biggest shift as the coordination of the ligand changes substantially. This
band, originally located at 1783 cm−1 in CF3COOH, gets red shifted by about
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Figure 2.16: Powder XRD pattern of the purified Ca(TFAB)2 salt The pattern
was obtained using a 20 keV X-ray beam (λ = 0.6200 Å), the upper scale is added for
comparison.

140 cm−1 in Ca(CF3COO)2, and then is blue shifted again to 1768 cm−1 in the
TFAB anion. This behaviour is typically observed when carboxylate ligands
change their coordination geometries, in our case the COO– group acts as a
bridge ligand in Ca(CF3COO)2 while it is a monodentate ligand to the central
boron atom in TFAB anion.

The bands located between 950-1030 cm−1, similar to the case of BOB anion,
likely correspond to vibration modes of the B O bonds in tetracoordinated
boron. The rest of the vibration modes of the TFAB anion relate with the
parent CF3COOH and Ca(CF3COO)2 compounds and were assigned follow-
ing previous reports [99, 100]: 733 cm−1 (d CF3), 842 cm−1 (ν C C), 1147
cm−1 (νas CF3), and 1460 cm−1 (νs CO2).

As in the case of the solvated salts reported in Section 2.3, the Ca(TFAB)2
crystallizes with some DME molecules in its crystal structure. The group
of bands located at 2900-3000 cm−1 resembles the profile observed in Figure
2.15 for DME ligands coordinated to a Ca2+ cation in a trans-gauge-trans
conformation. We can anticipate, then, that the DME in this compound
coordinates to the cation in a similar way, and thus the bands at 867 and 1061
cm−1 are attributed to the bending of CH2 and C O C groups, respectively,
in the DME-Ca2+.
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Figure 2.17: IR spectra of purified Ca(TFAB)2(DME)2 compared to B(OH)3,
CF3COOH, and Ca(CF3COO)2·H2O.

2.5 Summary and Conclusions

Evidence showing that the BF –
4 anion is prone to hydrolysis at elevated tem-

peratures was shown, possibly promoted by the presence of Ca2+ cations and
the formation of the very stable CaF2. This inherent instability hinders the
possibility of obtaining ultra-dry Ca(BF4)2 from the commercial hydrate salt
by simple heating treatments. Alternatively, two synthetic routes were devel-
oped for the production of the anhydrous salt, and the characterization of the
obtained products confirms the formation of the targeted salt. However, the
use of corrosive/dangerous reagents (aHF, BF3) may difficult its applicability
in a bigger scale.

Three new solvated salts were also prepared (Ca(BF4)2(DME)2, Ca(BOB)2-
(DME)2 and Ca(TFAB)2(DME)2), the crystalline structure of the first two
was successfully resolved by means of single-crystal XRD. The simple metathe-
sis reaction employed for the production of Ca(BF4)2(DME)2 and Ca(BOB)2-
(DME)2 stands out as an easy to implement alternative for the production of
water-free salts. Further studies are needed to fully evaluate the possibility
of removing the crystallization solvent by thermal or vacuum methods. Al-
though very little Li+ contamination was detected in the two cases presented
here, this is a possibility that needs to be kept in mind if the protocol intends
to be expanded to bigger batch sizes or other magnesium or calcium salts.
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The IR spectra of the solvated salts present particular bands assigned to sol-
vents or anions when coordinated to Ca2+, and a direct correlation was drawn
between the coordination (e.g. monodentate vs. bidentate) and the position
of the IR bands. Being able to determine the coordination structure of a
molecule towards a cation in a coordination complex is of crucial importance
as will be shown in the following chapter, dealing with solvation structure of
cations in solution.
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3
Physicochemical Properties of
Divalent Cation Electrolytes

In this chapter, the density, viscosity, and ionic conductivity of the electrolytes
are presented. The chemical structure of the different anions and solvents
under study are presented in Figure 3.1. The influence of the salt choice is
studied employing propylene carbonate (PC) as common solvent, given its
broad liquid range and its polarity. In turn, the influence of the solvent
was studied by setting Ca(TFSI)2 as common salt, given its high solubility in
organic solvents and its availability with high purity from commercial sources.

The temperature dependence of each of the three properties is fitted to a
relevant model. Assuming that the volume of the solution expands linearly
with the temperature, with a thermal expansion coefficient equal to β, the
change in the density of the solution with temperature results in Equation
3.1.

ln
(1

ρ

)
= ln

( 1
ρ∗

)
+ β (T − T ∗) (3.1)

With ρ being the density of the electrolyte at a given temperature T , and ρ∗

the density at a reference temperature T ∗.

In the case of viscosity (η) and ionic conductivity (σ), the temperature de-
pendence can be written according to a Vogel-Tamman-Fulcher (VTF) model
as Equations 3.2 and 3.3, respectively.

ln
(

η√
T

)
= ln B + Eη

T − T0,η
(3.2)

ln
(
σ

√
T
)

= ln A − Eσ

T − T0,σ
(3.3)

Where A and B are pre-exponential factors, Eη and Eσ are the pseudo-
activation energies for viscosity and conductivity, T0,η and T0,σ are the Vogel
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Figure 3.1: Chemical structure and acronyms of the anions and solvents stud-
ied for calcium and magnesium electrolytes. 1. bis(trifluoromethylsulfonyl)imide,
2. tetrafluoroborate, 3. trifluoromethanesulfonate, 4. sulfate, 5. 2,2,6,6 -tetramethyl-
3,5 -heptanedionate, 6. 6,6,7,7,8,8,8 -heptafluoro-2,2 -dimethyl-3,5 -octanedionate, 7.
bis(oxalato)borate, 8. tetrakis(trifluoroacetoxy)borate. || 9. ethylene carbonate, 10.
propylene carbonate, 11. fluoroethylene carbonate, 12. γ-butyrolactone, 13. N,N -
dimethylformamide, 14. tetrahydrofuran, 15. dimethoxyethane or monoglyme, 16. Di-
ethylene glycol dimethyl ether or diglyme, 17. triethylene glycol dimethyl ether or triglyme.
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temperatures for viscosity and ionic conductivity, respectively. A detailed de-
duction of these equations, and their relationship with the free-volume model
is presented in the Section 6.8 in Chapter 6 - Experimental methods (page
124).

From the obtained fitting parameters, some trends are discussed in terms of
the intermolecular interactions in the electrolyte (ion-dipole, ion-ion, dipole-
dipole, etc.). Relevant comparisons with lithium and magnesium equivalent
electrolytes are shown, particularly stressing the differences between monova-
lent and divalent cation based electrolytes. The ionicity, as a measure of free
ions in solution, is discussed in the framework of the fractional Walden’s rule
[101]:

Λeq ηα = C ′ (3.4)

Where Λeq is the equivalent molar ionic conductivity of the solution, η is its
viscosity, α is the Walden slope related to the degree of ion pairing, and C ′

is a constant for each electrolyte solution.

Finally, to gain deeper understanding on the molecular structure of the elec-
trolyte solutions, an IR and Raman spectroscopic analysis is presented. From
the obtained spectra, the solvation behaviour around the metal cation is ob-
tained, and analysed considering the solvent’s dielectric constant and donor
numbers.

3.1 Densitometry and thermodynamic properties
of electrolytes

The density of 0.1 M electrolytes in PC, using the different salts under study
is presented in Figure 3.2a. Dissolving any of the salts produces an increase
in the density compared to the pure solvent, the biggest change was observed
in the case of Ca(TFSI)2 solution, which density is 2.2% higher than the pure
PC. The density increase comes together with a volume change that can be
quantified by the apparent molar volume of the salt (Ṽi):

Ṽi = 1
ci

(
1 − ρ − ciMW,i

ρ0

)
(3.5)

With ci being the molar concentration of the salt in the electrolyte, MW,i

the molecular weight of the salt, ρ the density of the electrolyte, and ρ0 the
density of the pure solvent.
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Figure 3.2: Density of studied calcium electrolytes. a) density of 0.1 M electrolytes
in PC based on different calcium salts, as function of temperature. b) Fitting of the exper-
imental data to the Equation 3.1, the slope represent the thermal expansion coefficient of
the electrolyte.

Ṽi quantifies the volume change of a solvent when a certain amount of salt is
added, so its name apparent molar volume, as the salt appears to have such
volume itself. In practice, however, the apparent molar volume and the real
molar volume are different, as the anion and cation are expected to interact
strongly with the solvent molecules. Contrarily to the density, Ṽi varies sig-
nificantly depending on the anion, being 20.26, 141.57, 274.67, and 421.55
cm3/mol for Ca(BF4)2, Ca(Tf)2, Ca(TFSI)2, and Ca(FOD)2, respectively, at
25 °C. As expected, the biggest apparent molar volume was found for salts
containing bulky anions, such as TFSI or FOD, while the small BF –

4 anion
produces only a small volume variation from the pure solvent.

The density of all electrolytes decreases with temperature, as expected from
the volumetric expansion of the liquid. The thermal expansion coefficient was
calculated as the slope of the linear fit of data to the Equation 3.1, as shown
in Figure 3.2b. In all cases the volume of the electrolyte expands at a rate
of ∼8.9x10−4 K−1, with little variation between the different salts employed
(Table 3.1). This little dependence is expected, given the low concentration
of salt used (0.1 M) which is translated into a solvent:salt molar ratio of
around 100:1. It is evident, nonetheless, that the obtained thermal expansion
coefficients of the 0.1 M electrolytes is slightly lower than the one found for
the pure solvent (PC), ascribed to the interaction between the ions and the
solvent molecules, as will be explained later. This behaviour was also observed
when comparing the Ca(TFSI)2 electrolytes in γBL, and THF with their
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Figure 3.3: Density of 0.1 M Ca(TFSI)2 electrolytes in different solvents, as
function of temperature

corresponding pure solvents (β = 8.753, and 12.82 x10−4 K−1 respectively)
[102].

Varying the solvent produces a great change in the density of the electrolyte,
as observed in Figure 3.3, where the density of 0.1 M Ca(TFSI)2 electrolytes
in several solvents is plotted. The same is true for the thermal expansion coef-
ficient which values are presented in Table 3.1, and which seems to be depen-
dent on the chemical structure of the solvent. Electrolytes based on EC, PC
and γBL have similar expansion coefficients while the low molecular weight
ethers: THF and G1, resemble each other. In general, the thermal expansion
coefficient is higher for low boiling-point solvents, as their intermolecular in-

Table 3.1: Thermal expansion coefficients of 0.1 M electrolytes.

Electrolyte (in PC) β (x10−4 K−1) Ca(TFSI)2
electrolyte in

β (x10−4 K−1)

Ca(TFSI)2 8.86 (± 0.02) PC 8.86 (± 0.02)
Ca(Tf)2 8.91 (± 0.02) EC 8.67 (± 0.02)
Ca(BF4)2 8.85 (± 0.02) γBL 8.75 (± 0.04)
Ca(FOD)2 9.03 (± 0.02) DMF 10.20 (± 0.04)
pure PC 9.04 (± 0.02) THF 12.50 (± 0.07)

G1 12.90 (± 0.09)
G2 10.70 (± 0.08)
G1 9.42 (± 0.03)
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Figure 3.4: Thermal expansion coefficient (β) of Ca(TFSI)2 in PC electrolytes
as a function of salt concentration. a) evolution of β with the salt concentration,
and b) sketch of a cation in solution depicting the difference between free and bound PC
volumes.

teractions are weak and allow the molecules to distance themselves from one
another.

Regarding the effect of the concentration, the β coefficient decreases monoton-
ically from 0.1 to 0.7 M Ca(TFSI)2, as shown in Figure 3.4a. Above 1.2 M, a
change in the slope is observed, suggesting that β reaches a stable minimum at
high concentrations. To explain this trend in the thermal expansion coefficient
of the electrolyte, we can divide the PC molecules into two different volume
categories (Figure 3.4b), Vfree is the volume occupied by free PC molecules,
while VP C−Ca is the volume occupied by the PC molecules participating in
the first solvation shell of the cation. It has been previously suggested that
the solvent molecules participating in the solvation shell of a highly polarizing
ion suffer from an electrostriction effect, rendering them fully compressed by
the electrical forces [103]. This electrostriction effect causes a lower capacity
of the VP C−Ca to expand with temperature, compared to the Vfree. There-
fore, as the fraction of bounded PC increases with concentration, the overall
thermal expansion coefficient of the electrolyte decreases. At concentrations
above 0.7 M the fraction of free PC gets very low (as will be discussed later
on in this chapter - section 3.5, page 64) causing β to stabilize.
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Figure 3.5: Viscosity of studied calcium electrolytes. a) viscosity of 0.1 M elec-
trolytes of several salts in PC, *the saturated solutions of CaSO4 and Ca(TMHD)2 are
presented as they have solubility limits below 0.1 M. b) viscosity of 0.1 M Ca(TFSI)2 elec-
trolytes in different solvents.

3.2 Viscosity of electrolytes

The viscosity of the electrolytes accounts for the mobility of all molecules
in the liquid with respect to one another. At moderate concentration it is
mostly influenced by the solvent and not by the salt. This is evident in the
measured viscosity of the 0.1 M electrolytes of different salts in PC, which is
only slightly higher than the one of the pure solvent (Figure 3.5a). At this
point we also include saturated solutions of CaSO4 and Ca(TMHD)2, which
saturation concentration was found to be much lower than 0.1 M.

When changing the solvent (Figure 3.5b), it is observed that the viscosity
of the electrolyte follows the trend of the pure solvents, with the EC-based
solutions being the most viscous and the ethers the most fluid. The continuous
lines in Figure 3.5a and 3.5b correspond to the VTF model (Equation 3.2)
fitted to the experimental data. The fitting parameters are presented in the
Figure 3.6 and Annex C.

In the case of the G3 electrolyte, the viscosity could only be fitted by the VTF
at temperatures below 60 °C, as higher temperatures produce an unexpected
jump in the viscosity (see Figure 3.5b). This is not only a viscosity-related
feature, but a truly structural change, as a similar discontinuity was observed
also in the density and ionic conductivity (Figure 3.3b and Figure 3.9b).
This feature will be discussed more deeply in Section 3.3, dealing with ionic

47



3. Physicochemical Properties of Divalent Cation Electrolytes

conductivity.

The viscosity of Ca(TFSI)2 in PC electrolytes increases significantly upon
increasing salt concentration, particularly at low temperatures, as shown in
Figure 3.6a. The experimental data was well fitted to the VTF model, the
adjusted R2 value of the non-linear regression was above 0.9998 in all cases.
The fitting parameters, together with their estimated uncertainty, are plotted
in Figure 3.6b. Interpretation of the VTF fitting parameters will be done
here using the free-volume theory, previously applied to the interpretation of
transport properties of viscous liquids [104, 105].

Recalling, the VTF model for viscosity can be written as:

ln
(

η√
T

)
= ln B + Eη

T − T0,η
(3.6)

Where the fitting parameters B, Eη, and T0,η are related to the free-volume
in the fluid available for transport. More precisely, T0,η quantifies the tem-
perature in which the free volume available for transport vanishes, while Eη

(= γV ∗
f /α) is related to the thermal expansion of such free-volume upon

heating [105]. A more detailed derivation of the VTF model is presented in
Chapter 6 - Experimental methods and data analysis, page 124.

It was found here, that the increase in the viscosity of the electrolytes at high
salt concentrations is related to an increase in the Vogel temperature (T0,η,

Figure 3.6: Effect of the salt concentration in the viscosity of Ca(TFSI)2 in PC
electrolytes. a) viscosity of the electrolytes as function of temperature, the continuous
lines correspond to the fitting of the experimental data to the VTF model (Equation 3.2).
b) VTF fitting parameters found for the different concentrations.
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Figure 3.6b), implying that the free volume fraction is lower, and suggesting
a higher intermolecular interaction and a lower disorder of the system. In
contrast, the pseudo-activation energy, Eη, does not change across the entire
concentration range, suggesting that the ratio between the critical minimum
volume for transport and the thermal expansion coefficient of the free volume
(γV ∗

f /α)) remains constant. However, as demonstrated in Section 3.1, the
thermal expansion coefficient of the electrolyte actually decreases at higher
salt concentrations, which suggests that γV ∗

f should increase at the same
rate. The higher γV ∗

f , deduced here for electrolytes containing high salt
concentration, corroborates the fact that more intermolecular interactions
are present in the electrolyte when more salt is present and will be further
studied in the following sections.

3.3 Ionic conductivity of electrolytes

Contrarily to the viscosity, which is affected by the transport of all molecules
in the electrolyte, the ionic conductivity only accounts for the mobility of
charged species, and is greatly influenced by the choice of the salt. The ionic
conductivity of 0.1 M electrolytes in PC of different calcium salts is shown in
Figure 3.7.

The obtained conductivities can be understood in the light of the concen-
tration of charge carriers in solution. TFSI, BF –

4 , and Tf, produce solutions
with high concentration of charge carriers resulting in conductivities above 1
mS cm−1. On the other hand, the FOD anion interacts more strongly with
the calcium cations, probably due to the bidentate 1,3-diketone group (Figure
3.1). This stronger interaction diminishes the concentration of charge carriers
and the ionic conductivity drops to 0.1-0.3 mS cm−1. In the case of SO 2–

4 and
TMHD, the cation-anion interaction is strong enough to prevent salt dissocia-
tion, and ionic conductivities in the µS/cm range are recorded. These results
highlight the importance of employing weakly-coordinating anions in battery
electrolytes, particularly in multivalent systems where the charge density of
the cations promotes a stronger interaction with the anions.

The solvated salts described in Chapter 2 were also characterized, using PC as
electrolyte solvent in all cases, their ionic conductivities are shown in Figure
3.7b. The electrolytes with the solvate Ca(BF4)2(G1)2 does not have a signif-
icantly different ionic conductivity than the equivalent Ca(BF4)2, suggesting
that the presence of such small amount of G1 as cosolvent in the electrolyte
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Figure 3.7: Ionic conductivity of electrolytes of different calcium salts in PC.
a) Ionic conductivity of 0.1 M electrolytes of several salts in PC. *the saturated solutions
of CaSO4 and Ca(TMHD)2 are presented as they have solubility limits below 0.1 M. b)
Ionic conductivity of 0.1 M solutions of solvate salts prepared in Chapter 2. The data for
Ca(BF4)2 in PC is the same in both panels.

does not affect the ionic conductivity. Comparatively, the Ca(BOB)2(G1)2
electrolyte has only slightly lower ionic conductivity at room temperature
but higher at temperatures above 60 °C. In contrast, the presence of carbonyl
groups in the chemical structure of the TFAB anion increases the interac-
tion with Ca2+, as clearly observed in the optimized chemical structure of
the Ca2+-TFAB ion pair, calculated by Dr. Piotr Jankowski from the Tech-
nical University of Denmark by DFT methods (M06−2X/6−311++G(d,p)
level, Figure 3.8) which results in an interaction energy as high as 1225 kJ
mol−1, comparatively, the cation-anion interaction for a Ca2+-TFSI pair was
calculated as 1136 kJ mol−1 [106]. This favourable coordination produces elec-
trolytes with lower ionic conductivities, although it still results in higher ionic
conductivity as compared with Ca(Tf)2-based electrolyte. The Ca(TFAB)2
electrolyte, additionally, shows a drift in the ionic conductivity at tempera-
tures above 60 °C probably related to a decomposition of the anion, further
supported by the evidence of a yellow coloration at the end of the measure-
ment.

The continuous lines in Figure 3.7 correspond to the best fit of the experi-
mental data to the VTF equation (Equation 3.3). From the obtained fitting
parameters (Table 3.2), it is possible to compare the different electrolytes.
For example, the pre-exponential factor, A, gives indirect information about
the charge carrier concentration in solution. As described before, the weakly
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Figure 3.8: Optimized structure of a Ca2+-TFAB ion pair. The structure highlights
the preferable interaction between the carbonyl oxygens and the Ca2+ cation. Carbon atoms
are shown in grey, oxygen in red, boron in pink, fluorine in dark green and calcium in bright
green.

Table 3.2: VTF-conductivity fitting parameters of 0.1 M electrolytes based on different
Ca-salts.

0.1 M Electrolyte A E T0,σ

in PC (S K0.5 cm−1) (K) (kJ mol−1) (K)
Ca(TFSI)2 2.58 (± 0.26) 708.2 (± 39.4) 5.9 (± 0.3) 118.3 (± 5.3)
Ca(BF4)2 1.02 (± 0.12) 467.9 (± 39.6) 3.9 (± 0.3) 143.1 (± 6.9)
Ca(Tf)2 0.79 (± 0.03) 634.8 (± 15.8) 5.3 (± 0.1) 117.2 (± 2.4)
Ca(FOD)2 0.10 (± 0.01) 659.2 (± 56.5) 5.5 (± 0.5) 126.9 (± 8.1)
∗Ca(TMHD)2

0.00012
(± 0.00005) 179.9 (± 97.0) 1.5 (± 0.8) 198.5 (± 30.2)

∗CaSO4
10.0009
(± 0.0004) 582.2 (± 190.2) 4.8 (± 1.6) 138.8 (± 28.7)

Ca(BF4)2(G1)2 1.02 (± 0.08) 480.7 (± 27.0) 4.0 (± 0.2) 139.6 (± 4.9)
Ca(BOB)2(G1)2 13.02 (± 0.36) 774.6 (± 48.2) 6.4 (± 0.4) 115.8 (± 6.1)
Ca(TFAB)2(G1)2 0.095 (± 0.003) 97.9 (± 4.6) 0.8 (± 0.1) 215.9 (± 1.8)

coordinating anions produce solutions with higher A values, and therefore
higher charge carrier densities. Trends in the pseudo-activation energy, Eσ,
or the Vogel temperature, T0,σ, between the different salts are less evident
and their physical origin is not straightforward.

To study the effect of the electrolyte solvent, the ionic conductivity of 0.1 M
Ca(TFSI)2 in several solvents was measured (Figure 3.9). All the high polarity
solvents, as PC, EC, DMF and γBL, produce electrolyte solutions with high
ionic conductivities by allowing an effective cation-anion dissociation (Figure
3.9a). Solutions based on ethereal solvents, as THF or glymes, have slightly
lower ionic conductivities which are attributed preliminary to a less efficient
ion-ion separation (Figure 3.9b).
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Figure 3.9: Ionic conductivity of Ca(TFSI)2 electrolytes in different solvents.
a) Ionic conductivity of 0.1 M Ca(TFSI)2 electrolytes in DMF, γBL, EC, and PC. An inset
is included for better clarity. b) Ionic conductivity of 0.1 M Ca(TFSI)2 electrolytes in G1,
G2, G3, and THF. The discontinuity in the G3 electrolyte is discussed in the text.

Electrolytes based on THF and G1 show a decrease in the ionic conductivity
with temperature, which is an opposite behaviour than the other electrolytes
studied here. A similar behaviour was reported previously for LiBF4 elec-
trolytes in low permittivity solvents [107], but its origin is still uncertain.
By analysing the limiting ionic molar conductivity of the solutions and cal-
culating the association constant between cation and anion, Barthel et al.
suggest that the fraction of ion pairs and aggregates decreases at high tem-
peratures which wouldn’t explain the trend in conductivity [107]. However,
more recent spectroscopic evidence contradicts this, suggesting that a higher
cation-anion interaction exist at higher temperatures, at least for Li+-based
THF electrolytes [108].

Aside from the formation of ion-pairs and aggregates, a second hypothesis
to explain the decrease in ionic conductivity with temperature could be re-
lated with the second and third solvation shells of the cations. Indeed, we
hypothesize that a solvent with low permittivity, such as THF and DME,
can form multi-layered solvation shells which arrangement can impact greatly
the macroscopic properties, as observed before [109, 110]. In this respect,
previous reports on the Ca(TFSI)2-DME and Ca(TFSI)2-THF systems have
suggested that there is a significant interaction between TFSI and Ca2+ in
solution, with some bidentate coordination from the TFSI [111]. Then, the
presence of contact and solvent-separated ion pairs is expected to modulate
the ionic conductivity of the electrolyte in the 0.1-0.5 M concentration range
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Figure 3.10: Ionic conductivity of Ca(TFSI)2, Mg(TFSI)2, and LiTFSI elec-
trolytes as function of concentration and temperature. Comparison between PC
(a, d, g), EC (b, e, h), and DMF (c, f, i) used as solvent. The temperature colour scale
is shown in the bottom right.

[112]. Despite this findings, a temperature-dependent investigation on the
solvation structure of Ca2+ in THF and DME is still lacking.

Lastly, in the Ca(TFSI)2 electrolytes in G3, we observed a jump in the ionic
conductivity at temperatures around 60 °C. This jump in conductivity is ac-
companied by a similar discontinuity in density and viscosity data (Figures
3.2b and 3.5b). As the three physicochemical properties are measured in-
dependently, we suggest this behaviour is a real feature of the Ca(TFSI)2
electrolyte in G3 and not an artefact of the measurement. Since the low
conductivity regime was not recovered by cooling back the electrolyte these
results suggest the occurrence of an irreversible process at about 60°C affect-
ing the physicochemical properties of the electrolyte.

To study the effect of the salt concentration in the ionic conductivity of the
electrolyte, only the high permittivity solvents were considered (PC, EC, and
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Figure 3.11: VTF fitting parameters for ionic conductivity of Ca(TFSI)2,
Mg(TFSI)2, and LiTFSI electrolytes in PC as function of concentration. a)
Pre-exponential factor, b) pseudo-activation energy, and c) Vogel temperature for conduc-
tivity. Error bars in each case represent the error in the parameter estimation.

DMF). The conductivity of Ca(TFSI)2 electrolytes in the three selected sol-
vents, as a function of temperature and concentration, is shown in Figure
3.10. For comparison, the ionic conductivity of equivalent electrolytes us-
ing Mg(TFSI)2 and LiTFSI were also measured. In all electrolytes under
study, the ionic conductivity initially increases with the concentration, until
a maximum is reached. The presence of a maximum in the ionic conductivity
is a common feature in electrolyte solutions and is the result of a competi-
tion between the increasing number of charge carriers and the increase in the
viscosity and interionic interactions as the concentration increases [113]. In
the case of divalent cation electrolytes, the maximum ionic conductivity is
reached at concentrations around 0.4-0.6 M, somewhat lower than for LiTFSI
electrolytes which maximum in ion conductivity observed typically around 1
M [114]. In all cases the concentration of maximum conductivity moves to
higher values by increasing the temperature, as a result of a decrease in the
viscosity.

The molecular origin of the ionic conductivity maxima can be visualized by
fitting the evolution of the ionic conductivity with temperature for each con-
centration under study. The values of the three VTF fitting parameters for
each concentration of Ca(TFSI)2, Mg(TFSI)2 and LiTFSI electrolytes in PC
are shown in Figure 3.11. The maximum of ionic conductivity is related in
the three cases with a minimum in the pseudo-activation energy (Eσ), after
which the formation of ion pairs would hamper the ionic mobility. Both T0,σ,
and A, increase steadily with the salt concentration. In the case of the Vo-
gel temperature, T0,σ, this increase is related to a decrease in the fraction of
free volume, which is the result of the constant increase of charge species in
solution.
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3.4 Ionicity and Walden plot analysis

While viscosity, in general, limits ion motion in electrolytes, intermolecular
and electrostatic interactions are also important as they affect the nature of
the diffusing species (free ions, ion-pairs, etc.) and their relative concentra-
tion. All of these interactions are taken into account in the ionicity of the
electrolyte within the framework of the empirical Walden’s rule [101]. While
originally formulated for infinitely diluted aqueous electrolytes with solvated
ions of the same radius, its use has been extended to study properties of
nonideal, nonaqueous electrolytes [114, 115].

In a Walden plot, the logarithm of the equivalent conductivity, Λeq, is plotted
against the fluidity, i.e., the inverse of the viscosity, 1/η. A straight line with
slope equal to 1 and intercept at (0, 0) is often included as reference, although
its physical meaning is questionable [116, 117]. The relationship between
limiting equivalent conductivity and viscosity can be expressed as:

Λ0
eqη = k = e0F

6π

1
R+ + R−

(3.7)

Where e0 is the elementary charge, F is the Faraday’s constant, and Ri is the
Stokes radius of the ion. The expression for the constant k was directly derived
from the definitions of ionic conductivity and viscosity using Nernst-Einstein
equations. Note that here, the equivalent ionic conductivity is used instead
of the molar ionic conductivity, as the former accounts for the number of
charges released by mole of salt (Λeq = σ/zci) and can be compared between
1:1 and 1:2 electrolytes. The obtained Walden plots for 0.1 M electrolytes in
PC employing the salts under study are shown in Figure 3.12.

The ideal Walden rule (Equation 3.7) is valid for strong electrolytes at infinite
dilution, where the mobility of ions is supposed to be entirely limited by the
viscosity of the medium, i.e. the friction between molecules, and no interionic
interactions are present. Other authors have extended the use of the Walden
rule to non-diluted systems, as ionic liquids of molten salts. To account for
deviations from the ideal case, an exponent α can be included resulting in the
fractional Walden rule [118, 119]:

Λ0
eqηα = C ′ log Λeq = log C ′ + α log

(
η−1

)
(3.8)

MacFarlane et al. have estimated the ionicity in ionic liquids using Walden
plots, but an adjustment is necessary to account for the effective ionic radii,
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Figure 3.12: Walden plots of 0.1 M calcium electrolytes in PC. a) electrolytes
based on commercially available salts, and b) electrolytes from salts prepared in-house.

which will have an important influence in the conductivity, as deduced from
Equation 3.7 [120]. As the ionic radii in the electrolytes studied here is,
in principle, not known, this adjustment cannot be performed, preventing a
direct evaluation of the ionicity by a simple comparison with the reference
line. An alternative for the estimation of ionicity is based on the measure-
ment of the diffusion coefficient of the different ions in the electrolyte [121],
although this method cannot be applied here, as the only NMR-active Ca-
isotope (43Ca) is not abundant enough to allow the straightforward NMR
study.

In this study, then, we have decided to adjust the temperature-dependent vis-
cosity and ionic conductivity data to the Equation 3.8 for all the electrolytes,
and compare the fitting parameters: C ′ and α, which will also carry infor-
mation about the ionicity of the solution. For example, contrarily to ionic
liquids, the conductivity of common organic electrolytes is always limited by
the viscosity, and thus the slope of the Walden plot, α, is necessarily below
1. Furthermore, the increase in ion pairing further hampers the mobility of
charge species producing a decrease in the slope [119]. Previously, the slope α

has also been associated with the ratio between the activation energy for vis-
cosity (Eη) and the activation energy for conductivity (Eσ), calculated from
Arrhenius or VTF fittings [118].

The obtained slope for different electrolytes follow the expected ionicity trend,
with the highest slope calculated for the Ca(BOB)2(G1)2 electrolyte (α =
0.98) given its lower tendency to associate with cations in solution [122].
The order continues with the Ca(TFSI)2 electrolyte (α = 0.94) followed by
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Ca(BF4)2 and Ca(Tf)2, both with α = 0.81. Curiously, the Ca(FOD)2-based
electrolyte has a slope of 0.98 despite the low values of ionic conductivity found
experimentally. On the other hand, the intercept of linear regression allows
to calculate the C ′ parameter, which is inversely proportional to the effective
ionic radii of the moving ions. Indeed, the obtained C ′ for the FOD-based
electrolyte is the lowest among all, agreeing with its big size. A summary
of the obtained α and C ′ parameters found for the 0.1 M solutions of the
different salts in PC is presented in Table 3.3.

Table 3.3: Fractional Walden rule fitting parameters of 0.1 M electrolytes based on different
Ca-salts.

Electrolyte (in PC) α C ′

Ca(TFSI)2 0.941 (± 0.004) 0.564 (± 0.009)
Ca(BF4)2 0.810 (± 0.006) 0.836 (± 0.019)
Ca(Tf)2 0.815 (± 0.003) 0.397 (± 0.004)
Ca(FOD)2 0.979 (± 0.005) 0.019 (± 0.001)
Ca(BF4)2(G1)2 0.813 (± 0.006) 0.803 (± 0.018)
Ca(BOB)2(G1)2 0.981 (± 0.001) 0.425 (± 0.003)
Ca(TFAB)2(G1)2 0.574 (± 0.027) 1.172 (± 0.112)

The parameters found for the Ca(TFAB)2(G1)3-based electrolyte do not seem
to agree with its expected behaviour. As mentioned before, this electrolyte
displays a low ionic conductivity given the higher tendency of the anion to
interact with Ca2+, decreasing the ionicity (α = 0.57). However, this elec-
trolyte present a significantly higher C ′, corresponding to very small ionic
radius, but disagreeing with the real structure of the TFAB anion. A deeper
study on this electrolyte is needed to understand this phenomenon.

A similar ionicity analysis can be performed for 0.1 M Ca(TFSI)2 electrolytes
in various solvents (Figure 3.13 and Table 3.4). The solutions in EC, PC,
γBL, and DMF follow all a linear behaviour corresponding to Equation 3.8.
The highest ionicity is observed in the EC-based electrolyte (α = 1.00), while
DMF displays the lowest (α = 0.87).

The low permittivity solvents, as G1, G2, or G3, behave significantly different.
At low temperatures the data tends to a linear relation, with α = 0.67 for
G3 and α = 0.59 for G2. As the temperature increases, however, a clear
deviation is observed resulting in even lower slopes. This dependence of the
α parameter to the temperature indicates a strong correlation between the
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Figure 3.13: Walden plots of 0.1 M Ca(TFSI)2 electrolytes in different solvents.

temperature and the ion pair formation in these electrolytes. The effect is
even stronger in the case of G1 electrolytes, producing a negative slope in the
Walden plot (Figure 3.13).

Table 3.4: Fractional Walden rule fitting parameters of 0.1 M Ca(TFSI)2 electrolytes in
different solvents.

α C ′

EC 1.007 (± 0.012) 0.504 (± 0.024)
PC 0.941 (± 0.004) 0.564 (± 0.009)
γBL 0.903 (± 0.009) 0.594 (± 0.022)
DMF 0.872 (± 0.008) 0.642 (± 0.025)
G3 (at low T ) 0.675 (± 0.009) 0.138 (± 0.004)
G2 (al low T ) 0.598 (± 0.010) 0.150 (± 0.007)

A constant decrease in the α parameter is observed when the salt concentra-
tion increases from 0.1 M to 1.5 M for Ca(TFSI)2, Mg(TFSI)2 and LiTFSI
(Figure 3.14) as a result of increasing ion pairing and decreasing ionicity.
However, the values obtained for the different salts couldn’t be directly com-
pared; similar values for α were observed for 0.7 M solutions of the different
cations even when the divalent cations are expected to interact more readily
with the anions in solution than the monovalent cations. This results high-
light the fundamental differences in the ionic behaviour between monovalent
cation and divalent cation electrolytes.

Just to illustrate this point, consider the differences between the speciation
of a LiTFSI and a Ca(TFSI)2 electrolyte in a polar solvent. At sufficiently
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Figure 3.14: Walden plots of calcium, magnesium and lithium electrolytes in
EC with different concentrations. a) Ca(TFSI)2 in EC, b) Mg(TFSI)2 in EC, and c)
LiTFSI in EC.

low concentrations the salts will be completely dissociated:

LiTFSI Li+ + [TFSI]–

Ca(TFSI)2 Ca2+ + 2 [TFSI]–

By increasing the concentration of the solution, some fraction of the ions will
form ion pairs:

Li+ + [TFSI]– [Li TFSI]0

Ca2+ + [TFSI]– [Ca TFSI]+

The Li-TFSI ion pair results in a neutral complex which does not partici-
pate in the conduction of charge and diminishes the ionicity. The Ca-TFSI
pair, on the contrary, is charged and will continue to account in the ionic
conductivity. Even in the case when all cations get into ion pairs, the di-
valent electrolyte would still be able to conduct charge as a monovalent:
Ca(TFSI)2 [Ca TFSI]+ + [TFSI]–. An interesting case of study, which is
left open for the future, would be to analyse the Walden plot and the ionicity
of an electrolyte containing a divalent cation and a divalent anion.

3.5 Spectroscopic study of ion pairing in solution

To study the cation-solvent and the cation-anion interactions we turn to vi-
brational spectroscopy, which allows to assess the local coordination in more
detail. As it will be shown in this section, by following the evolution of several
IR and Raman active modes at different concentrations, an estimation of the
solvation number around the metal cation can be obtained. As the shifts in
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Figure 3.15: Selected IR bands of 0.1-1.5 M Ca(TFSI)2 in EC electrolytes.

the IR and Raman bands is more evident when a direct contact exists between
the cation and the ligand (either solvent or anion), this spectroscopic approx-
imation is particularly suitable to study the first solvation shell in solution
while is not very sensitive for solvent-separated ion pairs, for example.

First, interesting IR and Raman bands were defined to assess the solvent-
cation interaction. Given that the carbonyl oxygen in EC, PC and DMF
solvents has the highest Lewis base character, it is expected to be involved in
the coordination of cations in solution. Furthermore, as the C O stretching
mode displays a very strong absorption band in infrared, it would make an
ideal probe to study the cation solvation.

Unfortunately, for cyclic carbonates, the presence of a Fermi resonance phe-
nomenon prevents any straightforward analysis. The Fermi resonance effect
in EC has been extensively studied [123, 124], it is the result of the strong
coupling between the fundamental stretching frequency of C O (ν2) at 1793
cm−1 with the first overtone of the skeletal breathing of the ring (2ν7), pro-
ducing an intense band at 1767 cm−1 (Figure 3.15). Upon coordination with
a cation, these bands shift due to different mechanisms: i. losing the Fermi
coupling condition would produce a blueshift of the C O stretching, moving
towards the “unperturbed” frequency (gas-phase IR ca. 1870 cm−1 [125]); ii.
decreased electron density of the C O bond would produce a redshift of the
vibration, and/or reduced its intensity; and iii. the decoupling between the
two bands produces a redshift of the 2ν7 overtone. This complex combination
of mechanisms prevents any unambiguous use of the carbonyl region.

Instead, the out-of-phase wagging of the CH2 groups (ν15, 1390 cm−1) and
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Figure 3.16: Selected IR bands of
0.1-1.5 M Mg(TFSI)2, Ca(TFSI)2,
and LiTFSI in DMF electrolytes

the fundamental skeletal breathing of the ring (ν7, 892 cm−1) are used. Both
bands shift to higher wavenumbers as the Ca-salt concentration increases
(Figure 3.15). At 1.5 M, these free solvent bands are almost gone, suggesting
that almost all EC molecules are coordinated by the Ca2+ cations. Consider-
ing that for lithium electrolytes, free EC is found at 1.8M [117] points at the
Ca2+ cations having a larger first solvation shells (containing more solvent
molecules).

The carbonyl region of the IR spectra of PC-based electrolytes is laden with
the same problems as those for EC, but with the additional disadvantage
that the chiral nature of PC produces, in general, broader bands [126]. For
the PC electrolytes, we discern that the same modes are affected by Ca2+

coordination, but the shifts are not sufficiently large to allow us to correctly
determine the contributions from free and coordinated PC, respectively.

In the case of DMF electrolytes (Figure 3.16), the C O stretching mode gets
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Figure 3.17: Raman spectra of Ca(TFSI)2 electrolytes in different solvents as
function of salt concentration. a) Ca(TFSI)2 in PC, b) Ca(TFSI)2 in EC, c) Ca(TFSI)2

in DMF, and d) Ca(TFSI)2 in FEC. *denotes a Raman band assigned to free solvent while
† denotes Ca2+-coordinated solvent. The band assigned to cation-anion contact ion pairs
appears in all cases at 748 cm−1 and that of free TFSI at 740 cm−1.

clearly shifted toward lower wavenumbers upon coordination by Li+, Mg2+,
or Ca2+. However, the O C N bending at 658 cm−1 is a better option to
analyse the cation-DMF interaction, with a significantly larger shift obtained
for the Mg2+ electrolyte. The larger shift is attributed to the more polarizing
character of the magnesium cation, resulting in a tighter first solvation shell.
This is the first evidence we have that points to a significant difference in the
strength of the cation-solvent interaction, which is then expected to influence
the desolvation kinetics of the different cations at an electrode surface.

For the cation solvation number determination, we turn to Raman spec-
troscopy and a few relatively intense bands for each solvent, which are min-
imally affected by other vibration modes but highly sensitive to cation co-
ordination (Figure 3.17): ring breathing mode for EC (at 894 cm−1), C O
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Figure 3.18: Deconvoluted Raman spectra of 0.7 M Ca(TFSI)2 electrolytes. a)
Ca(TFSI)2 in PC, b) Ca(TFSI)2 in EC, c) Ca(TFSI)2 in DMF, and d) Ca(TFSI)2 in FEC.

stretching for PC (sum of two bands at 706 and 712 cm−1), and O C N
bending for DMF (at 658 cm−1). At this point, we also include fluoroethy-
lene carbonate (FEC) as a model solvent with a very low donor number, and
the band analysed is the ring breathing mode (at 905 cm−1).

In all cases, the free solvent band shifts toward higher wavenumbers upon
cation coordination. By deconvolution of the spectra (Figure 3.18), the sol-
vation number (SN) of the cations was calculated using Equation 3.9:

SN =
(

Abound

Abound + θAfree

)(
cS

cCa2+

)
(3.9)

where cS and cCa2+ represent the molar concentrations of the solvent and
Ca-salt, respectively. The parameter, θ, is the ratio of the Raman activity
(RA) of free and coordinated solvent molecules as obtained by density func-
tional theory (DFT) calculations (θ = RAcoord./RAfree). The fitting of the
experimental Raman bands, and the estimation of the RA by computational
methods carries some uncertainty that results in only a semi-quantitative es-
timation of the SN by this method.

Similarly, the number of TFSI anions coordinating each cation, as a measure
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Figure 3.19: Evolution of the cation SN as function of salt concentration for
different electrolytes. a) SN of Ca2+ in Ca(TFSI)2 electrolytes in different solvents, b)
comparison between Ca(TFSI)2 and Ca(BF4)2 in EC electrolytes, c) comparison between
Ca(TFSI)2 and Mg(TFSI)2 in EC, and c) estimation of the number of TFSI anions in
contact with cations in Ca(TFSI)2 and Mg(TFSI)2 electrolytes in EC.

of the contact ion-pair concentration, was calculated using Equation 3.10.

TFSI coordinated to M2+ =
(

2Abound

Abound + Afree

)
(3.10)

Which is derived from Equation 3.9 considering the 2:1 TFSI/Ca2+ relation
and assuming that the RA of the TFSI breathing mode at 740 cm−1 does not
change upon coordination (i.e. θ = 1). This assumption has been previously
suggested in the literature with successful results [127, 128].

The number of solvent molecules (SN) and TFSI anions in the first solvation
shell of the cation is plotted in Figure 3.19 for the different solvents under
study. A decrease in the SN is observed at high salt concentrations as a result
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Table 3.5: Properties of the solvents employed.

Solvent DNa (kcal mol−1) εb

DMF 26.6 38.25
EC 16.4 89.78
PC 14.9 66.14
FEC 9.1 78.4

of TFSI anions being included in the first solvation shell:

[Ca(S)x]2+ + [TFSI]– [Ca(S)x–1]+ + S

The concentration threshold at which this process is triggered is highly depen-
dent on the solvent, DMF being the most resilient to be displaced, followed by
EC, PC, and finally FEC. This trend follows the donor number of the different
solvents (DNDMF > DNEC > DNP C > DNF EC) instead of their permittiv-
ity (εEC > εF EC > εP C > εDMF ), as reported in Table 3.5. Surprisingly,
the electrolytes using DMF appear to have the lowest concentration of ion-
pairs, despite the lower ionicity found in the Walden analysis (Section 3.4)
and supports the idea that solvent’s DN is a crucial optimization parameter
for divalent cation electrolytes.

This apparent contradiction can be rationalized in terms of the physical mean-
ing of the solvent’s relative permittivity and the donor number. The relative
permittivity, εr, is measured as the proportion of the electric field (between
two charged plates) that is screened by the presence of a material. A high
εr solvent is, then, capable of limiting the attraction between two opposite
charged ions in solution (Figure 3.20). The DN, although does not have a
single unified definition, and several scales have been proposed over the years
[129], it can be understood, as the interaction energy between a ligand (a
solvent molecule in our case) and a Lewis acid (a cation in solution).

A high DN solvent, then, binds strongly to the metal cation and produces
very stable [Ca(S)x]2+ complexes, but if the solvent has a low dielectric con-
stant, the strong binding will not impede the anion-cation interaction and the
formation of [Ca(S)x(TFSI)]+ adducts will be favoured. Therefore, the use
of high DN solvents appears as a good strategy to prevent the formation of
contact ion pairs (CIPs) but solvent separated ion pairs can be formed when
such solvent possesses low dielectric constant.

When a more coordinating anion is used, a lower salt concentration is re-
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Figure 3.20: Illustration of the different strengths of interionic interaction in
solvents of high and low relative permittivity.

quired to form stable cation-anion pairs. This is evidenced in the evolution of
the solvation number calculated for Ca(BF4)2 in EC electrolytes at different
concentrations (Figure 3.19b). This highlights the importance of development
of new weakly coordinating anions for calcium and magnesium batteries. In
fact, the panorama for magnesium electrolytes is even more drastic, with some
evidence of Mg2+-TFSI interaction at concentration as low as 0.1 M (Figure
3.19d). Also, a higher binding energy in Mg2+-EC and Mg2+-TFSI pairs
has been reported (544 and 1442 kJ mol−1, respectively) as compared to the
Ca2+-EC and Ca2+-TFSI cases (380 and 1162 kJ mol−1, respectively) [106].

3.6 Summary and Conclusions

Two complementary points of view have been presented in this chapter for the
study of physicochemical properties of electrolytes. The study of the macro-
scopic properties such as density, viscosity, and ionic conductivity allowed the
understanding of the global characteristics of the electrolyte while the spec-
troscopic study gave information about the local coordination of the cations
in solution and the formation of contact ion pairs and aggregates.

In the macroscopic study, an effort was done to correlate the different prop-
erties under study to the physical underlying phenomena. This was accom-
plished by measuring the temperature-dependence of each property and fitting
the obtained results to a suitable model. In the case of the density, for ex-
ample, it was shown that an increase in the concentration causes a decrease
in the thermal expansion coefficient, which is the result of a higher fraction
of solvent participating in the solvation shell of the ions. The viscosity and
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ionic conductivity, in turn, were fitted to a VTF model and trends in the
pseudo-activation energy and Vogel temperature were observed. For exam-
ple, it was shown that the Ca- and Mg-based electrolytes display a maximum
in ionic conductivity at salt concentrations significantly lower than the Li-
based electrolytes. This maximum, additionally, was found to be linked with
a minimum in the pseudo-activation energy in the three cases.

The ionicity of the different electrolytes, as a measure to understand how
independently the ions move in solution, was evaluated by means of the frac-
tional Walden rule. Although interesting trends were observed in the slope
and the intercept of the Walden plot, this model is mostly qualitative and is
only capable of providing general trends when comparing different solvents or
different salts of the same cation. It was not possible, however, to compare
directly the ionicity of monovalent and divalent cation electrolytes given their
fundamental differences in behaviour, as outlined in Section 3.4.

Compared to the macroscopic view, the vibration spectroscopy study allowed
to study changes in the local structure of the cation solvation in a more quan-
titative way. On this respect, it was shown that the anion is more present in
the solvation of the cation as the salt concentration increases. The threshold
concentration where this process becomes dominant is a function of the sol-
vent’s donor number, and agrees with the minimum in the pseudo-activation
energy for conductivity calculated by VTF fitting. A temperature-dependent
Raman study would provide much more information to compare to the evolu-
tion of the macroscopic properties, particularly the ionic conductivity, which
is expected to be highly influenced by ion-pair formation.

Effectively characterizing the second solvation shell of the cation is a much
trickier task. However, using the combined local & macroscopic approach
presented here, the effect of using a low relative permittivity solvent was
discussed and compared to a high relative permittivity solvent.
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4
Electrochemical

Characterisation of
Electrolytes & SEI Formation

After having explored the synthesis of new salts and the physicochemical
properties of the resulting calcium electrolytes, here the compatibility of some
calcium electrolytes with the operation of a battery based on a calcium metal
anode is explored. The electrochemical tests mainly focus on the reductive
stability of the electrolytes, as it will govern the performance of an electrolyte
in contact with a metal with low standard redox potential, such as calcium
(Standard redox potential Ca2+/Ca = -2.87 vs. SHE). Electrolytes based
on Ca(BF4)2 salt are more deeply investigated, as they have shown to allow
electrochemical plating of Ca metal [62]. A detailed study on the morphology
and chemical composition of the solid-electrolyte interphase (SEI) formed is
presented, comparing with an Ca(TFSI)2-based electrolyte, which does not
allow for Ca electrodeposition.

Finally, based on the results obtained from the SEI analysis, some boron-
based additives are proposed. Their electrochemical behaviour is studied,
showing that they decompose upon reduction, forming a surface layer on the
working electrode which is beneficial for the subsequent Ca plating/stripping
reaction.

4.1 Electrochemical tests of Ca(TFAB)2-based elec-
trolytes

The electrochemical stability window (ESW) of a Ca(TFAB)2 (calcium tetrakis
(trifluoroacetyl)borate) in EC:PC electrolyte was measured on a stainless steel
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Figure 4.1: Electrochemical stability window determination of 0.1 M
Ca(TFAB)2 in EC:PC electrolytes. a) cathodic and anodic branches of the ESW
measured at 1 mV/s. b) cycling of the electrolyte at 0.1 mV/s, focusing on the salt reduc-
tion peak. In both cases SS was used as WE, activated carbon cloth as CE, and Ag wire as
RE (calibrated to Fc+/Fc). Experiments performed at RT.

(SS) electrode by linear sweep voltammetry (LSV) at a scan rate of 1 mV/s
(Figure 4.1a). As during the polarization towards positive or negative po-
tential, the electrolyte can decompose forming a passivation layer which may
interfere with the subsequent measurements, two independent cells were used
to evaluate the cathodic and anodic stability branches. A clear oxidation
wave starts at 4.5 V vs. Ca2+/Ca although some minor oxidation current is
evident already at 4 V. Upon reduction, a very intense peak is observed at
2.1 V vs. Ca2+/Ca, attributed to anion decomposition. The electrolyte was
cycled between 3.0 and 1.1 V vs. Ca2+/Ca to focus on the decomposition of
the anion and promote the formation of a passivation layer on the surface of
the electrode (Figure 4.1b). However, this reduction peak does not decrease
upon cycling, suggesting that the reductive decomposition of the TFAB an-
ion does not produce an efficient passivation layer, it possibly generates only
soluble species.

If the potential is further decreased, a second reduction process appears at
-0.7 V vs. Ca2+/Ca which could be related to calcium plating, although on
the reverse scan no sign of calcium stripping is recorded. Therefore, the ESW
of the 0.1 M Ca(TFAB)2 in EC:PC electrolyte was found to be only 1.9 V
(from 2.1 to 4.0 V vs. Ca2+/Ca).
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4.2 Electrochemical test of Ca(BF4)2-based electro-
lytes

4.2.1 Over stainless steel working electrodes

The voltammetric response of the 0.45 M Ca(BF4)2 in EC:PC shows the
same behaviour as previously observed in the literature (Figure 4.2) [62].
During the first reduction, a reduction wave is recorded between 0.5-1.0 V vs.
Ca2+/Ca, attributed to solvent and/or anion decomposition and formation
of a passivation layer on the electrode surface. Calcium plating occurs at
potentials below -0.75 V vs. Ca2+/Ca (peak potential Ep,red = -0.99 V). The
corresponding oxidation peak, attributed to Ca stripping (Ca(s) Ca2+)
is observed with an onset potential at -0.45 V (Ep,ox = -0.32 V). Calcium
plating and stripping are observed here at potentials below 0 V vs. Ca metal
due to the formation of a passivation layer on the RE, which causes a shift
on its redox potential, as reported previously [130].

A constant electrolyte decomposition is observed during the entire experi-
ment, resulting in a residual reduction current and shifting the entire CV
curve to negative current values. This residual current diminishes upon cy-
cling as the electrode surface gets more passivated, however it is still evident
after 9 cycles.

Figure 4.2: Cyclic voltammogram of 0.45 M Ca(BF4)2 in EC:PC electrolyte over
a SS electrode (0.1 mV/s and 100 °C). 1st cycle: dashed red curve; 2nd-9th cycles:
continuous black curve. RE: Ca metal, and CE: Ca metal. Arrows show the evolution of
peak intensity during cycling.
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The efficiency for calcium plating was found to be dependent on the salt
quality. The salt prepared by direct reaction of CaF2 and BF3(g) in aHF
solvent (refer to Chapter 2, page 25 for details) presented the highest strip-
ping capacity, which is used here as a measure of the amount of metallic
calcium deposited. While the deposited calcium in this case is about 44 mC
cm−2, the salts prepared by other methods are at least 50% lower (around
30 mC cm−2). The water content in the Ca(BF4)2 electrolytes produced by
the two anhydrous synthetic routes were below 110 ppm while the one pro-
duced by drying of the commercial product was about 135 ppm, according
to KF titration. Aside from water, it is suggested that the presence of some
other non-identified contaminants, as showed in Chapter 2.1 - page 27 are
responsible for the difference observed in the CV curves.

4.2.2 Over Ca electrodes

Figure 4.3 shows the voltammetry response of a calcium electrode upon re-
duction, where the peak for Ca electrodeposition is observed at around -1 V
vs. a Ca metal used as RE. As mentioned in the case of calcium plating on SS
electrodes, the Ca metal RE in this configuration does not operate at the ex-
pected potential of the Ca2+/Ca couple due to the formation of a passivation
layer at the surface. This results in an unreliable measured potential when
Ca metal is used as RE (same would happen with a Mg RE), as discussed in
previous studies [130], where a shift of up to 1 V is observed in the Ca RE
in this electrolyte. Additionally, as Ca metal is also employed here as WE,

Figure 4.3: Linear sweep voltammetry of 0.45 M Ca(BF4)2 solutions in EC:PC
over a metallic calcium electrode. Temperature: 100 °C, sweep rate: 0.1 mV/s, CE:
Ca metal; RE: Ca metal.
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it is expected to get passivated upon contact with the electrolyte, further
hampering the plating of Ca. Previous studies have shown how strongly the
electrochemical response of a Ca electrode is related to its passivation layer
[131].

Given the problems arising from the use of Ca metal as RE for electrochemical
tests, across the time-spam of this thesis several other RE were tested (Ag
wire, or Ag2S/Ag) and their potential was calibrated using ferrocene (Fc)
as standard. This was the case for the experiments presented below. More
details about this calibration are shown in Chapter 6 - Experimental methods,
page 122.

Holding the Ca working electrode at −4.2 V vs. Ag wire RE (−1 V vs.
Ca2+/Ca) for several hours resulted in the formation of a thick deposit on
the surface, evidenced by the dark black colour of the originally shiny calcium
electrode (Figure 4.4a). The low conductivity of Ca2+ cations across the sur-
face layer resulted in very low current densities < 10 µA cm−2 after 20 h.
The growth of the passivation layer was followed by dynamic Electrochem-
ical Impedance Spectroscopy (EIS) every 2 h. A constant bias of −1 V vs.
Ca2+/Ca was maintained while a potential wave with 20 mV of amplitude was
applied, the obtained impedance spectra are shown in Figure 4.4b. The total
impedance of the electrode, represented by the diameter of the semicircle,
increases significantly in the first 10-20 h of polarization and it is not entirely
stabilized even after 100 h. This suggests that the passivation of the electrode
is incomplete, and that the SEI grows continuously during the process.

In dynamic EIS, a constant current or potential is set at the WE on top of
which the sinusoidal perturbation is applied. Although its less employed than
the static EIS (performed at OCV), it has been used in the elucidation of Mg
or Li metal plating mechanisms [47, 132]. It is particularly suitable for the
investigation of processes which require the application of a higher potential
than the applied in EIS perturbation (∼20 mV).

Naturally, the dynamic EIS involves a continuous change in properties of the
electrode under testing and is, therefore, in a non-stationary regime. This con-
tradicts in principle the conditions of stationarity and linearity required for
correct interpretation of EIS data, but could be circumvent if a correct exper-
imental protocol is implemented. For example, the non-stationary distortions
could be reduced by measuring at steady-state, when a constant current is ob-
tained (e.g. t > 80 h in Figure 4.4a). Indeed this condition was verified with
the help of Dr. Romain Dugas from Collège de France (Paris) by fitting the
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Figure 4.4: Electrochemical response of a Ca metal electrode upon polarization
at −1 V vs. Ca2+/Ca. a) current density as function time with pictures of the metal
electrodes at the beginning and at the end of the polarization period. b) Nyquist plots of
the EIS response of the electrode hold at -1 V vs. Ca2+/Ca and measured every 2h. Inset:
zoom in the high frequency region. c) Nyquist plot showing the impedance of the WE after
40h (markers) together fitted response, corroborating the Kramers-Kronig conditions. d)
Equivalent circuit used to fit the data in panel c). Temperature: 100 °C, WE: Ca metal;
CE: Ca metal; RE: Ag ring.

EIS spectra to a model circuit consisting of a series of R|Q elements, as shown
in Figure 4.4c. The equivalent circuit displayed in Figure 4.4d was used to
fit the experimental data, where Ri is a resistance and Qi is a constant phase
element which complex impedance is given by: Z(ω) = ((iω)α Cα)−1 with
0 < α ≤ 1. The equivalent circuit employed here lacks any physical mean-
ing, and thus the parameters obtained for Ri and Cα give little information
regarding the real process happening at the electrode. This fitting procedure
was only employed to corroborate the compliance of the obtained parameters
to the stationarity and linearity conditions. As the experimental data deviate
only marginally from the fitted spectrum, it is deduced that the EIS response
fulfills the Kramers-Kronig conditions of linearity and stationarity.

The intercept of the impedance spectra with the Z′ axis at high frequencies
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Figure 4.5: Impedance spectra of a Ca metal
electrode recorded at the end of 100 h of po-
larization. Impedance recorded at under bias (-1 V
vs. Ca2+/Ca, continuous line) and after relaxation at
OCV (markers). Temperature: 100 °C, WE: Ca metal;
CE: Ca metal; RE: Ag ring.

corresponds to the resistivity (inverse of the conductivity) of the electrolyte
between the RE and WE. During the potentiostatic experiment, a constant
shift to higher Z′ values evidences the decrease in the ionic conductivity of
the solution, caused by the consumption of the salt (inset Figure 4.4b). This
agrees with a continuous SEI formation by electrolyte decomposition.

Subsequently, the potential of the electrode was left to relax to OCV, reaching
a stable potential of -0.1 V vs. Ca2+/Ca after 10 minutes, and the impedance
was remeasured (Figure 4.5). The difference between the two measurements
(at -1 V and at OCV) can be tentatively rationalized understanding the differ-
ent phenomena occurring at the two different potentials. At -1 V, the response
of impedance signal is the sum of: i) the calcium migration in the liquid, ii)
the desolvation of the calcium cation at the surface, iii) the migration of Ca2+

cations through the SEI, and iv) the plating of Ca2+ onto the metal surface.
In contrast, at OCV the amplitude of the impedance perturbation (20 mV)
is not enough to allow all these processes to happen, and thus only some of
them will be active, reducing the total impedance of the electrode. A similar
effect is observed with graphite or Li4Ti5O12 electrodes in lithium electrolytes,
which behave as blocking electrodes at OCV but showed a significant change
in the impedance upon negative polarization, as lithium intercalation in both
materials starts to take place [133, 134].

The deconvolution of the different phenomena occurring during the EIS mea-
surement could be obtained by fitting of the impedance spectra to a suitable
equivalent circuit or a transmission line model as described by other authors
[135]. However, particular care needs to be taken to guarantee the compliance
of the measured data to linearity, as described before, this project is left open
for future studies.

A symmetrical Ca||Ca cell was assembled and cycled at constant current.
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Figure 4.6: Galvanostatic cycling of a Ca working electrode in a 0.45 M
Ca(BF4)2 in EC:PC electrolyte Electrolyte prepared by heating treatment of the com-
mercial salt, as descried in Chapter 2.1 - page 17. Alternating current steps of 30 µA cm−2

and -30 µA cm−2 for 30 minutes each. Experiments performed at 100 °C using Ca CE and
Ag wire RE. Zoom of the highlighted areas in panel a) are presented in panels b) and c).

Figure 4.6 shows the evolution of the potential of one of the Ca metal elec-
trodes (measured in a 3-electrode cell configuration) when subsequent cycles
of 30 min of plating/stripping are applied at a current density of 30 µA cm−2.
In the first cycles, a sharp peak was recorded at the beginning of the strip-
ping step. Similar behaviour was previously reported for the first oxidation
of a calcium electrode in a DME-based electrolyte [136], and ascribed to the
breakdown of the SEI layer. After several cycles, this oxidation peak becomes
less evident, and while the total polarization between plating and stripping
grows in the first 20 h, the whole process almost stabilized. A possible ex-
planation for this evolution is a continuous change of the structure and ionic
conductivity of the SEI layer upon cycling, especially important during the
first cycles.

Later in this chapter, a detailed study of the passivation layer (or SEI) formed
on Ca electrodes is presented. Briefly, it was observed that the SEI formed
using a Ca(BF4)2-based electrolyte is rich in borate species which might be
responsible for the ionic conductivity of the layer. Therefore, a first at-
tempt to enhance the borate content of the SEI was carried out by chang-
ing the salt concentration in the electrolyte. Figure 4.7 shows the recorded
impedance spectra of calcium electrodes at OCV after being polarized at -1 V
vs. Ca2+/Ca for 100 h in 0.1-0.9 M Ca(BF4)2 in EC:PC electrolytes. A clear
trend is observed with the impedance decreasing as the salt concentration was
increased, the lowest value being recorded in the case of the 0.9 M solution.
While the origin of such differences remains unclear it can be indicative of
the formation of a SEI layer more favourable for cation transport at high salt
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Figure 4.7: Nyquist plots of calcium metal
electrodes at OCV after being polarized at
-1 V vs. Ca2+/Ca for 100 h in 0.1-0.9 M
Ca(BF4)2 in EC:PC electrolytes. Tempera-
ture: 100 °C, WE: Ca metal; CE: Ca metal; RE:
Ag ring.

concentration, even though the liquid electrolyte at such high salt concentra-
tion presents lower ionic conductivity and high viscosity (see Chapter 3, page
49). These are promising results towards the optimization of the Ca plating
and stripping kinetics, and a systematic characterization of passivation lay-
ers formed at different salt concentrations is underway in order to determine
the relationship between low impedance and SEI chemical composition and
morphology.

4.3 SEI formation: TFSI vs. BF –
4 based electrolytes

Contrary to the case of Ca(BF4)2 electrolytes, which allow calcium plating and
stripping at elevated temperatures, the use of electrolytes based on Ca(TFSI)2
results in completely featureless CV curves (Figure 4.8). In both cases, it is
expected that a surface layer covering the electrode is formed, which proper-
ties are likely to affect the migration of cations and thus the electrochemical
response. In this section a comparative study of the morphology and chemical
composition of the passivation films formed in both electrolytes is presented.

77



4. Electrochemical Characterisation of Electrolytes & SEI Formation

Figure 4.8: Cyclic voltammograms over a SS electrode of 0.45 M Ca(BF4)2

and Ca(TFSI)2 in EC:PC electrolytes. Cycles 1-9 are shown. Scan rate: 0.1 mV/s,
temperature: 100 °C, WE: SS; CE: Ca metal; RE: Ag wire, calibrated with Fc+/Fc.

4.3.1 Morphology

The morphology of the passivation layers formed electrochemically from the
two electrolytes was studied by transmission electron microscopy (TEM) with
the help of Dr. Carine Davoisne from the Laboratoire de Réactivité et Chimie
des Solides in Amiens (France). For the deposition of the films, nickel powder
particles were used as a working electrode without the addition of any binder
and were held in contact with the current collector by the glass fibre separator
and the spring in the Swagelok cell (see Chapter 6 - page 121 for details).
Figure 4.9 shows the obtained nickel particles before and after a potentiostatic
deposition at -1.4 V vs. Ca metal for 48 hours.

In the case of Ca(TFSI)2 based electrolyte, a 12-20 nm thick amorphous layer
covers homogeneously the nickel surface (Figure 4.9b). In contrast, in the
Ca(BF4)2 electrolyte, the deposit is thicker ∼70-80 nm (named SEI2) and
presents a polycrystalline morphology, as observed by the presence of well-
defined rings in the selected area electron diffraction in the inset of Figure
4.9d. The layer is composed of small crystallites of ∼10 nm in size and the
indexing of the diffraction pattern is in good agreement with that of CaF2.
In some areas, additional amorphous sheet-like features (named SEI1) are
observed.

Despite producing a much thinner surface layer, the Ca(TFSI)2 based elec-
trolyte does not allow for reversible plating/stripping of Ca metal, which sug-
gest that this layer has remarkably low ionic conductivity, and thus a mere
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Figure 4.9: Bright field TEM images of Ni particles before and after formation
of a surface layer. a) pristine Ni particles, b) nickel particles after 48h deposition in
Ca(TFSI)2-based electrolyte. c) and d) nickel particles after deposition in Ca(BF4)2-based
electrolyte. Red and blue dotted lines are as a guide for the eye to indicate the thickness
of each passivation layer. The inset in panel d) corresponds to the diffraction pattern
associated to the deposit.

20 nm are sufficient to passivate fully the electrode. In contrast, the surface
layer produced using the Ca(BF4)2 based electrolyte seems much less com-
pact, resembling an organic polymeric deposit in which the CaF2 crystallites
are embedded.

4.3.2 Chemical Composition

In an attempt to link the ionic conductivity of the deposited surface layers
to a difference in composition, the surface layers produced using Ca(BF4)2
and Ca(TFSI)2 based electrolytes were analysed by XPS, FTIR and Elec-
tron energy loss spectroscopy (EELS). The XPS and EELS experiments were
carried out in collaboration with, respectively, Dr. Rémi Dedryvère from the
Institut des Sciences Analytiques et de Physico-Chimie pour l’Environnement
et les Matériaux (IPREM) in Pau and Dr. Carine Davoisne from the Lab-
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Figure 4.10: XPS spectra of the passivation layers over Ca and Mg electrodes in
different electrolytes. a) 0.45 M Ca(TFSI)2 in EC:PC, b) 0.45 M Ca(BF4)2 in EC:PC,
and c) 0.45 M Mg(TFSI)2 in EC:PC. The surface layers were prepared by polarizing metallic
electrodes for 48h at -1.4 V vs. Ca or Mg metal RE, accordingly. The binding energy scale
was calibrated by the C 1s peak from hydrocarbon contamination at 285.0 eV.

oratoire de Réactivité et Chimie des Solides (LRCS) in Amiens. The IR-
microspectroscopy experiments were performed at the MIRAS beamline at
ALBA synchrotron radiation source, with the assistance of Dr. Ibraheem
Yousef.

The C 1s, Ca 2p, F 1s and B 1s XPS spectra of calcium disks polarized at -1.4
V vs. Ca metal at 100 °C for 48 h in either Ca(TFSI)2 or Ca(BF4)2 based
electrolytes is shown in Figure 4.10, with the corresponding quantitative ele-
mental distribution summarized in Annex E. For the two disks, the signal of
the metallic calcium was not detectable, meaning that in each case the calcium
surface is covered by a thicker layer than the maximum depth that the XPS
can probe (∼10 nm). The surface layer produced by the Ca(TFSI)2 based
electrolyte could be recorded without any charge compensation, whereas the
one from Ca(BF4)2 based electrolyte could not. These observations indi-
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cate an important difference in chemical composition, affecting the electronic
conductivity of the film, as much as a difference in their thickness [137], in
agreement with TEM observations.

The Ca(TFSI)2 disk was characterised by a substantial quantity of carbon-
ate, accompanied by mono- and di-oxygenated carbon atom environments
from undefined species. In the Ca 2p spectrum, additionally, two satellite
(plasmon) features are observed at +8 eV from 2p3/2 and 2p1/2 main peaks
(355.5 and 359 eV) correspond with previous reports of CaCO3 and CaO [138,
139].

In the B 1s spectrum of the film produced by the Ca(BF4)2 based electrolyte,
a great amount of boron (∼14%) was observed. The electron binding energy
found for the B 1s peak (Figure 4.10b) correspond to a boron in an oxygenated
environment, in contrast to the original B F coordination which would pro-
duce a peak centered above 195 eV [140]. The absence of B F groups reveals
a complete displacement of the fluoride ligands by oxygen atoms, in agree-
ment with previous reports on the labile character of the tetrafluoroborate
anion [141]. Additionally, the C 1s spectrum shows that the surface con-
tains much lower proportion of carbonate (∼8% CaCO3) when compared with
the Ca(TFSI)2-derived layer, although the total contribution of other carbon
species (C C, C H and C O) corresponds to ∼35 at.% of the surface for
BF –

4 , instead of ∼16 at.% for TFSI. The higher content of carbon (aside from
CO 2–

3 ), boron and oxygen in the BF –
4 -derived SEI suggests that this surface

layer is much richer in organic species than the TFSI-derived one, possibly
comprising the formation of polymeric species containing boron.

Finally, a higher content of fluoride is detected in the surface layer produced
by Ca(BF4)2 based electrolyte, agreeing with the large amount of crystalline
CaF2 observed by TEM and with the very low electronic conductivity of the
sample’s surface which required charge compensation when performing the
XPS measurements.

The passivation layer formed in a Mg surface in a Mg(TFSI)2 electrolyte
resembles the one produced in the equivalent calcium case (Figure 4.10c),
although it is much thinner, allowing the detection of Mg metal in the XPS
measurement. A high content of MgCO3 is formed, as a result of carbonate
solvent decomposition, as was the case for the Ca(TFSI)2 electrolyte. A
carbonate-rich layer appears to block entirely the electrochemistry of both
Ca and Mg metal electrodes, in agreement with the high migration energy
barriers calculated for the cations in this materials (1436 and 1814 meV in
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CaCO3 and MgCO3, respectively) [142].

In order to gain more information about the chemical species present in both
surface layers, IR spectra were measured and compared with some relevant
reference compounds (Figure 4.11). The spectrum of the film formed in the
TFSI based electrolyte showed no distinguishable bands, because the SEI
was too thin and the total mass of deposited species was too low to be clearly
detected. In contrast, in the FTIR spectrum of the film deposited from the
BF –

4 based electrolyte, several bands can be assigned to a number of functional
groups, including ∼3500 cm−1 the O H stretching, ∼2900 cm−1 the C H
stretching, 1850-1700 cm−1 the C O stretching, ∼1073 cm−1 the C( O) O
stretching, and ∼780 cm−1 the CH2 rocking. These vibration modes were
assigned by comparing the obtained IR spectra to the reported assignment for
EC or PC pure solvents [143, 144], and thus it is concluded that some solvent
molecules remain trapped in the SEI layer, or that the decomposition products
generated by electrolyte decomposition maintain these functional groups. For
example, the strong absorption bands observed between 1750-1800 cm−1 may
arise from ring-opening decomposition of EC or PC, in which the solid product
deposited on the surface keeps the C O or C( O) O moieties [11].

Figure 4.11: IR spectra of the surface layer deposited in Ca(TFSI)2 and
Ca(BF4)2 based electrolytes, compared to some reference compounds. The bands
marked with ° indicate vibrations of the [BO3] or [BO4] moieties.
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Table 4.1: Fundamental vibration modes of [BO3] and [BO4] groups.

Mode [BO3] [BO4]
ν1
symmetric str. ∼950 cm−1 IR inactive < 950 cm−1 IR inactive

ν2
out-of-plane bend. ∼750 cm−1 IR active < 600 cm−1

IR inactive -
doubly
degenerated

ν3
asymmetric str. ∼1250 cm−1

IR active -
doubly
degenerated

∼1000 cm−1
IR active -
triply
degenerated

ν4
in-plane bend. ∼600 cm−1

IR active -
doubly
degenerated

∼600 cm−1
IR active -
triply
degenerated

As it was previously established that the SEI produced in the Ca(BF4)2
based electrolyte contains significant amounts of boron in oxygenated en-
vironment, the spectra of two model compounds were used as reference:
Ca(BOB)2(DME)2, and Ca3B2O6, containing tetragonal or trigonal boron
moieties, respectively (Figure 4.11). Previous spectroscopic analysis of [BO3]
trigonal and [BO4] tetrahedral groups established that both structures present
four fundamental vibration modes (Table 4.1) [145]. The ν3, being IR ac-
tive and intense, will serve as a probe for the coordination environment for
boron. It is located at ∼1000 cm−1 for [BO4] groups (band at 1089 cm−1 for
Ca(DME)2(BOB)2) and ∼1250 cm−1 for isolated [BO3] groups (band at 1219
and 1269 cm−1 in Ca3B2O6). In the IR spectrum of the SEI layer produced in
Ca(BF4)2, the band located at ∼1336 cm−1 is assigned to B O stretching, in
what is hypothesised as [BO3] coordination. This hypothesis will be corrob-
orated later by complementary techniques as EELS. The higher wavenumber
of this mode, when compared to the model calcium borate Ca3B2O6, suggest
that the [BO3] moieties are not isolated, like in the case of Ca3B2O6, but
rather are part of a bigger molecule producing stronger B O links.

While FTIR spectra obtained by diffuse reflectance provide an average con-
tribution of different compounds present in a relatively large area of analysis
(typically few mm2), synchrotron FTIR-microspectroscopy can resolve the
different contributions from different regions of the deposit with a spatial res-
olution of 50 µm × 50 µm. Figure 4.12a shows the IR spectra measured at
two different points, A and B, across the surface of the Ca(BF4)2-derived SEI.
Clearly different compounds are present in different proportions in these two
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Figure 4.12: FTIR-microspectroscopy analysis of the Ca(BF4)2-derived SEI. a)
IR spectra of regions A and B marked in panel b) and c). b) and c) Optical image of the
working electrode covered with the surface layer (top view), showing the distribution of the
two analysed bands across the surface.

points, and their distribution is not homogenous across the surface, as shown
in Figure 4.12b and 4.12c. In the IR spectrum measured at point A, the band
centered at 1415 cm−1 has been attributed to a CH2 bending vibration, with
other vibrations typical from this group observed at 1191 and 775 cm−1. On
the other hand, the IR spectrum recorded at point B shows a band centered at
1336 cm−1 which was attributed, as mentioned before, to the B O vibration
in [BO3] groups. The spatial distribution of the two components, displayed in
Figure 4.12b and 4.12c, shows a high inhomogeneity in the µm range, which
is expected to impact the cycling behaviour when such a passivation layer
covers the surface of the electrode.

The deposits were also studied by EELS and the normalized spectra of B K-
edge, Ca L2,3 edge, O K-edge are presented in Figure 4.13, together with the
spectra of some reference compounds. In the case of the Ca(TFSI)2-derived
deposit, the presence of calcium and oxygen is clearly visible in the spectrum.
The position and shape of the Ca L2,3 edge is similar to the other calcium
compounds (e.g. CaB2O4, CaF2), but the exact chemical environment of Ca
cannot be determined due to the low sensitivity of the Ca edge to the Ca
coordination (as demonstrated in Figure 4.13b).

In the case of the Ca(BF4)2 based electrolyte, the EELS measurements were
performed in the two different areas observed by TEM (SEI1 and SEI2 in
Figure 4.9). Figure 4.13a shows the EELS spectra on the B K-edge for the
SEI1 structure, together with the spectra of BPO4 and Ca(BF4)2 as refer-
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Figure 4.13: Normalized EELS spectra of the deposited films in 0.45 M
Ca(BF4)2 and 0.45 M Ca(TFSI)2 electrolytes in EC:PC, compared to refer-
ence compounds. a) B K-edge, b) Ca L2,3-edge, and c) O K-edge regions.

ences for tetra-coordinated boron and CaB2O4 as reference for tri-coordinated
boron. In the case of Ca(BF4)2, in the B K-edge the main peak σ∗ appears
at 200.8 eV, in agreement with previous studies on metal-BF4 compounds
[146]. Similar peak positions were observed for BPO4 with the most promi-
nent contribution σ∗ at 198.9 eV and a second peak at 203.2 eV. In contrast
with CaB2O4, in which the main component π∗ and a broader σ∗ appeared
at 194.2 and 203 eV, respectively. The peaks position and shape of these
two references are in agreement with previous EELS studies on minerals with
boron in trigonal and tetrahedral coordination, respectively [147, 148]. The
B K-edge obtained on SEI1 is composed of a primary π∗ peak at 194.3 eV and
followed by a broader σ∗ peak at 201.3 eV. These signatures correspond in po-
sition and shape to the signal of a boron in a BO3 coordination environment
confirming the FTIR analyses.

4.3.3 Mechanisms of SEI formation

It was observed that the surface layer produced using the Ca(TFSI)2 based
electrolyte is composed mainly by calcium carbonate and other carbonaceous
species, produced by solvent decomposition. Remarkably, little anion de-
composition is observed, even when previous reports on the electrochemical
stability of TFSI suggest that it would decompose at potentials above the
calcium redox potential [149]. In contrast, the surface layer in the Ca(BF4)2
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based electrolyte was found to be composed by CaF2 and borates, produced
by anion decomposition.

The difference between solvent-derived and anion-derived surface layers is
hypothesised to be the result of differences in the cation solvation shell in the
electrolyte. Indeed, as studied in Chapter 3 (Physicochemical Properties, page
64), the Ca2+ solvation shell in a 0.45 M Ca(TFSI)2 in EC:PC electrolyte will
be composed entirely by solvent molecules, while the same composition using
Ca(BF4)2 salt results in some degree of BF –

4 anions in contact with the cation.
Upon negative polarization of the WE, cations will migrate to the surface
carrying their solvation shell with them and depleting the surface of negatively
charged species (e.g. free anions). When the potential of the electrode reaches
a sufficiently negative value, the nearby solvents will decompose reductively,
and the products will precipitate in the surface. In the case of carbonate
solvents, this decomposition results in calcium carbonate and alkoxides which
cover entirely the surface and block further electrochemical reactions [150].

In the case of the Ca(BF4)2 based electrolyte, it was observed that a significant
fraction of ion-pairs persists in solution. As the ion pairs are still positively
charged ([Ca BF4]+) they will still tend to accumulate in the surface of the
WE upon polarization, leading to a substantial concentration of anions at
the interface. The BF –

4 anion is not expected to be directly susceptible to
reduction, but it can suffer from a nucleophilic attack of a nearby generated
alkoxide groups, as shown in Figure 4.14. The nucleophilic substitution is
further facilitated by the formation of solid CaF2 which precipitate at the
surface of the electrode favouring complete anion decomposition.
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Figure 4.14: Possible decomposition pathway of a BF –
4 electrolyte upon reduc-

tion in the surface of a Ca metal electrode.

4.3.4 Decoupling SEI composition and electrolyte formulation

The passivation layers formed in TFSI or BF –
4 -based electrolytes were found

to differ significantly in composition, the former contains mostly carbonates,
whereas the latter contains mostly borates, CaF2 and organic (polymeric)
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Figure 4.15: Cyclic voltammograms of pre-passivated stainless-steel electrodes
previously covered with a borate containing passivation layer. Cycling at 0.1 mV
s−1 using 0.45 M in EC:PC electrolytes based on either Ca(TFSI)2 (red curve) or Ca(BF4)2

(blue curve) at 100 °C. CE: Ca metal, RE: Ca metal.

species. As aforementioned, TFSI-based electrolyte does not allow for Ca
plating and stripping which can only be achieved when Ca(BF4)2 salt is used
(Figure 4.8).

In order to ascertain the role of the passivation layer, a pre-passivation pro-
tocol was established, in which a stainless-steel electrode was cycled at 0.1
mV s−1 between 0.1 and -1.4 V vs. Ca metal for 10 cycles, in a 0.45 M
Ca(BF4)2 in EC:PC electrolyte. The cycling was performed at 100 °C using
three-electrode cells with calcium disks as reference and counter electrodes.
After the 10 cycles, the cells were disassembled, the electrodes were washed
thoroughly using dimethyl carbonate and dried under vacuum before the cell
were reassembled using the same three electrodes. This passivation protocol
covered the stainless steel working electrode by a borate containing passiva-
tion layer as described in the previous section. Figure 4.15 shows the electro-
chemical plating/stripping curves using such pre-passivated substrates, which
were transferred to new cells and cycled in a 0.45 M Ca(TFSI)2 in EC:PC
electrolyte. After pre-passivation, not only Ca plating and stripping can be
observed in TFSI-based electrolyte but a remarkable increase in the charge
associated with Ca stripping (220 vs. 28 mC cm−2) and decrease of the po-
larization (ipa-ipc = 250 vs. 670 mV) are observed in the 0.45 M Ca(TFSI)2 in
EC:PC (red curve) electrolyte when compared to the one employing BF –

4 (blue
curve).
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This difference in reaction kinetics is attributed to the different solvation en-
vironment of calcium cations in the two electrolytes. As described in Chapter
3, the TFSI based electrolyte is expected to present much lower degree of ion
pairing than the corresponding one employing BF –

4 . As the solvation shell
in the former case will be composed entirely by solvent molecules, the de-
solvation of the cation (a required step prior to metal plating) will be less
penalized energetically resulting in faster kinetics. This difference in plating
kinetics is further supported by the difference in binding energy between Ca2+

and a solvent molecule and between Ca2+ and an anion (binging energy of
Ca2+-EC = 380 kJ mol−1 and Ca2+-TFSI = 1162 kJ mol−1 reported in Ref.
[106]). This experiment highlights the importance to optimize the electrolyte
formulation, not only to produce ionically conductive surface layers, but also
to minimize the desolvation energy of the divalent cations in solution.

4.4 SEI-forming additives

Given the previous results that suggest that the presence of a borate com-
pound is responsible for the Ca2+ migration, a possible strategy to promote
the borate-containing SEI layers is the addition of a boron-based additive. As
has been studied before, SEI-forming additives must readily decompose upon
reduction forming suitable decomposition products that enhance the overall
performance of the SEI [151].

Trifluoroborate complexes (BF3·X, X = cyclic or linear carbonate) were em-
ployed recently as additives for LIBs in Li[NixCoyMnzO2] || graphite cells [152].
Higher capacity retention and lower cell impedance were reported when the
additives were used with the 1 M LiPF6 in EC:EMC (3:7 wt.%) electrolyte.
While the SEI formed on the graphite electrode was not fully characterized,
elemental analysis after cycling evidenced up to 8 at.% of boron, suggesting
the presence of the trifluoroborate complex decomposition products in the
SEI.

In this section, the use of a trifluoroborate complexes as additives in calcium-
metal battery electrolytes is reported. Initially the use of commercial tri-
fluoroborate-diethyletherate (BF3·DE) is presented, and the influence of the
additive content and of cycling conditions is evaluated to find the optimal
operation parameters for the Ca plating/stripping. A second, related family of
additives, using carbonate molecules instead of diethylether, is presented and
preliminary results in their preparation and electrochemical characterization
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are reported.

4.4.1 General comparison between Ca(BF4)2, Ca(TFSI)2 and
Ca(TFSI)2 + BF3·diethylether electrolytes

Cyclic voltamogramms of a 0.4 M Ca(TFSI)2 in EC:PC electrolyte, with
and without the addition of 2wt.% of BF3·DE, are shown in Figure 4.16.
For the sake of comparison, the cyclic voltammogram measured in a 0.45 M
Ca(BF4)2 in EC:PC electrolyte is also shown. As discussed before, without a
pre-passivation step, the use of Ca(TFSI)2 electrolyte results in the absence
of any significant redox features given the blocking nature of the surface layer
formed on the working electrode. By contrast, using an electrolyte containing
Ca(BF4)2, a reduction wave can be observed with an onset potential at about
-0.07 V vs. Ca2+/Ca. This reduction process, ascribed to Ca plating, is at
least partially reversible and the associated oxidation peak (Ca stripping) has
an onset potential at ca. 0.14 V vs. Ca2+/Ca.

By adding 2wt.% of BF3·DE to the Ca(TFSI)2-based electrolyte, some in-
tense reduction processes can be observed (orange trace in Figure 4.16). In
the first cycle, sharp reduction peaks are present between 2.6 and 1.2 V vs.
Ca2+/Ca, attributed to decomposition of electrolyte components, promoted
by the BF3 additive, possibly involving gas evolution, which would explain the
spikes in the reduction current. This electrolyte decomposition process contin-
ues during the entire cycling, generating a residual reduction current (similar
to the observed before for Ca(BF4)2) which acts as a background for further

Figure 4.16: Cyclic voltammograms of 0.45 M Ca(BF4)2 and 0.4 M Ca(TFSI)2

(with and without BF3·DE additive) in EC:PC electrolytes, over a SS elec-
trode. a) 1st cycle, and b) 6th cycle. Measurements done at 100 °C and 0.1 mV s−1. RE:
Ag wire (calibrated with Fc+/Fc), and CE: Ca metal.
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reduction or oxidation processes. Compared to the case of Ca(BF4)2 elec-
trolyte, the Ca(TFSI)2 + BF3·DE system shows significantly lower residual
reduction current, implying that the electrolyte reduction is more efficiently
suppressed after the first cycles.

A second important reduction event starts at potentials slightly above 0 V
vs. Ca2+/Ca which involves more electrolyte reduction concomitant with
calcium metal plating. The observation of Ca metal plating occurring at
potentials above Ca2+/Ca is ascribed to the low reproducibility of the Ag
RE potential, as has been observed before. More details about the Ag RE
calibration and possible shift during plating are presented in Chapter 6 -
Experimental methods, page 122 or further down in this Chapter (page 93). In
oxidation, a sharp peak is observed, corresponding to calcium metal stripping
from the working electrode, comparable to the one observed in the Ca(BF4)2
electrolyte.

4.4.2 Optimization of additive content and cycling protocol

In order to better understand the impact of BF3·DE on Ca plating and
stripping, several weight contents of the additive were tested. CVs obtained
with 0.1, 0.5, 2, 4, or 8wt.% of BF3·DE are shown in Figure 4.17. Upon
the first cathodic scan, a sharp reduction peak is observed at about 2.6 V vs.
Ca2+/Ca followed by broader reduction waves at lower potentials. The overall
charge passed through the cell in the first cathodic scan (between OCV and
-1.0 V vs. Ca2+/Ca), increases with the amount of additive in solution with
about -340, -400, -700, -1680 and -3320 mC for 0.1, 0.5, 2, 4, and 8 wt.% of
BF3·DE respectively. Upon the first anodic scan, clear Ca stripping peaks
were only observed with 0.5 and 2 wt.% BF3·DE solutions. For electrolytes
containing 2 wt.% or more, a residual reduction current can be seen after the
Ca stripping peak above 0.5 V vs. Ca2+/Ca.

Upon cycling, the residual reduction current significantly decreased, indicat-
ing the formation of an effective passivation layer and/or the consumption
of the additive in solution. In the meantime, the Ca stripping peaks evolved
differently depending on the initial additive content. The stripping current
decreased significantly after six cycles in the solution containing 0.5 wt.%
BF3·DE (Figure 4.17b). Further cycling resulted in featureless CV curves
pointing at the formation of fully blocking passivation layers, similar to the 0.1
wt.% BF3·DE (Figure 4.17a) or the pure Ca(TFSI)2 electrolytes. For higher
additive content (2 wt.% and above) an increase in the stripping capacity
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Figure 4.17: Cyclic voltammetry of a 0.4 M Ca(TFSI)2 in EC:PC electrolyte
with the addition of BF3·DE at different weight percentages. Cycling at 100 °C
and 0.1 mV s−1 using Ca as CE and Ag as RE (calibrated against Fc+/Fc). cycle 1: dark
brown, and cycle 6: orange.

was recorded upon the first few cycles. Overall, the electrolyte containing 2
wt.% of BF3·DE was found to present the highest and most stable calcium
stripping charge upon cycling and was selected as optimal concentration.

Another parameter that is expected to influence the SEI formation during
reduction is the lower cutoff voltage during the CV, therefore different cutoff
voltages on reduction were evaluated (-0.7, -1.1 and -1.5 V vs. Ca2+/Ca,
Figure 4.18a). The first effect observed by setting a more negative cutoff is
that the residual reduction current decreases. This might be attributed to a
time effect, as polarizing the cell towards lower voltage values increases the
total time that the working electrode is held at reductive potentials, requiring
less cycles to complete irreversible parasitic reduction processes such as SEI
formation in order to achieve full electrode coverage.

Additionally, the cutoff voltage on reduction was found to impact the amount
of calcium metal deposited per cycle. As a part of the current associated with
the reduction wave is consumed in SEI formation, we estimate the amount of
calcium deposited on each cycle by integrating the corresponding oxidation
peak, which is supposed to correspond only to calcium stripping. For the first
three cycles, rather similar stripping charge were recorded regardless of the
cutoff voltage (between 20 and 27 mC, Figure 4.18b). However, a significant
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Figure 4.18: Effect of the reduction cutoff voltage in the cycling of a 0.4 M
Ca(TFSI)2 in EC:PC electrolyte containing 2 wt.% of BF3·DE. a) sixth cycle of
the CV down to different reduction cutoff voltages, measured at 100 °C and 0.1 mV s−1

using SS as WE, Ca as CE, and Ag as RE (calibrated against Fc+/Fc). b) Evolution of the
stripping charge upon cycling depending on the reduction cutoff voltage.

drop of the stripping charge was observed for the cell cycling down to -0.7 V
vs. Ca2+/Ca while an increase was observed for -1.1 and -1.5 V vs. Ca2+/Ca.
Eventually, the charge decreases also for the cell cycling down to -1.1 V vs.
Ca2+/Ca with the highest obtainable charge being around 37 mC at the 7th

cycle. When the cutoff voltage is set to -1.5 V vs. Ca2+/Ca, the charge per
cycle continuously increases until reaching a constant 40 mC at cycle 15 and
above.

While the origins of the stripping charge decay observed for the cycling at
-0.7 and -1.1 V vs. Ca2+/Ca remain unclear, three possible reasons (or com-
bination of these) can be foreseen:

1. Considering the poor reliability of the silver pseudo-reference electrode,
any significant change in the electrolyte could result in a potential shift
which could affect Ca plating. Even when the potential of the reference
electrode was calibrated prior to the measurements (as described in the
Methods section), an overall shift of the CV curves was observed in
some cases during cycling (Figure 4.19), explaining, for example, why
the plating begins at potentials higher than 0 V in the orange trace of
Figure 4.16a.

2. Any increased overpotential for Ca plating during cycling would even-
tually result in limited Ca electrodeposition (depending on the lower
cutoff voltage).

3. Applying a more negative potential to the working electrode promotes
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Figure 4.19: Evidence of the drift in the potential of the Ag wire used as
reference electrode. CVs of a Ca(TFSI)2 electrolyte in EC:PC containing 2wt.% of
BF3·DE measured at 100 °C and 0.1 mV s−1, and using SS as WE, Ca as CE, and Ag
as RE. The potential of the reference electrode was calibrated with Fc+/Fc prior to the
measurement to convert it to Ca2+/Ca scale.

the formation of a better-performing SEI layer which is able to sustain
more cycles of Ca plating and stripping. Deeper studies are underway
in order to characterize the SEI layer formed at different potentials, but
preliminary results suggest that the additive promotes the decomposi-
tion of the carbonate solvent at reducing potentials, producing borate-
containing solid layers that resemble the SEI formed in Ca(BF4)2 elec-
trolyte.

4.4.3 BF3·carbonates as SEI forming additives

It has been shown that the addition of a commercial BF3-adduct allows the
reversible plating and stripping of Ca from a previously inactive Ca(TFSI)2
electrolyte solution. It is believed that this effect is the result of the formation
of a Ca2+-conductive layer on the surface of the working electrode, possibly
containing borate species in a polymeric matrix. However, the purity of the
commercial adduct was observed to vary significantly between sources and
between batches, which can impact the reproducibility of the experiments.
Additionally, the BF3·DE is a volatile liquid which readily dissociates and
releases BF3(g), posing a difficulty to its safe handling.

Alternatively, crystalline solids are obtained when BF3 is complexed by a
carbonate molecule, such as EC or PC. Previous reports on their prepara-
tion and use as additives in LIBs show improvement in the rate stability of
LIB materials [152–154]. In this section, preliminary results on the prepa-
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ration, characterization and electrochemical performance of some of these
BF3-carbonate complexes are presented.

4.4.3.1 Synthesis of the adducts

The materials were obtained following a previously reported method [152] and
in the same fluorine line employed for the anhydrous synthesis of Ca(BF4)2
shown in Chapter 2, page 25. The reaction vessels consisted in a FEP tube (6
mm inner diameter, 21 cm long; V = 5.9 mL) equipped with a PTFE valve.
The reaction vessels were passivated with F2 prior to use. Typically, ∼170 mg
(∼1.9 mmol) of the corresponding liquid carbonate (or lactone) were loaded
in the reaction vessel inside a nitrogen-filled glovebox. The reaction vessel
was then connected to the vacuum line, cooled down in a liquid-nitrogen bath
and evacuated to remove the inert gas inside.

Stepwise additions of ∼0.4 mmol of BF3 were condensed into the FEP reaction
vessel using a liquid-nitrogen bath. The reaction vessel was warmed up slowly
after each addition to allow complete reaction and to follow its evolution
(Figure 4.20). In all cases, the initially clear solution turns into a cloudy
suspension after the initial addition steps. The fraction of solid in the reactor
increases as the addition continues. A complete consumption of the BF3 after
each addition was evidenced by a negligible vapour pressure (< 5 torr) inside
the reactor.

After the equivalent point was reached, the reactor was left overnight with
a slight overpressure of BF3 (∼50 torr, 0.02 mmol). The vessel was then
evacuated, transferred to a glovebox and the solid product was slightly ground
with a metallic rod. A final addition of ∼0.4 mmol of BF3 was done and the

Figure 4.20: Evolution of the reaction between DMC and BF3. Reaction vessel
after the addition of a) 0.4eq. of BF3, b) 0.8eq. of BF3, and c) 1eq. of BF3.
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Figure 4.21: Characterization of the prepared BF3·EC adduct. a) Structure
obtained by single-crystal XRD. Ellipsoids are drawn for a probability of 50%. C, grey; F,
light green; O, red; B, pink. b) IR spectra of the pure EC and the obtained solid BF3·EC
adduct

reaction was left for 24 h to ensure completeness. The vessels were then fully
evacuated at -20 °C to avoid the decomposition of the solid complex and
transferred to the glovebox. The white solid was recovered in all cases and
stored until further analysis.

4.4.3.2 Characterization

Before the last grinding step, crystals of good quality were collected and anal-
ysed by single-crystal XRD at 150 K and under a protective nitrogen flow.
Special care was taken to avoid any exposure to oxygen or water from the at-
mosphere, as it would provoke the decomposition of the product. The refined
molecular structure of the adduct is presented in Figure 4.21a, confirming the
formation of the desired adduct. The refining parameters are presented in An-
nex 2 and agree with the previously reported orthorhombic crystal structure
(CCDC 1972338) [152].

The solid product was analysed by ATR IR inside the glovebox and the IR
spectrum obtained is shown in Figure 4.21b, together with the spectrum of
pure EC. Compared to the IR spectra reported previously in the literature
[152], the one presented here shows much lower presence of unreacted EC
which allows better interpretation.

The C O stretching vibration of the adduct shows a redshift of 127 cm−1

units from the original 1795 cm−1 position of the pure EC. This important
displacement is the result of the bonding of the BF3 trough the carbonyl
oxygen, which produces a decrease in the electronic density in the C O double
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Figure 4.22: Electrochemical behaviour of a 0.4 M Ca(TFSI)2 in EC:PC elec-
trolyte after the addition of 1 wt.% BF3·EC a) CV over a SS working electrode, at
100 °C and 0.1 mV s−1, and using Ca as CE and Ag wire as RE (calibrated with Fc+/Fc).
b) IR spectrum of the deposit surface layer on the working electrode after cycling, compared
to the surface layer produced in the Ca(BF4)2 based electrolyte (without additive).

bond and a subsequent bond elongation, from 1.188(3) Å for pure EC to
1.2500(16) Å in BF3·EC [155]. The vibrational modes associated with the
BF3O group were assigned by comparison with other similar BF3 adducts
[152, 156], and to the reported BF3(g), which only present three active bands
located at 482, 719, and 1504 cm−1 [157, 158]. The bands located at 603, 775
and 1136 cm−1 are attributed to vibrations involving the terminal BF3, and
the band at 840 cm−1 to the stretching of the B O bond.

4.4.3.3 Electrochemical behaviour

The behaviour of BF3·EC as additive for calcium plating was tested using
similar conditions than previously for BF3·DE, that is, cycling at 0.1 mV
s−1 and 100 °C down to -1 V vs. Ca2+/Ca (-4.2 V vs. Ag wire) using a
concentration of 1 wt.%. The CV obtained for a 0.4 M solution of Ca(TFSI)2
in EC:PC containing BF3·EC is shown in Figure 4.22a. Compared to the
CV obtained using the commercial additive (BF3·DE), the reduction process
presents far less noise, which would be related to a lower production of gas
bubbles. However, the charge density for both plating and stripping is lower
than the previous case, which suggests that the concentration and cycling
conditions for this additive would need to be further optimized.

After cycling, the SS working electrode was recovered, washed and analysed by
IR spectroscopy. Figure 4.22b shows the obtained spectrum, compared to the
individual components of the electrolyte solution (EC:PC mixture and solid
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Figure 4.23: Proposed mechanism for the formation of cross-linked boron poly-
mers by BF3-promoted EC decomposition.

Ca(TFSI)2). Remarkably, the SEI formed in the Ca(TFSI)2 electrolyte after
the addition of the BF3·EC additive highly resembles the one produced in the
Ca(BF4)2 electrolyte (without additives) described in Section 4.3 and shown
in Figure 4.22 for comparison. This finding suggest that the SEI produced
in this case is composed by similar boron-containing polymers, although the
profile of the band between 1250-1550 cm−1 presents a different shape. As the
B O vibrations are expected to lie in this range, it is possible that the exact
molecular structure of the boron polymers formed in this case is different than
the one produced in the Ca(BF4)2 electrolyte.

Regarding the mechanism for the SEI formation, it is expected that the bond-
ing to such a strong Lewis acid, like BF3, would promote the reductive ring
opening of the EC molecules (Figure 4.23). This effect has been observed,
for example, in the favourable reduction of solvent or anions participating
in the solvation shell of a metal cation (which also behaves as a Lewis acid)
[159]. After the ring opening, the boron centre can be further attacked by
a nucleophilic group, e.g. an alkoxide produced by EC or PC decomposition
[150, 160], releasing F– which precipitates as CaF2.

BF3 is not the only Lewis acid which is expected to behave this way, other elec-
tron acceptors can promote the reductive decomposition of solvent molecules
and influence the formation of the SEI layer. For example, tris(pentafluo-
rophenyl)borane (TPFPB) has been extensively studied as additive in LIB
electrolytes [161], where it enhances the solubility of LiF (an undesired SEI
product). However, on the light of the present results, we believe that TPFPB
can also bind to the carbonate solvents and promote their decomposition, af-
fecting substantially the SEI, far beyond the simple LiF dissolution.
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4.5 Summary and Conclusions

Given the very low redox potential of a metallic calcium electrode, it will tend
to reduce the electrolyte which is put in contact with. The reduction of the
electrolyte solution (composed by solvent + salt + additives) can result in
two different scenarios: i) formation of soluble and/or gaseous products, like
is probably the case for Ca(TFAB)2 based electrolytes, in which the surface of
the electrode is not passivated and a continuous reduction of the electrolyte
occurs; and ii) formation of insoluble products which accumulate on the work-
ing electrode forming a surface layer, which is the case of both Ca(TFSI)2 and
Ca(BF4)2 based electrolytes.

If the surface layer generated is not ionically conductive, further electrochem-
ical reactions are completely blocked. This is the case of the Ca(TFSI)2-
derived passivation layer, composed mainly of CaCO3 and other inorganic
species - product of the carbonate solvent decomposition. On the contrary, if
the surface layer is ionically conductive, calcium plating and stripping can be
achieved with higher or lower rate depending on its conductivity. This is the
case of the Ca(BF4)2 based electrolyte, where Ca2+ migration is aided by the
presence of some borate polymer - product of anion decomposition.

Remarkably, the origin of the surface layer components (either anion or sol-
vent decomposition) appears to be linked to the solvation shell of the cations
in solution. This relation between cation solvation shell and SEI composi-
tion on the metal has gained much attention recently and opens a way for
SEI-engineering through solvation shell manipulation, that has been so far
unexplored in the field of lithium-ion batteries.

It was shown, additionally, that if a suitable SEI layer is pre-formed by elec-
trochemical means, for example, it could be transferred to other electrolytes
and allow metal plating and stripping. In this case, the reaction kinetics are
governed by the desolvation energy barrier of the cation. Unfortunately, the
passivation layer formed in this study was not enough to prevent further elec-
trolyte decomposition, and the electrochemical response diminishes quickly
after few cycles. Further optimization of the passivation protocol is needed
to produce more stable, and more homogeneous, SEI layers that can be easily
transferred between different electrolyte solutions. Alternatively, other treat-
ment methods can be developed to produce borate-containing artificial SEI
layers which may allow Ca2+ migration.

Lastly, a family of BF3-adducts was proposed as additives for calcium-metal
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batteries, as they promoted the formation of borate polymers on the metal
electrode. Although this kind of additives has been previously suggested to
increase the cycle life of lithium-ion batteries, their role in the SEI forma-
tion was never elucidated. This results pave the way for other Lewis acid
molecules to be considered as SEI-forming additives in calcium and other
battery chemistries.
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Conclusions and Perspectives

The formulation of electrolytes for divalent metal batteries, i.e. the mixture
of salt, solvent and additives, was studied from three complementary points
of view: development of new salts, optimization of macroscopic properties,
and electrochemical compatibility with Ca and Mg metal electrodes.

From the point of view of the salt, it was evidenced that the BF –
4 anion

displays a particular tendency to hydrolysis in the presence of Ca2+ (and
presumably Mg2+), especially at elevated temperatures. This impedes the
preparation of dry electrolytes by simple thermal methods and results in sig-
nificant contamination from soluble hydrolysis products. Therefore, several
anhydrous synthesis routes were explored to produce battery-grade Ca-salts.
The methods employed can easily be extended to other calcium salts or the
magnesium analogues and thereby provide a broader range of possibilities for
electrolyte development.

Furthermore, tailoring the salt concentration allowed optimization of the elec-
trolytes’ ionic conductivity. Maxima are obtained, for divalent cations in EC,
PC, or DMF electrolytes, for concentrations of c.a. 0.5 M. Further increasing
the salt concentration causes a decrease in the ionic conductivity attributed
to a combination of increased electrolyte viscosity and tendency to form ion
pairs. The formation of ion pairs in the electrolyte was studied by Raman
spectroscopy and Walden plot analysis, evidencing the fundamental role of the
solvent’s donor number and relative permittivity in the formation of contact
ion pairs (CIPs) and solvent-separated ion pairs (SSIPs). While high donor
number solvents bind more strongly to the cation and prevent CIP formation,
a high relative permittivity is required to effectively shield the cation charge
and decrease the probability to form SSIPs. Further studies are needed to
understand the evolution of these parameters at different temperatures, par-
ticularly in solvents with low relative permittivity, as ethers or glymes, where
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an unexplained decrease in the ionic conductivity was observed upon heating.

The concept of ionicity, normally understood as the fraction of ions avail-
able to transport charge, needs to be further studied for divalent cation elec-
trolytes. Given that the ion pairs in these systems are globally charged species,
they will contribute to the mass and charge transport from one electrode to
the opposite during battery charge or discharge. This is in stark contrast to
monovalent systems, where a high proportion of free ions are often targeted
and for which ion pairs are neutral and strongly undermine ionic conductiv-
ity. The contribution of both forms of ion pairs (CIPs and SSIPs) needs to be
taken into account, for example, when measurements of cation transference
numbers are attempted.

Two effects of the solvation shell of the cation in the operation of negative
electrodes for Ca batteries were clearly evidenced. First, decreasing the inter-
action energy of the cation with the ligands of its solvation shell produces an
increase in the kinetics of the reaction occurring at the surface of the electrode,
this reaction being either metal plating or cation intercalation, as evidenced
by a decrease in polarization and an increase in peak current density during
cyclic voltammetry. Second, it was observed that the nature of the solvating
molecules and their tendency to decompose will impact the formation of sur-
face layers, particularly at the anode. A direct link between the composition
of the cation solvation shell and the SEI formed was presented.

Finally, the formation of passivation layers, derived from electrolyte decom-
position, over calcium electrodes was studied. It was evidenced that a borate-
rich passivation layer allows for ionic conduction and is beneficial for metal
plating and stripping. This borate-rich layer may be produced by anion de-
composition, or by including a suitable SEI-forming additive, as demonstrated
herein. Although its exact chemical composition is not fully elucidated, it is
suggested to be composed by a trigonal boron-crosslinked polymer.

Although in this study the SEI layer was formed in situ by electrochemical
methods, the possibility of applying an ionically conductive boron polymer as
artificial coating for Ca or Mg metal anodes is envisioned. For this purpose,
a suitable boron polymeric matrix needs to be developed and its divalent
cation conductivity optimized. If successful, the application of such an arti-
ficial SEI would promote the use of calcium and magnesium metal anodes in
rechargeable batteries.
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In this chapter, a brief introduction on each experimental technique employed
in this thesis is presented. Instead of a detailed description of the apparatus
employed, the focus is set on the physical or chemical phenomena governing
each technique and the information it can provide, or more specifically, the
information that was obtained from each one in this thesis. A summary of
them is reported in Table 6.1.

Table 6.1: Summary of the experimental techniques employed in this thesis.

Technique Used to characterize:

Spectroscopies

Infrared (IR) & Raman
New salts and additives,
and composition of the
SEI layers

X-ray Photoelectron
(XPS)

Composition of the SEI
layers

Nuclear Magnetic Reso-
nance (NMR)

New salts and additives,
and concentration of
BF –

4 in solution

Electron energy-loss
(EELS)

Composition of the SEI
layers

Transmission electron microscopy (TEM) Morphology of SEI layers

X-ray diffraction (XRD) New salts and additives

Elemental analysis (EA) New salts and additives

Mass Spectrometry (MS) New salts and additives

103



6. Experimental Methods

Technique Target:

Electrochemical

Karl-Fischer coulometric
titration

Water determination in
electrolytes or salts

Ionic conductivity deter-
mination Properties of electrolytes

Conventional techniques
Oxidation/reduction
stability of electrolytes,
metal plating evidence

Density and viscosity determination Properties of electrolytes

A more extensive description is provided to techniques that played a signif-
icant role throughout the thesis, like IR and Raman, or to the ones where
non-standard setups were used. Some details about data manipulation are
also provided when needed. At the end of each section, the exact experimen-
tal parameters and equipment models used for data acquisition are presented.

6.1 Spectroscopic techniques

6.1.1 Vibrational Spectroscopy

Infrared (IR) spectroscopy measures a sample’s absorption of electromagnetic
radiation in the IR range of the spectrum (100 - 13000 cm−1; or 12 meV - 1.6
eV). In turn, Raman spectroscopy measures the scattering of light (in the same
IR range) when a sample is irradiated by a high intensity laser. In this energy
region, excitations between different vibrational states are observed, and thus
an absorption/scattering event (i.e. a peak in the respective spectrum) can
be correlated with a determined vibration mode of the molecule or material.

When studying small molecules, it is useful to consider the symmetry aspects
governing its vibration modes. For example, let’s consider a trigonal planar
BF3 molecule. As each atom, in principle, can move in the three spatial
dimensions x, y, and z, the system has a total of 12 degrees of freedom.
However, some of this motions will result in the translation or rotation of the
entire molecule, and so they are not observed in the energy region studied
by IR or Raman. Then, only four fundamental vibration modes are expected
(Figure 6.1), with the Mulliken symbols: A

′
1 + 2E

′ + A
′′
2 [162, 163].

Given the selection rules for IR and Raman, not all vibrations will be visible
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Figure 6.1: Fundamental vibrational modes of the BF3 isolated molecule. Arrows
indicate movement of atoms in the plane, while - and + signs indicate movement in or out
of the plane.

by both techniques. The intensity of a band in IR is proportional to the
change in polarization of the molecule caused by the vibration involved. As
consequence, ν1 is completely inactive, as the polarization of the molecule
remains as zero. In turn, a band in a Raman spectrum is proportional to the
change in polarizability of the molecule produced by the vibration. In this
case, ν1 is Raman inactive, as the vibration does not involve any change of
bond lengths.

As a result of the symmetry of such system, a bending in the F2-B-F3 bond,
as depicted in ν1 mode in Figure 6.1 is equivalent to a bending of the F1-B-
F2. However, if the F1 atom is replaced by other atom or groups of atoms,
these two vibrations are not equivalent, and a splitting in the respective IR or
Raman band is observed. A similar case would be presented, hypothetically,
if the molecule coordinated a cation by one or two fluorine atoms, cause a
distinctive splitting in the vibration associated with such atoms. This type of
analysis was used in this thesis in some instances, to assign different vibrations
bands observed in IR of compounds containing BF –

4 anions or [BO3] or [BO4]
moieties.

For big molecules, however, the symmetry analysis becomes too complex to
be convenient. In these cases, the bands in IR and Raman spectra are at-
tributed to a particular bond stretching or bending. For example, in the
spectrum of ketones, aldehydes and similar, it is common to observe the C O
bond stretching at 1650-1800 cm−1 depending on the structure of the rest of
the molecule [164]. Other relevant bond vibration frequencies, useful for the
interpretation of IR spectra of this thesis, are listed in Table 6.2.
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Table 6.2: Typical frequency ranges observed for some relevant bond vibrations in IR and
Raman spectroscopy.

Vibration Typical frequency
range (cm−1)a

O H str. 3600-3700
C H str. (aliphatic) 2850-3000
C O C str. (ethers) 1100
C O str. (esters) 1100-1300
C O str. (very strong) 1650-1800
C C str. (weak or absent) 1650
C C str. 2000-2500

CH3 bend. (assymetric) 1475
CH3 bend. (ssymetric) 1380

CH2 bend. (scissoring) 1465
CH2 bend. (rocking) 720
CH2 bend. (wagging) 1305
CH2 bend. (twisting) 1300
H O H bend. (assymetric) 1645
B O str. 1310-1380
ataken from ref. [164]

IR spectroscopy was employed in this thesis as a qualitative tool to assess the
molecular structure of new products, to evaluate the coordination mode of
different anions in solid and liquid samples, and to characterize the decompo-
sition products formed on the surface of a working electrode after electrochem-
ical tests. Complementarily, Raman spectroscopy was chosen for quantitative
analysis. In this case, the obtained spectra were fitted to a series of Voigt
peaks as illustrated in Figure 6.2. A Voigt peak, which is a convolution of a
Gaussian and a Lorentzian function, was chosen as it gives the best description
of the experimental peak broadening [165].

The area obtained for each band is proportional to the concentration of the
corresponding chemical species and to the Raman activity (RA) of the vibra-
tion mode as: Area = RA ∗ ci. As mentioned before, the intensity (activity)
of a vibration mode in Raman is a function of the polarizability change of the
molecule as a result of the vibration, and can be calculated by DFT methods,
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Figure 6.2: Example of Raman peak fitting. Raman spectra of Ca(TFSI)2 electrolytes
in EC, at different salt concentrations. The experimental data (scatters) were fitted by a
series of Voigt peaks attributed to the vibration modes of different species in solution

allowing the quantification of the different species in the sample based on the
Raman spectrum [106]. The Raman activity of a particular mode, addition-
ally, is expected to be different if the molecule is free or if it is coordinated to
a cation in solution, as the coordination will affect substantially the electron
density of the different bonds, and thus, their polarizability. A parameter
introduced in this thesis to account for such polarizability change is denoted
θ (= RAcoord / RAfree). A summary of the values of θ used in this thesis is
presented in Table 6.3, there were either taken from previous reports or cal-
culated by Dr. Rafael Barros Neves de Araújo from Chalmers University of
Technology.

Table 6.3: Summary of Raman Activity parameters used for quantification.

Electrolyte Band
Band location (cm−1) Raman shift

(cm−1) θ
free
species

coord.
species

Ca(TFSI)2
in PC

PC C O def. 712 720
725

8
13

2.2a

TFSI breathing 740 748 8 1.0b

Ca(TFSI)2
in EC

EC C O def. 717 730
735

13
18

–
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Electrolyte Band
Band location (cm−1) Raman shift

(cm−1) θ
free
species

coord.
species

EC ring def. 894 907 13 1.4c

TFSI breathing 741 748 7 1.0b

Ca(TFSI)2
in DMF

DMF O C N
bend.

658 670
676

18
24

0.9a

Ca(TFSI)2
in FEC

FEC ring def. 905 925 20 1.1a

Mg(TFSI)2
in EC

EC C O def. 712 735 23 –
EC ring def. 894 909 15 1.4c

TFSI breathing 740 745 5 1.0b

a calculated by DFT methods.
b calculated from data taken from Ref. [130]
c assumed

Experimental conditions:
Two different setups were used to acquire IR spectra: i) for powder or liquid
samples, a Jasco FT/IR-4700 Spectrometer was used with a universal ATR
Pro One accessory (equipped with a diamond crystal) for the range 500-4000
cm−1 at a resolution of 2 cm−1. Spectra were averaged over 64 consecu-
tive measurements; ii) for analysis of surfaces, a Vertex 70 Spectrometer was
employed, using a praying mantis diffuse reflectance accessory (HARRICK -
DRP-ASC) to prevent any air exposure (Figure 6.3). To improve the spatial
resolution of the FTIR instrument, a Vector 70 spectrometer was coupled to
a Hyperion 3000 microscope to perform Synchrotron-based FTIR microspec-
troscopy measurements at the MIRAS beamline of the ALBA synchrotron
light source (Barcelona, Spain). The microscope is equipped with a liquid N2
cooled HgCdTe 50 µm MCT detector and uses a 36X Schwarzschild objec-

Figure 6.3: Ambient chamber used
for IR measurements of the SS and
Ca surfaces without air exposure.
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tive (NA=0.52). The spectra were obtained in trans-reflection mode, using a
masking aperture size of 50 µm x 50 µm. Raster scanning maps were collected
in the mid-IR range (700-4000 cm−1) at a spectral resolution of 4 cm−1 with
256 co-added scans per spectrum.

Regarding Raman, spectra were recorded using a Bruker MultiRAM FT-
Raman spectrometer with a spectral resolution of 2 cm−1 using a Nd:YAG
laser (1064 nm, 500 mW) as the excitation source. Data were typically aver-
aged over 500 scans and recorded at 40 °C for the carbonate-based electrolytes
and 25 °C for the DMF-based electrolytes. All bands in the resulting spectra
were fitted as Voigt functions, typically with a unity Gaussian/Lorentzian
mix by width, using Origin Software.

6.1.2 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface analytical technique that
provides quantitative measurements of the elemental composition, stoichiom-
etry, and chemical state of the present elements (i.e. their oxidation state and
chemical bonds). In XPS, a beam of X-rays with energy hν is pointed at the
sample, causing some electrons to be ejected from the core levels of the atoms
in the material (Figure 6.4). The kinetic energy of the electrons ejected (so
called photoelectrons) correspond to the difference between the energy of the
incoming X-rays and their original binding energy in the corresponding core
shell. Plotting of the number of electrons detected (counts) as function of
their binding energy results in a series of peaks in the XPS spectrum, which
position varies depending on the chemical element and its chemical environ-
ment. For example, a clear difference is observed between the fluorine atoms
in a CF3 group and the fluorine atoms in an inorganic crystal, as CaF2.

Figure 6.4: Scheme of the XPS process.
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Given the short inelastic-mean-free-path of the photoelectron in the sample
(∼10 Å), XPS is a surface-sensitive technique, providing little information
about the bulk of the material.

Here, XPS was used to analyse the surface of the SEI layers formed in Ca
and Mg electrodes after negative polarization in different electrolyte solu-
tions. Previous to the analysis, the electrodes were washed several times
by immersing them in DMC and drying them under vacuum. The samples
were stored in a Ar-filled glovebox and transferred to the XPS chamber with-
out exposure to air. The XPS experiments were performed in collaboration
with Dr. Rémi Dedryvère from the Institut des Sciences Analytiques et de
Physico-Chimie pour l’Environnement et les Matériaux (IPREM) in France.
A Thermo Scientific Escalab 250 Xi spectrometer was employed, using a fo-
cused monochromatic radiation at two different photon energies: Al Kα (hν

= 1486.6 eV) and Ag Lα (hν = 2984.2 eV). The analysed area of the samples
was an ellipse with dimension of 450 × 900 µm2. The binding energy scale
was calibrated from the hydrocarbon contamination using the C 1s peak at
285.0 eV.

6.1.3 Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is an analytic technique
that probes the chemical environment of an atomic nuclei by studying the
interaction between the nuclear magnetic momentum and an externally ap-
plied magnetic field. NMR experiments typically consist in three steps: i)
alignment of the magnetic nuclear spins in an applied, constant magnetic
field, ii) perturbation of this alignment of the nuclear spins by an oscillating
magnetic field, referred as radio-frequency pulse, and iii) Detection of the
electromagnetic waves emitted by the nuclei as a result of this perturbation
[166].

Fourier transformation of the time-domain response results in the typical rep-
resentation in frequency-domain, with the so-called chemical shift (δ [ppm]) in
the x axis of NMR spectra (ppm = Hz/MHz). The moving electrons around
the atom nuclei result in a shielding of the externally applied magnetic field.
As this shielding is strongly dependent on the chemical environment of the
atom, NMR spectroscopy is a suitable technique to investigate the molecular
structure of an analyte.

NMR spectroscopy was employed in this thesis in two instances. Initially, it
is used to characterize the synthesized salts by different synthetic routes. In

110



6. Experimental Methods

this case, ∼50 mg of the solid product were dissolved in 0.6 mL of (CD3)2OS.
The 1H, 13C, 11B, 19F spectra were acquired on a Bruker Avance III 400
MHz NMR spectrometer. 1H and 13C NMR spectra were calibrated using the
residual internal (CH3)2OS (δH 2.54, δC 39.52) [167].

Quantitative NMR (qNMR) measurements were performed in order to deter-
mine the number of solvent molecules in the crystal structure of some of the
salts prepared. To do so, a precise amount of EC was mixed with the salt in
the (CD3)2SO solution, and the 1H was acquire for sufficient time (2.5 s) to
ensure complete recovery of the signal (Figure 6.5).

Figure 6.5: Example the determination of DME in a solid compound by means
of 1H qNMR.

The amount of DME in the original solid sample was calculated using the
relation:

IEC

IDME
= HECcEC

HDMEcDME
= HECnEC

HDMEnDME
(6.1)

Where Ii is the area of a signal attributed to a molecule i, Hi is the number of
protons in its chemical structure, and ci is its molar concentration. Given that
both compounds are in the same solution, the ratio between concentrations
is equivalent to the ratio between the number of moles of each compound, ni.

The same procedure was used to determine the concentration of Ca(BF4)2
electrolytes, employing LiBOB as internal standard and measuring the 11B
spectra. In this case, the T1 relaxation time measured was 11.5 ms for the
BOB anion and 53.9 ms for the BF –

4 anion. The acquisition time for the
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Figure 6.6: Setup for the NMR analysis of Ca(BF4)2

electrolytes. The deuterated solvent is put in a coaxial inset
to avoid direct contact with the sample.

quantification was set to 0.5 s to allow a complete recovery of the signal. To
avoid the mixture with a deuterated solvent, which may affect the properties
of the Ca(BF4)2 electrolyte, a NMR tube coaxial inset was used, as shown in
Figure 6.6. As a deuterated solvent is needed for locking of the magnetic field
(locking of the field is necessary to avoid drifts during the measurement), the
coaxial inset was filled with a D2O.

6.1.4 Electron energy-loss spectroscopy

Electron energy-loss spectroscopy (EELS) measures the energy distribution
of electrons that have interacted with a specimen and lost energy due to
inelastic scattering. The difference between the energy of the incident beam
and the collected electrons, denoted energy-loss, provides information about
the electronic or vibrational states of the atoms in the material [168].

One of the prominent inelastic scattering effects that can give rise to a loss
in the energy of the incoming electrons is the electronic excitation from a
core-shell electron of an atom in the sample, a similar phenomenon that the
one depicted for XPS in Figure 6.4. In this sense, EELS provide comparable
information to X-ray absorption spectroscopy (XAS) and XPS. Also in this
sense, EELS provide chemical composition and chemical bonding information,
as atoms of different elements differ in their electronic states.

In this thesis, EELS was used to study the surface layers formed on the work-
ing electrode after electrochemical test. The EELS spectra were collected

112



6. Experimental Methods

together with the TEM images, so that the sample preparation and handling
was the same (see details in Section 6.2. The measurements were performed
using a TECNAI F20-S-Twin operating at 200 kV and equipped with an elec-
tron energy loss Spectrometer (EELS) GIF Tridiem in post column. The
acquisitions of the energy-loss near-edge structures (ELNES) were performed
in diffraction or scanning transmission electron microscopy (STEM) modes.
The reported measurements were performed using an energy resolution of
1-1.2 eV and determined by measuring the full-width at half maximum of
the zero-loss peak. The following conditions were used to acquire the EELS
spectra: a dispersion of 0.2 eV/ch, a convergence angle of 5.8 mrad and a
collection angle of 21.7 mrad, respectively. For the core loss of the B and the
Ca K-edges, the background was subtracted considering a power-law function
[169]. The multiple scatterings were removed using the Fourier-ratio method
and energy correction was performed with respect to the C K-edge of amor-
phous carbon, whose main feature is at ∼285 eV. To limit the irradiation
effect and give reliable results, the TEM/EELS investigations were done in
low dose mode and using specific tunings determined after a prior irradiation
study on the samples. The tuning and the analyses were also performed on
different areas to avoid unnecessary irradiation on the area of interest.

6.2 Transmission electron microscopy

A transmission electron microscope (TEM) is a type of microscope in which
an electron beam is focussed onto a sample, producing a highly magnified im-
age from the transmitted beam. The shorter wavelength of the electron beam,
compared to the visible light, allows imagining with much higher spatial reso-
lution than the optical microscopes. Additional to transmission, the electron
beam can also be diffracted by the material in the sample, giving rise to an
electron diffraction pattern. Thanks to the ability to focus the electron beam
in very narrow areas, the crystalline structure can be studied with extreme
spatial resolution (∼10 nm3) [170].

Both features, imagining and diffraction, were employed in this thesis to study
the deposited surface layer on top of a working electrode after electrochemical
treatments, as has been previously used in to study similar cases for lithium
batteries [171].

The observation by TEM of the surface layer deposited on top of a metallic
electrolyte is not straightforward, as the sample is required to be thin enough
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Figure 6.7: Use of Ni powder as WE in a Swagelok cell. a) Scheme showing the
construction of the Swagelok cell containing Ni powder as WE, and b) Scanning electron
microscopy image of the ∼ 2 µm Ni particles in the TEM grid for observation.

to allow the electron beam to cross it. To circumvent this issue, the passivation
layer was grown on top of a metallic powder which is used as working electrode
(WE) in the electrochemical experiments. This allowed the study of the edge
of the particles, in which the formation of this passivation layer is clearly
observed. Ni powder provided the best compromise between particle size and
inertness against alloying with Ca. Typically, ∼40 mg were placed on the SS
plunger of a Swagelok cell (see Figure 6.7a and Section 6.7.3 - Electrochemical
methods, page 120) without additional binders or additives. The integrity of
the electrode and the electrical contact between the particles were sustained
only by the pressure delivered by the spring inside the Swagelok cell.

After electrochemical treatment, the powder was recovered by disassembling
the cell inside an Ar-filled glovebox and carefully collecting it with a spatula.
The powder was then rinsed several times with dimethyl carbonate (DMC),
dispersed and placed over copper TEM grids with plain carbon film (Figure
6.7). The transfer between the argon filled glove box and the TEM was per-
formed without air exposure according to the procedure described by Dupont
et al [172]. The microstructural and chemical characterizations of the elec-
trodes were performed using a TECNAI F20-S-Twin operating at 200 kV and
equipped with an electron energy loss Spectrometer (EELS) GIF Tridiem in
post column.
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6.3 X-ray diffraction

X-ray diffraction (XRD) allows the determination of the underlying crystal
structure of a material. In general, it enables verification of the crystallinity
and structure of a sample with little information of its chemical nature. Fit-
ting XRD patterns allow calculation of the material lattice parameters, the
orientation of a crystal (or grain), stress in crystalline regions, and secondary
phases in the sample.

In this thesis, the X-ray diffraction of powdered samples (pXRD) allowed the
determination of the purity of the different solid materials prepared. When
different crystalline phases were present, the weight fraction of each was deter-
mined by fitting the obtained powder diffractograms using a Rietveld method
implemented in the program FullProf. pXRD patterns were acquired on a
Bruker D8 Advance A25 diffractometer in a Debye Scherrer configuration
equipped with Mo Kα1 radiation source (λ = 0.7093 Å) and a Johansson
monochromator. Borosilicate glass capillaries with 0.5 mm diameter were
used as sample holders and rotated during the data collection.

When crystals of enough size and good quality were obtained, they were se-
lected from the mother liquor under a microscope and quickly transferred
to a single-crystal diffractometer, where a flow of cold N2(g) at 150 K pro-
tected them from atmospheric H2O. The single-crystal diffraction (scXRD)
data was collected using a Cu Kα radiation source and under the cold nitro-
gen stream. Data collection and processing was performed with CrysAlisPro
software, including an empirical absorption correction using spherical har-
monics, implemented in the SCALE3 ABSPACK scaling algorithm, and an
analytical numeric absorption correction using a multifaceted crystal model
[173]. Crystal structures were solved and refined by full-matrix least-squares
minimisation with SHELXL [174] (v. 2018/3) within Olex2 [175] (v. 1.3)
software.Unlike pXRD, scXRD allows the absolute determination of atomic
positions inside a crystal lattice. Then, scXRD was used in this thesis to con-
firm the molecular structure of newly synthesised additives, and to determine
the crystal packing of the prepared calcium solvate salts.

6.4 Elemental analysis

The elemental analysis essays were performed as a service of the Serveis Ci-
entificotècnics de la Universitat de Barcelona (CCiTUB).
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The Ca and B content of the prepared salts were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES) in a Perkin Elmer
Optima 8300 apparatus, operated under standard conditions. In a typical
run, 0.05 g of the powdered sample were digested in a HNO3 + H2O2 mixture
at 220 °C in a PTFE reactor heated by a Milestone Ethos One microwave
oven. The digested solution was diluted 1/10 with deionized water before the
ICP-OES analysis.

The Li, Na, and/or K trace content was determined by inductively coupled
plasma mass spectrometry (ICP-MS) in a Perkin Elmer Nexion 350d instru-
ment. The sample was digested as described before, and diluted 1/100 before
analysis.

The H and C content was determined by combustion in a EA Flash 200
analyser from Thermo Fisher Scientific following the standard operation con-
ditions. Approximately 1000 µg of the sample were mixed with vanadium and
tin pentoxide to promote the complete combustion.

6.5 Thermal analysis methods

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
probe the properties of a material upon heating or cooling. In a TGA mea-
surement, the change in the sample’s weight is recorded as the temperature is
increased at a constant rate, and under the flow of a suitable gas (either N2,
Ar, or air). If a weight loss is detected, the evolved products can be carried by
the flowing gas to a secondary analytic equipment for its identification. TGA
was used in this thesis as a probe for thermally activated reactions occurring
in the material, such as decomposition or release of solvent molecules from
the crystalline structure.

Differential Scanning Calorimetry (DSC) is a technique in which the heat
flow into or out of a material is measured as function of temperature or time,
while the sample is heated or cooled. In contrast to the TGA essay, it is not
restricted to reactions involving a weight loss, so phase transition reactions
(as crystallization, melting, etc.) can be detected and their reaction enthalpy
measured.

TGA/DSC essays were performed simultaneously in a NETZSCH TGA/STA
449 F5 Jupiter, typically using ∼10 mg of sample in an alumina crucible.
The temperature was ramped at either 5 or 10 °C min−1 from room temper-
ature to 500 °C with a constant Ar flow of 10 mL min−1. The evolved gases
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were analysed by mass spectrometry with electron ionisation (MS-EI) using
a quadrupole MS NETZSCH QMS 403 Aëolos Quadro.

6.6 Mass spectrometry

Mass spectrometry (MS) is an analytic technique that aims to identify a
compound from the molecular or atomic mass of its constituents. The basic
principle of MS is to generate ions from either inorganic or organic compounds
by any suitable method, to separate these ions by their mass-to-charge ratio
(m/z) and to detect them qualitatively and quantitatively by their respective
m/z.

A mass spectrometer consists of i) an ion source, which ionize the molecules
in the sample by impacting energetic electrons, ions or photons, or by other
physical means; ii) a mass analyser, which separates the generated ions by
means of electric or magnetic fields or combinations of them; and iii) a de-
tector which counts the ions previously sorted. There is a large variety of
ionization techniques that can be employed, varying in field of application
and the results expected [176]. Here, only two examples are presented, to
illustrate their basic principle of operation and the difference in the mass
spectrum obtained buy each of them.

Electron Ionization (EI) is a hard ionization technique in which a beam of
electrons with high kinetic energy (∼70 eV) is shot at the sample in a diluted
gas phase. In the collision, if the energy transferred between the electrons
and the gas molecules (M) exceeds the ionization energy, a positive radical
cation will be generated:

M + e– M+ + 2 e–

This positive radical cation is called the molecular ion, as it has the same
molecular weight as the original molecules. In practice, however, as the ki-
netic energy of the electrons far exceeds the ionization energy of the molecules
(ranging around 10-20 eV), the collision will promote bond cleavage and frag-
mentation of the original molecules. As a result, an EI mass spectrum will
show a forest of peaks with different molecular weights depending on the frag-
ments generated. Also, as the EI promotes ejection of electrons from the gas
molecules, it produces almost exclusively positively charges ions, although
some particular exceptions exist.

Electrospray Ionization (ESI), in contrast, is a soft ionization technique. In
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Figure 6.8: Example of a MS spectrum with the assignments of the most rele-
vant peaks. Butane MS-EI obtained from NIST Chemistry WebBook.

ESI, a solution of the analyte in a volatile solvent is injected into a fine
capillary under a high-voltage bias. The capillary generates a fine aerosol
of electrostatically charged droplets which, after evaporation of the solvent,
produce isolated ions that are transferred to the mass analyser and detector.
In ESI, little fragmentation is expected and thus the mass spectrum displays
in most cases only the molecular ion. This allows the identification of chemical
compounds by their molecular weights.

An example of the MS spectrum is shown in Figure 6.8 for butane, generated
using EI. The most relevant fragments are labeled, together with their respec-
tive assignments. If a ESI mode were used, a single peak at m/z 58 would
be observed, corresponding with the molecular weight of the molecule. The
identification of each peak can be done considering the relative abundance
of isotopes of the different elements in the molecule. For example, any ion
or ion fragment containing boron shows two contiguous peaks with an 80:20
intensity ratio, given the proportion of 10B:11B in naturally occurring boron.

MS was employed in two instances in this thesis. First, an EI-MS was cou-
pled to the TGA apparatus to analyse the evolved gases during the thermal
decomposition of the Ca(BF4)2 salt, using a quadrupole mass spectrometer
NETZSCH QMS 403 Aëolos Quadro. Second, a ESI-MS was employed to
detect the presence of boron-containing impurities in a Ca(BF4)2 solution in
EC:PC, or to corroborate the structure of the synthesized Ca(TFAB)2 (see
Section 2.4 on Chapter 2). In both case the sample was dissolved/diluted
in acetone or THF and then injected into a LC/MSD-TOF equipment from
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Agilent Technologies. The capillary was polarized at 4000 V and a flow of 7
L min−1 of a drying gas at 325 °C was used.

6.7 Electrochemical methods

6.7.1 Karl-Fisher Coulometric Titration

The Karl Fisher (KF) Coulometric titration allows the fast and reliable de-
termination of water in a liquid or solid sample. It relies in the chemical
reaction between iodine and monomethyl sulphide in methanol solution and
in the presence of trace amounts of water:

O
S

O

O

CH3H2O + I2 +
O

S
O

CH3

O O

+ 2 H  + 2 I

2 HH2(g)

An organic base, typically pyridine or imidazole, is added to the solution to
neutralize the generated acids and buffer the pH. In this reaction, I2 serves as
titrant, which is constantly regenerated by oxidation of I– on the surface of a
platinum electrode. The endpoint is detected by an indicator electrode when
a small excess of iodine persists in solution. By measuring the total amount
of charge required for this process, the amount of water can be calculated.

Given that the water determination relies on an electrochemical reaction,
any redox species susceptible to react with iodine or iodide in solution may
act as an interference. This is the case of FeIII, CuII, or ascorbic acid, for
example, which will react with I2 simulating a higher content of water [177].
Another sources of interference are reactions which produce or consume water.
For example, boric acid and other boron compounds react with methanol by
esterification, releasing water:

H3BO3 + 3 CH3OH B(OCH3)3 + 3 H2O

In this thesis, the water content of the electrolyte solutions was measured
using a Metrohm 899 Karl-Fisher Coulometer, filled with a commercial Com-
biCoulomat solution by Merck Chemicals. The coulometer is installed inside
the glovebox to perform the measurements without exposure of the sample to
the atmosphere.

119



6. Experimental Methods

Figure 6.9: Experimental determination of ionic conductivity of a liquid elec-
trolyte. a) conductivity cell employed for the measurements, consisting in two platinum
electrodes separated by a fixed distance and immersed in a liquid electrolyte. b) Example
of the impedance response measured in the cell at different frequencies.

6.7.2 Ionic conductivity determination

Ionic conductivity of solids and liquids can be obtained by measuring the
complex impedance response of two parallel electrodes immersed in the so-
lution of interest. A picture of the conductivity cell employed in this thesis
is shown in Figure 6.9a. An alternating potential wave was applied between
the two parallel platinum electrodes, with frequencies ranging from 50 kHz to
125 Hz, obtaining the impedance modulus response shown in Figure 6.9b.

The ionic conductivity was, then, calculated as the inverse of the impedance
limit at high frequency, multiplied by a cell constant: σ = Kcell (limf→∞ |Z|)−1.
The cell constant, in turn, was determined by calibration of the conductiv-
ity cell with two conductivity standards provided by Mettler-Toledo. The
measurements were performed using a FRA-based Multiplexed Conductivity
Meter MCM 10 (BioLogic Science Instruments) from 0 to 120 °C (5 °C steps
with 30 min equilibration time).

6.7.3 Conventional electrochemical tests

6.7.3.1 Electrochemical cell

The electrochemical test (cyclic voltammetry, electrochemical impedance spec-
troscopy, galvanostatic, and potentiostatic tests) were performed in air-tight
three-electrode Swagelok cells (Figure 6.10), as described previously [178].

Briefly, a Swagelok cell is composed of three metallic plungers, stainless steel
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Figure 6.10: Description of the cells for electrochemical experiments a) exploded
view of a 3-electrode Swagelok cell; b) reference electrode plunger including a groove to
attach a metallic wire or mesh; c) organization of the electrodes in the closed cell. Figure
modified from ref. [178] under the terms of the CC-BY-NC-ND licence.

(SS) 316 is preferred, that act as electrodes/current collectors inside a SS tube
union tee of ½ in diameter. Air-tightness is guaranteed by the use of PTFE
ferrules in the connection between the tee and the respective nut. As the
body of the cell is metallic, the electrodes need to be electrically insulated by
covering them with PTFE tape or other similar polymeric film. Several disks
of a porous, inert material (glass fibre in our case), soaked in the electrolyte
under study, were placed between the working and the counter electrode to
act as separators. PTFE showed good resistance to electrolytes based on
carbonates, like EC or PC, but can suffer from swelling in ethers or glymes,
causing problems with the tightness. Therefore, it is necessary to be careful
when choosing the isolating material. Additionally, if any of the electrodes
reaches very low potentials, PTFE can decompose forming a black deposit,
a problem that was more evidently observed when using glymes as solvents
[179].

The assembly of the cells where performed inside an Ar-filled glovebox with
H2O and O2 contents below 1 ppm. For the assembly of the cells, either a
SS, Ni, or Ca disk was placed on top of the metallic rode acting as working
electrode (WE); a metal powder can also be used. Two or three glass fibre
disks were placed on top and 300-500 µL of electrolyte were added. A Ca disk
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Figure 6.11: Calibration of a Ag QRE using Fc+/Fc redox couple. CV of a 0.4 M
Ca(TFSI)2 electrolyte in EC:PC containing 5 mM Fc over a SS electrode. The potential of
the Ag wire was determined as -0.13 V vs. Fc+/Fc, and therefore it is located at +3.1 V
vs. Ca2+/Ca

was placed on top, followed by a spring which held all the stack together, and
the SS plunger.

The reference electrode (RE) presents a significant challenge in such a cell, as
the available space is too little to employ a bulky non-aqueous RE. A piece
of Ca was used in some experiments, but it resulted in a non-reliable and
non-stable potential, as it has been shown before [130]. An alternative minia-
turized RE was constructed based on a previous RE miniaturization concept
[180]. A piece of Ag wire was attached to a SS plunger with a tailored designed
groove. A layer of Ag2S was then grown on top of the wire by immersing the
electrodes in a 5 wt.% (NH4)2S solution [181]. In some instances, a neat Ag
wire was also used as reference electrode (or quasi-reference electrode). In all
cases the potential was calibrated by adding ferrocene (Fc) to the electrolyte
and measuring the Fc+/Fc redox potential against the QRE (Figure 6.11).

6.7.3.2 Testing protocols

The electrochemical stability of the electrolytes was measured by linear sweep
voltammetry (LSC) or cyclic voltammetry (CV). In both techniques, the po-
tential of the WE is swept at a constant rate between the initial OCV towards
a positive or negative cut-off potential (compared to a static RE). The current
is recorded as function of the applied potential, an increase in the recorded
current indicates the occurrence of a redox reaction at the WE. By convention,
a positive current is associated with an oxidation reaction while a negative
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Figure 6.12: Example of a Nyquist plot of EIS
measurements in electrochemical systems. Re-
produced with permission from Ref. [182]

current is associated to a reduction reaction. In CV, additionally, the poten-
tial swept is reversed once the cut-off potential is reached, and the process is
continued for several cycles.

To analyse the formation of passivation layers, Swagelok cells using Ni pow-
der, Ni disks or Ca disks as WE were assembled, using Ag wire as RE and
Ca metal as CE (see subsection 6.7.3 above). A LSV was performed at 0.1
mV/s from OCV down to -1 V vs. Ca2+/Ca, followed by a potentionstatic
period of 48h at such potential. During this process a continuous Ca plat-
ing occurs, concomitant with some electrolyte decomposition and passivation
layer formation. After the 48 h of polarization, a second LSV was performed
from -1 V vs. Ca2+/Ca at 0.1 mV/s up to the original OCV to remove all
the metallic Ca from the Ni substrate, leaving only the passivation layer. The
WE was recovered, washed several times with dimethylcarbonate (DMC), let
dry naturally and store inside the glovebox until analysis.

Electrochemical impedance spectroscopy (EIS) measures the dielectric prop-
erties of a material by the analysis of the response to a small perturbation
from its equilibrium point, and provides information about electrode inter-
faces; structure and reactions taking place, as well as and bulk transport
properties. EIS is performed by applying a sinusoidal potential (V(t)) of
a fixed frequency and small amplitude to the WE, and recording the cur-
rent response (I(t)), from which the complex impedance can be calculated as
Z = V(t) / I(t) = Z ′ + iZ ′′. Measurements of impedance for varied frequencies
gives an electrochemical impedance spectrum, usually presented as a Nyquist
plot, in which −Z ′′ is plotted against Z ′ (Figure 6.12) [182].

A detailed analysis of the impedance response requires the fitting of the ex-
perimental data to a suitable model [183]. Qualitatively, however, the arc in
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the semicircle (RAB in Figure 6.12) can be related to the total impedance of
the (electro)chemical process.

In order for the impedance data to be reliable, it must fulfil the conditions of
linearity, causality, and stability [184]. In that sense, Kramers-Kronig (KK)
relations can be applied to corroborate that the data does not contain non-
linear or non-stable components. As any circuit consisting in passive and
distributed elements (e.g. resistors and capacitors) satisfy KK relations, it
follows that any set of experimental data that can be satisfactorily reproduced
by a series of R | C components also satisfies the KK relations [185]. This
relation was used here to test the compliance of the obtained EIS data to
linearity and stability conditions.

6.8 Viscosity and density determination

The density of solvents and electrolyte solutions was determined using a DMA
4500 density meter from Anton Paar. It is based in a U-shaped glass tube
which is filled with the liquid or gas to be analysed. The glass tube is made
vibrate by piezo elements into an undammed oscillation frequency, and optical
pickups determine the period of oscillation, τ . The density of the sample is
calculated by the relation:

ρ = C1τ2 − C2 (6.2)

Where C1 and C2 are instrument constants that are determined by calibration
using at two reference fluids with known densities. The measuring cell can
be thermalized with an accuracy of 0.02 °C, and the density can be measured
with an uncertainty below 0.0001 g cm−3.

The viscosity was measured using a Lovis 2000 M/ME rolling-ball viscometer
from Anton Paar. In this apparatus, the time required for a metal ball to
roll from one end of a fluid-filled tube to the other is directly related to the
dynamic viscosity of the fluid as:

η = (ρB − ρ) gR2 sin(θ) t

d
(6.3)

Where t is the time for the ball to travel a distance d, θ is the angle of incli-
nation of the filled tube, R is the radius of the ball, and g is the acceleration
due to gravity. ρB and ρ are the density of the ball and the fluid respectively.
Stainless-steel balls with density 7.68 g cm−3 and 1.5 mm of diameter were
used, together with glass tubes of either 1.59 or 1.8 mm inner diameter. A
high ball/tube diameter ratio is preferred to guarantee a laminar flow regime
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and a linear relation of Equation 6.3 [186]. Similar to the density case, the
measuring tube was thermalized with an accuracy of 0.02 °C, and the obtained
viscosity had an uncertainty on less than 0.5%. The density of the solution
used in Equation 6.3 was obtained experimentally for each temperature under
study.

6.8.1 Viscosity and density model

The VFT model is widely used to describe the transport properties of vis-
cous liquids. It is derived from the classical Arrhenius-model in which the
transport (or other property) is controlled by an energetic barrier denoted
as activation energy - Ea. In the Arrhenius model this activation energy is
assumed to be constant, while in the VFT model it is directly proportional
to the temperature. The fitting parameters in the VFT model do not have, a
priori, a physical meaning. Some authors have suggested an entropy-related
basis, while others decant for the free-volume theory.

In this thesis, the conductivity and viscosity of electrolytes were analysed in
the light of the free-volume model, in which the free-volume in a material
(solid or liquid) expands linearly as temperature increases. The free-volume
fraction, then, governs the conductivity and viscosity of the solution as follows.

The ionic conductivity of an electrolyte is defined as the sum over all the
charge species of their concentration multiplied by their mobility and their
charge. The mobility of the ion in the electrolyte can be related to diffusion
coefficient by the Nerst-Einstein Equation, obtaining:

σ =
∑

i

ci µi qi =
∑

i

ci q2
i e0 Di

kB T
(6.4)

In the light of the free-volume model, the diffusion coefficient is related to the
free-volume available to allow the movement of the ion, as:

D ∝
√

T exp
(

−
γ V ∗

f

Vf

)
(6.5)

Where Vf is the fraction of free volume in the electrolyte, while V ∗
f is the

critical free-volume needed next to a given ion to allow its movement to an
adjacent position. The parameter γ is included to account for some over-
lapping of free-volume spheres around the moving ion. The free volume is
assumed to expand linearly with temperature, with a thermal expansion co-
efficient α:

Vf = α (T − T0,σ ) (6.6)
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Where T0,σ is called Vogel temperature, and represents the temperature where
the free-volume vanishes. Substituting Equations 6.6 and 6.5 into Equation
6.4 results in:

σ = A c q2 e0√
T

exp
(

− Eσ

T − T0,σ

)
; where Eσ =

γ V ∗
f

α
(6.7)

Rearranging and grouping all constants into a single one, the VFT equation
for conductivity is obtained:

VFT: ln
(
σ

√
T
)

= ln A − Eσ

T − T0,σ
(6.8)

Following the same argument, The VFT equation for viscosity starting form
the Nerst-Einstein equation relating diffusion coefficient and viscosity:

D = kB T

6 π r η
(6.9)

Where r is the radius of the moving species and η is the viscosity of the
solution. Rearranging, and including Equations 6.5 and 6.6:

1
η

= 6 π r η

kB T
= B√

T
exp

(
−

γ V ∗
f

Vf

)
(6.10)

VFT: ln
(

η√
T

)
= − ln B + Eσ

T − T0,σ
(6.11)
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7.1 Publications

7.1.1 Publications in the scope of this thesis

R. Dugas, J.D. Forero-Saboya, and A. Ponrouch. Methods and Protocols for
Reliable Electrochemical Testing in Post-Li Batteries (Na, K, Mg, and Ca).
Chemistry of Materials 31, 8613-8628 (2019).

J.D. Forero-Saboya, E. Marchante, R.B. Araujo, D. Monti, P. Johansson, and
A. Ponrouch. Cation Solvation and Physicochemical Properties of Ca Battery
Electrolytes. The Journal of Physical Chemistry C 123, 29524-29532 (2019).

J. Forero-Saboya, C. Davoisne, R. Dedryvère, I. Yousef, P. Canepa, and A.
Ponrouch. Understanding the nature of the passivation layer enabling re-
versible calcium plating. Energy & Environmental Science 13, 3423-3431
(2020).

J.D. Forero-Saboya, M. Lozinšek, and A. Ponrouch. Towards dry and con-
taminant free Ca(BF4)2-based electrolytes for Ca plating. Journal of Power
Sources Advances 6, 100032 (2020).

J. Forero-Saboya, C. Bodin, and A. Ponrouch. A boron-based electrolyte ad-
ditive for calcium electrodeposition. Electrochemistry Communications 124,
106936 (2021).

J.D. Forero-Saboya=, D.S. Tchitchekova=, P. Johansson, M.R. Palacín, and
A. Ponrouch. Interfaces and Interphases in Ca and Mg Batteries. Advanced
Materials Interfaces 2101578 (2021).
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7.1.2 Publications out of the scope of this thesis

J.D. Forero-Saboya and A. Ponrouch. 5. Testing protocols for Na-ion bat-
teries. In N. Tapia-Ruiz and A.R. Armstrong. 2021 roadmap for sodium-ion
batteries. Journal of Physics: Energy 3, 031503 (2021).

A. Black, C. Frontera, A. Torres, M. Recio-Polo, P. Rozier, J.D. Forero-Saboya,
F. Fauth, E. Urones-Garrote, M.E. Arroyo-de Dompablo, and M.R. Palacín.
Elucidation of the redox activity of Ca2MnO3.5 and CaV2O4 in calcium batter-
ies using operando XRD: charge compensation mechanism and reversibility.
Energy Storage Materials 2101578 (2022).

7.2 Presentations at International Congresses

Poster presentation "Study of SEI Components Enabling Calcium Plating and
Stripping" at the 2019 Spring Meeting of the European Materials Research
Society (E-MRS). Nice 2019.

Oral presentation "Study of SEI Components Enabling Calcium Plating and
Stripping" at The Electrochemical Conference on Energy and the Environ-
ment (ECEE) from The Electrochemical Society. Glasgow 2019.

Oral presentation "On the Parameters Affecting Calcium Plating and Strip-
ping from Organic Electrolytes – Cases of Electrolyte Optimization" at the
239th Electrochemical Society Meeting. Online 2021.

Oral presentation "Considerations of Ca(BF4)2 preparation for calcium bat-
tery electrolytes" at the 27th Annual Meeting of the Slovenian Chemical So-
ciety. Portorož-Portorose 2021.
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A
Rietveld refinement of

powder XRD data

The purity of the Ca(BF4)2 salt produced by the anhydrous Synthesis A (see
section 2.2.1 was estimated by fitting the obtained XRD powder pattern by
a Rietveld refinement method using the two phases expected in the mixture:
Phase 1 was Ca(BF4)2 with space group Pbca, and Phase 2 was CaF2 with
space group Fm−3m. The obtained parameters after refinement are:

Phase 1:

Name x y z occ. Mult
Ca1 0.03442( 147) 0.21571( 197) 0.10266( 79) 1.000( 0) 8
B1 0.28797( 775) 0.99751(1403) 0.93761( 649) 1.000( 0) 8
B2 0.43410( 912) 0.24733( 986) 0.14726( 587) 1.000( 0) 8
F1 0.19983( 411) 0.09853( 365) 0.99613( 312) 1.000( 0) 8
F2 0.86456( 327) 0.41172( 457) 0.13054( 253) 1.000( 0) 8

I



A. Rietveld refinement

F3 0.80344( 324) 0.09333( 423) 0.12627( 307) 1.000( 0) 8
F4 0.14859( 382) 0.42450( 388) 0.01853( 293) 1.000( 0) 8
F5 0.39984( 343) 0.47221( 368) 0.17596( 224) 1.000( 0) 8
F6 0.44624( 346) 0.28457( 412) 0.06159( 227) 1.000( 0) 8
F7 0.25581( 438) 0.27835( 395) 0.17531( 232) 1.000( 0) 8
F8 0.49247( 356) 0.26062( 513) 0.22332( 191) 1.000( 0) 8

a b c
9.26885( 160) 8.91169( 158) 13.37312( 212)

α β γ

90.00000( 0) 90.00000( 0) 90.00000( 0)

Overall Scale Factor: 0.000036557( 1650)
Asymmetry parameters: 0.03156( 906)

0.00369( 231)
0.00000( 0)
0.00000( 0)

X and Y parameters: 0.48663( 9114)
0.06219( 1219)

Phase 2:

Name x y z occ. Mult
Ca1 0.00000( 0) 0.00000( 0) 0.00000( 0) 0.021( 0) 4
F1 0.25000( 0) 0.25000( 0) 0.25000( 0) 0.042( 0) 8

a b c
5.46184( 52) 5.46184( 52) 5.46184( 52)

α β γ

90.00000( 0) 90.00000( 0) 90.00000( 0)

Overall Scale Factor: 0.000595043( 13400)

II



A. Rietveld refinement

Asymmetry parameters: 0.04269( 1680)
0.00679( 163)
0.00000( 0)
0.00000( 0)

X and Y parameters: 0.43203( 3131)
0.00247( 9)

The global weighted χ2 for the optimization was 1.35, while the weighted
average R-factor was 2.83. The Bragg R-Factors, used to determine the weight
fraction of each component in the mixture were found as:

Phase 1: Ca(BF4)2: Bragg R-factor: 3.92 Vol: 1104.634( 0.324) Fract(%):
69.52( 3.85) Rf-factor= 2.81 ATZ: 1709.498 Brindley: 1.0000

Phase 2: CaF2: Bragg R-factor: 0.894 Vol: 162.936( 0.027) Fract(%): 30.48(
1.20) Rf-factor= 0.968 ATZ: 312.207 Brindley: 1.0000

III



A. Rietveld refinement

IV



B
Summary of data and

structure refinement of
scXRD

V



B. Structure refinement of scXRD

Compound Ca(BF4)2(DME)2 Ca(BOB)2(DME)2

Formula C8H20O4F8B2Ca C16H20O20B2Ca
FW 393.94 594.02
T(K) 150(2) 150(2)
Crystal system Monoclinic Monoclinic
Space group P21/n C2/c

Unit cell dimensions (Å) a = 8.78096(5) a = 18.67580(5)
b = 15.60290(9) b = 9.78603(3)
c = 12.69868(8) c = 14.23106(4)

Unit cell angles (°) α = 90 α = 90
β = 106.9683(7) β = 106.9375(3)
γ = 90 γ = 90

V (Å3) 1664.086(18) 2488.076(13)
Z 4 4
Dcalc (g cm−3) 1.572 1.586
Radiation type Cu Kα Cu Kα

λ (Å) 1.54184 1.54184
Absorption coefficient
(mm−1)

4.162 3.041

F(000) 808 1224
2θ range (°) 4.614–76.159 4.951–76.150
Index ranges -11≤ h ≤11 -12≤ h ≤23

-19≤ k ≤19 -11≤ k ≤10
-15≤ l ≤15 -17≤ l ≤17

Reflections collected 58775 96705
Independent reflns. 3478 2586
Reflns. with [I > 2σ(I)] 3427 2583
Data/restrains/parameters 3478/0/289 2586/0/218
Goodness-of-fit on F2 1.088 1.035
R1, wR2 [I > 2σ(I)] 0.0242, 0.0657 0.0224, 0.0580
R1, wR2 (all data) 0.0245, 0.0659 0.0224, 0.0580
Extinction coefficient 0.0054(3) 0.00181(8)
Largest diff. peak and hole
(e.Å−3)

0.227 and -0.234 0.270 and -0.244

VI



B. Structure refinement of scXRD

Compound BF3·EC
Formula C3H4BF3O3

MW 155.87
T(K) 150.00(10)
Crystal system Orthorhombic
Space group Pbca

Unit cell dimensions (Å) a = 9.75295(18)
b = 9.8988(2)
c = 11.4112(2)

Unit cell angles (°) α = 90
β = 90
γ = 90

V (Å3) 1101.67(4)
Z 8
Dcalc (g cm−3) 1.880
Radiation type Cu Kα

λ (Å) 1.54184
Absorption coefficient
(mm−1)

1.975

F(000) 624
2θ range (°) 7.3940–75.7310
Index ranges -9≤ h ≤12

-12≤ k ≤12
-14≤ l ≤14

Reflections collected 6594
Independent reflns. 1063
Reflns. with [I > 2σ(I)] 994
Data/restrains/parameters 1063/0/108
Goodness-of-fit on F2 1.040
R1, wR2 [I > 2σ(I)] 0.0328, 0.0862
R1, wR2 (all data) 0.0344, 0.0876
Extinction coefficient 0.0015(6)
Largest diff. peak and hole
(e.Å−3)

0.208 and -0.258
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B. Structure refinement of scXRD
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C
VTF fitting parameters for

viscosity and ionic
conductivity of electrolytes in

this study
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C. VTF fitting parameters
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C. VTF fitting parameters
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C. VTF fitting parameters
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C. VTF fitting parameters
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C. VTF fitting parameters
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C. VTF fitting parameters
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D
Annex 4 - IR spectra
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D. IR spectra
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E
Annex 5 - Binding energy

(eV) and atomic percentage
(%) of the components

observed in XPS spectra

Binding energy (eV) and atomic percentage (%) of the passivation layers
formed over Ca and Mg electrodes in different electrolytes (0.45 M Ca(TFSI)2
in EC:PC, 0.45 M Ca(BF4)2 in EC:PC, and 0.45 M Mg(TFSI)2 in EC:PC).
The surface layers were prepared by polarizing Ca or Mg metallic electrodes
for 48 h at -1.4 V vs. Ca or Mg metal RE, accordingly. After polarization, the
metal WE was taken from the Swagelok cell, rinsed with dimethylcarbonate
(DMC) and dried under vacuum before transferring to the XPS chamber.

Peak
Ca(TFSI)2 Ca(BF4)2 Mg(TFSI)2 Chemical

attributionBE (eV) % BE (eV) % BE (eV) %

285.0 7.2 284.8 20.9 285.0 7.5 C C, C H
286.7 5.6 286.4 11.4 286.7 3.6 C O
– – 287.7 2.5 – – C O
288.4 2.7 – – 289.4 2.9 C( O) O

290.0 6.7 290.6 1.6 290.3 3.5 CaCO3 or
MgCO3

C 1s

293.1 2.2 – – 293.1 2.0 TFSI

O 1s 531.7 47.2 531.8 32.9 532.5 38.3 unresolved
oxygen species
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E. XPS quantification

Ca 2p3/2
347.5 24.2 – – – –

CaCO3 + CaO
(+ CaF2 +
Ca(TFSI)2)

– – 348.0 6.9 – – CaF2 + CaCO3

– – – – 49.4 7.7 Mg metal

Mg 2p – – – – 50.9 26.7 other Mg
species

684.7 1.6 648.6 10.2 685.5 3.8 CaF2 or MgF2F 1s
688.6 2.2 – – 688.8 3.9 TFSI

N 1s 399.2 0.5 – – n.d.a n.d.a TFSI

S 2p3/2 169.0 2.0 – – 169.4 2.2 TFSI

B 1s – – 191.9 13.6 – – borate environ-
ment

a not detected due to Mg Auger tail
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