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Introduction

Efficient electricity storage, i.e., batteries are considered to be the superior energy
storage option in many contexts. Currently, lithium-ion batteries (LIBs) are the main
power sources for portable electronics and have been introduced in the transportation
sector to power electric vehicles (EVs) and also in smart grid applications. As the
demand for portable devices such as mobile phones, electric vehicles, and intermittent
renewable energy is of increasing interest, scientists are investigating alternative
technologies based on different chemistries. Rechargeable battery systems based on
cation transportation such as LIB, sodium-ion battery (SIB), lead-acid battery,
nickel-metal hydride battery and hydrogen fuel cells, have been widely investigated.
The electrochemical storage technology based on anion (negative) transport has been
introduced recently and is an emerging hot topic. In the regard of an anion transport,
batteries based on OH’, F~, CI~ and AICls~ have been investigated. Fluorine is the most
electronegative element in the periodic table and has a high charge density. Also, the
small size of fluoride ion facilitates fast ion transportation and kinetic diffusion.
Therefore, it can be considered a stable and suitable ion as a charge carrier in the
battery. An electrochemical cell based on F~ transport can be constructed by placing a
fluoride ion conducting electrolyte between a metal and metal fluoride electrodes.

Fluorine combines with metals to form monovalent, bivalent or trivalent metal
fluorides, which means metals can store multiple electrons per metal reversibly, and
therefore, high theoretical capacities can be achieved. Apart from high voltage and
specific energy promise, solid-state fluoride batteries (FIBs) can provide high thermal
stability and better safety due to nonflammable nature of fluorides. The primary
electrochemical cell based on fluoride ion transfer was demonstrated long time ago.
However, not much progress has been made until the demonstration of rechargeable
solid-state fluoride ion batteries [1]. Since then, significant development has been
made to improve the performance of the FIBs, with a focus on electrolytes, electrode
materials, and lowering the operating temperature. However, all efforts have managed
just to demonstrate the proof of principle of FIBs. Their work does not to touch the
heart of problem, no proper candidate for electrolyte, cathode or anode has been
proposed so far. Lao.sBao.1F2.9 was used as solid electrolyte for demonstration of the first
rechargeable FIB, since then no better solid electrolyte has been discovered [1].
Only handful of groups remained working in the field of FIBs.

So far, the highest specific capacity of 360 mA-h-g™! has been obtained for CuF:
electrode, but this value was limited to high temperature (150 °C) and low current
density (10 pA-cm™), which is much inferior to LIB system [2]. Although the
demonstration of rechargeable room temperature FIB employing liquid elecrolyte has
been reported, but the cell delivered low voltage (=0.2 V) and current (10 pA-cm™2), not
enough for practical applications [3].

The focus of this thesis is centered on making progress with FIBs, first of all, explore
a principal possibility to make a rechargeable solid-state fluoride ion battery that can
operate at the room temperature. This presumes finding a suitable solid electrolyte
with high ionic conductivity and wide electrochemical stability window. This thesis
describes the synthesis of new electrode and solid-state electrolyte materials and study
of their chemical and physical properties, followed by demonstration of their
applications in fluoride ion batteries. In addition, this thesis explores new approaches
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to design and develop of advanced electrodes and electrolytes from currently existing
compositions.

A new fluorite type nano-structured Bai-ShxF2:x (x < 0.4) fluoride ion conductor was
synthesized by mechanical milling. In addition, testing of Bao.7Sbo.3F23 as high capacity
cathode material for rechargeable solid-state FIBs is discussed, by using Lao.9Bao.1F2.9 as
a solid electrolyte, and Ce as an anode (l). The thesis presents successful demonstration
of the rechargeable solid-state FIB systems, which are working at ambient temperature,
by employing BaSnFs as fluoride ion electrolyte, BiFz as a cathode, and Zn and Sn as
anodes (I). The concept of interlayer electrolytes for FIBs using Lao.9Bao.1F2.9 and BaSnFs
is discussed here. Combining high conductive and electrochemically stable electrolyte
layers enabled the demonstration of relatively high potential solid-state FIB working at
RT. This fluoride ion battery was built using LaosBao.1F2.9 (90 pm)/BaSnFs (650 um) as
electrolyte, Ce as anode, and BiFz as cathode (lll). The feasibility of using Mg as anode
for rechargeable RT-FIBs is reported, by investigating the electrochemical performance
of BiFs/Mg+MgF2 and SnF./Mg+MgF: electrochemical couples using LiPFs as fluoride ion
transporting in EC and DMC organic solvents (1V).

The thesis is based on four articles, published in international peer-reviewed journals
and composed of three main chapters. Chapter 1 presents the literature overview of
the batteries that contains different sections where principle and fundamentals of
batteries, and rechargeable batteries with both cation and anion shuttles are described.
In the end of chapter 1, the motivation and scope of the study is outlined. Chapter 2
covers experimental part that contains different sections where all materials which are
used in the study, synthesis of different electrodes and electrolytes materials, and
performed analytical methods are illustrated. Chapter 3 states the results and
discussion part which categorized into five sections. Section 3.1 summarizes the results
of SbFs-doped BaF. compounds synthesized by ball milling method. Section 3.2 synopsis
the results of demonstration of RT rechargeable solid-state FIBs using BaSnFs. Results
on interlayer electrolytes concept for solid-state FIBs are outlined in section 3.3.
The outcomes on Mg as an anode against BiFs and SnF. cathodes for RT-FIBs are
summarized in section 3.4. Section 3.5 summarizes the unpublished, yet important
preparatory work leading to the development of RT-FIB.
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1 Literature Overview

1.1 Battery fundamentals

Batteries are electrochemical devices that convert chemical energy into electric energy
via redox reactions between positive and negative electrodes. The electrochemical
redox reactions such as oxidation and reduction involve the transfer of electrons from
one electrode material to the other through an external circuit. In case of a secondary
system, the battery is recharged by consecutive reversible redox reaction. The major
advantage of batteries is that they operate in a non-isothermal condition where Carnot
limitation is not applied. Thus, batteries are considered as very efficient energy
conversion devices [4-6].

A battery consists of several components such as anode, cathode, electrolyte, and
separator as shown in Figure 1.1. The anode is the negative electrode where oxidation
reaction occurs by releasing electrons which travel through an external circuit to the
cathode. The cathode is the positive electrode where reduction reaction takes place by
gaining electrons from the anode via an external circuit.

The electrolyte is an ionic conductor with negligibly small electronic conductivity,
which facilitates the ion transfer between one electrode to another and separates the
electrodes electronically to avoid short circuit. Usually, the electrolyte is a liquid
solution containing dissolved salts, acids, alkalis to participate in the ionic conductivity.
Batteries are also fabricated with ion-conducting polymers or solid electrolytes.
A battery built by solid electrolyte is called all-solid-state (ASSB).

The basic building block of any battery is the electrochemical cell. Batteries are
composed of one or more electrochemical cells connected in series or parallel or both
to supply required power [7].

—l
- (S
e 7
|
Anode | — Cathode
Electrolyte

Separator

Figure 1.1. Schematic of a battery during the discharge process.
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Each half-cell reaction is associated with standard cell potential E°, which can be
calculated from the thermodynamic relations using material and reaction specific data
as follow by Equation 1.1:

o 4G

£o=—= (1.1)
where E° is standard half-cell potential (V), AG is standard Gibbs free energy in
“kJ-mol !, z is number of electrons transferred, and F is Faraday constant in “C-mol™".
The overall standard potential AE° of a redox reaction is obtained by subtracting
standard cell potential of the anode (E°") from standard cell potential of the cathode
(E°™)) using Equation 1.2:

AE°® = E°M)- E°0) (1.2)

The value of potential difference between anode and cathode can be varied by
choosing different electrode materials, but this value also depends upon other factors
such as temperature and activity of working materials (mainly cathode) participating in
the reaction. When conditions are other than standard, then the electrochemical
potential of a half-cell can be calculated using Nernst Equation 1.3:

E=fF— & |p e (1.3)

zF Tox

where, E is potential, E° is standard potential, R is ideal gas constant in “mol™-K™”,
T stands for absolute temperature in “K™'”, z is a number of electrons transferred, F is
Faraday constant, ared stands for the activity of substance being reduced and aox stands
for the activity of substance being oxidized. Activity is a measure of effective
concentration of a species in a mixture.

The important characteristics of a battery are potential difference, capacity, power, and
energy. The capacity of the battery is equal to the product of the total amount of
charge, when fully discharged under a given condition, and time. The theoretical
capacity g in “mA-h-g™” is calculated by Faraday’s law (Equation 1.4):

zF
3600M

qg= (1.4)
where q is the capacity, M is molecular weight of active material in the unit of
“kg-mol™”, z is number electrons transferred, and F is Faraday constant.

The practical, specific capacity is capacity obtained by applying constant current until
the battery reaches it cut off. The value of practical, specific capacity in “mA h g'” can
be calculated by following equation (Equation 1.5):

J X AX teytoff (1 5)

practical, specific capacity = —-"—"

where j is the current density in “A-m™”, A is the area in “m?”, and tetort is the time to

reach the cut off voltage in second, and M is the weight of active material in “kg”.
Energy density is a very important feature of a battery because it determines the

performance of the battery and it is the amount of specific energy stored in per unit
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mass or volume. The specific energy is the product of specific capacity and voltage,
the energy in “Wh-kg™” of battery material can be derived as follows (Equation 1.6):

fofcutoff V(t)x jx axdt

Specific energy = 3600 x M

(1.6)
where V is a voltage of the battery in volts, j is in “A‘m™”, A is in “m?”, and tcutoff is in
seconds, and M is in “kg”.

Power, another important factor in determining battery performance, is the energy
that can be obtained per unit time. The average specific power of battery can be
derived as follow (Equation 1.7):

fotc”mff V(t) x jx Ax dt

Specific power = s fotcutoff "

(1.7)

Visinvolts, jisin “A-m™”, Ais in “m?”, and tuoff is in seconds, and M is in “kg”.

Batteries can be divided into two major classes: primary and secondary. Primary
batteries such as zinc-carbon, alkaline manganese, and lithium manganese dioxide
cannot be recharged and must be replaced after reactants are depleted. Whereas the
secondary batteries, for example, lead-acid, Ni-Cd, Ni-MH, and lithium ion are
rechargeable and DC power source can bring reactants back to their charged state
[8-12]. In the upcoming section, a detailed description of rechargeable lithium-ion
batteries will be presented.

1.2 Rechargeable lithium-ion batteries

Batteries based on cation shuttles such as Li*, Na*, Ca?*, and Mg?* have been widely
investigated [13-16]. In particular, Li-ion batteries (LIBs) are the best studied and best
performing system among all cation shuttles-based batteries. LIBs can provide high
energy density (250-693 Wh-L™), high voltage, low weight energy storage [17-19].
Secondary batteries such as lead-acid or Ni-MH have been already utilized for hybrid
electric vehicles (HEV) and plug-in hybrid electric vehicles (PHEV). However, they
cannot compete with secondary lithium-ion batteries in the regard of small size and
high-power density. The other advantages of LIBs are relatively low self-discharge and
absence of memory effect. However, the practical driving range of LIBs is still not
competitive with conventional petrol, which can provide 80 times higher gravimetric
and 20 times higher volumetric energy densities [20]. However, it should be noted that
only about 30% of the liquid fuel energy can be converted in motion/electrical power.
A disadvantage of lithium-ion batteries is that they fade when discharged below 2 V
and may suffer a damage when overcharged, because they are not protected by a
chemical mechanism to handle the over charge, unlike aqueous cell chemistries.
Commercial LIBs use lithium metal oxides materials as positive electrode (cathode),
and lithiated carbon as negative electrode (anode). The most frequently used cathode
and anode materials are LiCoO2, and graphite, respectively. Typically, electrodes consist
of the anode or cathode active material, carbon black to insure electronic conductivity,
and binder to hold the electrode particles together and ensure a contact with the
current collectors [17]. The positive electrode adheres to aluminum current collector,
and the negative electrode adheres to the copper current collector. The positive and
negative electrodes are separated by a thin electron-insulator separator (layer) sucked
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with electrolyte (generally liquid). The electrolyte is usually a liquid solution made by
dissolving the lithium salt in an organic solvent which is a mixture of cyclic and linear
aliphatic carbonates (ethylene carbonate, dimethyl carbonate, respectively). Lithium
hexafluorophosphate (LiPFe) is the most frequently used electrolyte among all available
lithium salts [21]. The separator is a permeable membrane typically comprising either
polymeric membrane (such as poly ethylene, poly propylene) or non-woven fabric mat
(such as polyolefin, polyamide).

1.2.1 The operating principle of lithium-ion batteries

On charge, lithium ions are extracted from the cathode (lithium-containing, e.g.
LiCo02), pass across the electrolyte and intercalated into the anode by an
electrochemical reduction reaction at the anode. During discharge, an electrochemical
oxidation occurs at the anode, lithium ions are de-intercalated and shuttled across the
electrolyte to be re-intercalated into the cathode material, due to charge balance the
equivalent number of electrons travel through the external circuit. Figure 1.2 illustrates
the working mechanism of lithium-ion batteries. This technology is termed as “rocking
chair” batteries due to their working principle [22].

e
e | €—— Charge
|

[}
=
153
=
=
]

Li,C; Electrolyte Li, ,CoO,
Figure 1.2 Charge-discharge mechanism of lithium-ion batteries [23].

The electrochemical reactions of electrodes during charge-discharge process can be
expressed in a following way:

Cathode:
LiCoO; 2 Li1xCoOz + xLi* + xe”
Anode:
Cy + xLi* + xe™ 2 LixCy
Overall:

LiCoO: + Cy 2 LixCy + LizxCoO:2.
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1.2.2 Development of graphite anode material

The first commercial rechargeable lithium batteries were introduced in 1980s, using
pure lithium metal as a negative electrode, but failed to make impact in the market due
to the high safety risk [24]. The major disadvantage of lithium metal was the formation
of dendrites during cycling, leading to a poor performance and eventually short circuit
inside the battery, which can cause a fire and explosion inside the battery. Afterwards,
scientists resolved this issue in the some extent by introducing lithium aluminum (Li-Al)
alloy as an anode [25]. Later, many lithium metal alloys have been investigated as
alternative anode materials, although they exhibit reduced energy densities as
compared to the pure lithium metal [26]. Moreover, a major drawback of lithium metal
alloy is the volume change during the insertion and de-insertion of lithium ions from
alloy matrices, provoking the disintegration of the alloy by cracking and crumbling [27].
Thus, it was concluded that lithium metal alloys have short cycle life and low energy
efficiency, which were the main obstacles to commercialize the lithium metal alloys as
anode materials for lithium ion batteries. To address the drawbacks of lithium metal or
lithium alloy anode, graphite carbon as anode material was discovered. Graphite
carbon shows high structural stability during insertion and extraction of lithium ions
[28-30]. The electrochemical intercalation of lithium into graphite results in the
formation of LiCs which causes only about a 10% increase of the distance between the
graphite layers [31]. Later, batteries with lithium titanate (LisTisO12 or LTO) anodes were
introduced. LTO replaces graphite anode in LIBs and it forms into spinel structure
[32-34]. In comparison to graphite-based LIBs, these systems can be recharge more
quickly and provide higher currents when required.

1.2.3 The most common types of cathode materials

Common commercial rechargeable lithium ion batteries utilize lithium iron phosphates
LiFePO4 (LFP), layered oxides LiMeO: (Me=Ni, Co, Mn, etc.), and manganese spinel
LiMn204 as cathode materials [35-41]. The crystal structure of different types of
cathodes is displayed in Figure 1.3. Olivine-type cathode material LFP offers several
benefits such as flat voltage profile, high theoretical capacity (170 mA-h-g™'), and good
thermal and cyclic performance. Further, LFP is low-priced and provides better safety.
But, LFP faces slow insertion or extraction of lithium ions due to its 1D diffusion
pathway [42]. The LiMeO2 (Me=Ni, Co, Mn, etc.) compounds with a-NaFeO: type
structure have been widely investigated as cathode materials for rechargeable LIBs.
This structure exhibits a 2D lithium diffusion pathway, which enables easy insertion or
extraction of lithium ions yielding high theoretical capacity. LiCoO2 (LCO) was the first
to be commercially available with relatively high capacity (274 mA-h-g?), low
self-discharge and good cyclic performance. It remains a dominant cathode material at
the commercial market. Later, LiNiO2 has been discovered as cathode material for
rechargeable LIBs, which shows higher capacity than that of LCO, but is more difficult to
synthesize via usual synthesis routes [40]. Also, this material tends to decompose into
partially ordered Lii-xNi1+xO2, after high temperature treatment [40]. Thereafter,
LiMnO: has been investigated as alternatives to LCO and LiNiO: in addition to low cost
and toxicity. However, during the electrochemical cycling, LiMnO: favors transforming
into spinel, which results in poor performance [43]. An attempt to improve the
performance of layered oxides it lead to the discovery of the LiNixCoyMn;0, (NCM)
compound [44]. NCM is one of the best materials which offers a relatively high
theoretical capacity of 160 mA-h-g™%, and good performance. But, at higher voltage the
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problem of transition metal dissolution still persists, causing a rapid cell failure [45].
Spinel, LiMn204, was been introduced in commercial lithium ion batteries [41].
This material exhibits 3D lithium diffusion pathway and constitutes one of the most
attractive cathode materials in terms of low cost, high natural abundance of Mn, and
low toxicity. Its theoretical capacity is 148 mA-h-g™! providing the specific capacity
about 100 to 120 mA-h-g by charging up to 4.10-4.20 V against Li/Li*.

vb

layered LiCoO:2 spinel LiIVIn204 olivine LiFePO4
2D 3D 1D
~— —
——

Dimensionality of the Li"-ions transport

Figure 1.3. Crystallographic structure of the most commonly used cathode materials, in which the
Li* ions are diffuse through the 2-D (layered), 3-D (spinel) and 1-D (olivine) frameworks [46].

1.3 Rechargeable Fluoride ion batteries

Besides positive ion shuttle batteries, new battery technologies based on a negative ion
as charge carrier such as CI~ and F~ have been reported recently [1, 47]. The chloride
ion battery (CIB) was first demonstrated by Fichtner’s group using ionic liquid or organic
solvent-based electrolytes [47, 48]. Since then, development of the chloride system has
progressed significantly [49-53]. The chlorine ion batteries offer a theoretical energy
density up to 2500 Wh-L™ for some selected electrodes combination [47]. The first
proof of principle of chloride ion system was presented using a mixture of ionic
liguids-based electrolyte, carbon composite of simple chloride salts such as CoCl,, VCls,
and BiClz as cathodes and Li as the anode [47]. The cell with BiCls as cathode showed
good stability in the electrolyte and relatively low volume changes during
electrochemical cycling. Recently, a solid-state chloride ion battery was constructed
using gelatin PVDF-HF membrane as the electrolyte, CuF2/C (carbon black) and PANI as
cathodes and Zn metal sheet as an anode [54]. The CIB cell with PANI cathode delivered
the discharge capacity of around 160 mA-h-g™!, whereas CuF2/C as cathode-based cell
yielded the discharge capacity of around 150 mA-h-g! at a constant current of 10 pA
[54]. In contrast to chloride, fluoride ion has low weight and high charge density, hence
it is good for fast ion transportation and kinetic diffusion. The electrochemical cell
based on fluoride ion as charge transfer was already introduced 40 years ago [55-60].
However, the potential of FIBs was unnoticed until 2011, when Anji Reddy and Fichtner
demonstrated FIBs operating at a relatively low 150 °C as compared to earlier 500 °C [1].
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Figure 1.4. Schematic diagram of fluoride ion battery during the discharge process.

The reaction mechanism of chloride and fluoride ion batteries are the same.
The representative sketch of fluoride ion battery is shown in Figure 1.4, which depicts
the working principle of the FIB system. In the figure, metal fluoride MFy is generally
used as a cathode, whereas metal M is used as the anode. During discharge, electrons
are generated in spontaneous redox reaction at the anode. These electrons move
through an external circuit to combine with the cathode, where metal fluoride MFy
reduces to metal M. The released fluoride ions depart from the cathode and migrate
through the electrolyte to react with metal M’ of the anode to form M’Fy, assuring the
electroneutrality. The charge process is reverse to the discharge. The electrochemical
reaction of the battery during the discharge process can be expressed by following way,

Anode:

XF~+ M’ — M’Fx + xe~
Cathode:

MFx + xe~ = M + xF~
Overall:

MFx+ M — M + M’Fx

Using an appropriate combination of electrodes, theoretical energy densities for FIBs
are estimated to more than 5000 Wh-L™! [61]. The high energy density is due to the
large change in free energy during the formation of the different metal fluorides,
resulting in high theoretical voltages. Further, more than one electron can be reversibly
stored when bivalent or trivalent metals react with several fluorides, yielding high
theoretical specific capacities. For example, theoretical discharge capacities of BiFs,
CuF2, and FeFs are estimated to 302, 528, and 712 mA-h-g™%, respectively. Apart from
high theoretical energy promises, fluoride ion batteries provide high thermal stability
and better safety due to low-toxicity of metal fluorides. A couple of earlier examples of
primary electrochemical cell based on fluoride ion transport have been already
reported in the literature. Buakal constructed a FIB using doped-CaF: as a solid
electrolyte, metal fluorides (NiF2 or CuFz) as cathode material, and metallic magnesium
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as anode material [56]. The FIB cells were investigated at relatively high temperatures
of 400-500 °C [56]. However, no electrochemical data were reported about the
reversibility of these cells. A FIB cell based on thin film technology was fabricated by
Kennedy and Hunter employing PbF2 as a solid electrolyte, Pb as anode material, and
CuF2 as cathode material [57]. The thin film based FIBs were possible to discharge
about 30 to 40% of their theoretical capacity at voltage range of 0.4 to 0.5 V, however
no reversibility of cells was reported [57]. Another primary cell was reported by
Hagenmuller et al. using B-PbF2 as a solid electrolyte, Pb as anode and BiFs as cathode
[58]. J. Schoonman tried with BiOo.osF2.82 as cathode instead of BiFs and found similar
outcomes [59]. Better results were reported by Potanin using doped LaFs and CeFs as
solid electrolytes, doped PbF2 and BiFs as cathodes, and La and Ce as anodes [60].
The PbF; based cell delivered a discharge capacity of 130 mA-h-g™}, whereas the BiFs
based cell exhibited a discharge capacity of 200 mA-h-g™* [60]. The higher capacities
were obtained between voltage of 2.0 and 2.4 V, but again at relatively high
operational temperature of 500 °C.

In the recent study mentioned above, Anji and Fichtner built rechargeable FIBs using
tysonite-type Lao9Bao.iF29 as a solid electrolyte, several metal fluorides such as BiFs,
CuF2, SnF2, and KBiFs as cathodes, and Ce metal foil as an anode [1]. They have
investigated the electrochemical property of FIB cells at a temperature of 150 °C.
The first discharge capacity of 322 mA-h-g* with an average discharge voltage of 2.5 V
was obtained for Ce/CuF. couple, however no charge capacity was presented [1].
The Ce/BiFs system delivered a first discharge capacity of 190 mA-h-g™! at an average
voltage of 2.15 V, and it showed a first recharge capacity of 131 mA h g™}, meaning that
69% of the first discharge capacity could be recovered [1]. However, the capacities
faded during the following cycles and it decreased to 50 mA-h-g™! after 38 cycles. Since
then, various approaches have been employed to improve the performance of the FIBs,
for example, testing batteries in discharge state, using Mg-MgF. composite as anode,
employing thin film based (tysonite-type) electrolyte, demonstrating intercalation
compounds as cathodes [62-66]. However, all these approaches have required the
operational temperature of 150 °C or above to ensure the ionic conductivity of any
significance. Up to date, only reports that have demonstrated fluoride ion batteries
working at room temperature were using not solid, but liquid electrolytes [3, 67-69].
In a recent study, RT-FIB was investigated using poly (ethylene glycol) (PEG) based
compound as liquid electrolyte, Mg as an anode, and BiFs as a cathode. The cell
displayed high discharge capacity of 250 mA-h-g™%, when applying current 10 pA [68].
Despite obtaining such a high first discharge capacity, the cell failed to deliver any
reversible capacity. A new study demonstrated the rechargeable fluoride shuttle
battery (FSB), compromising ionic liquid-based electrolyte, PbF; as the anode, and Bi as
a cathode. The FSB cell was charged and discharged reversibly for few cycles, however
the operating voltage was quite low (~0.2 V) [3]. All above studies were completely
based on conversion type electrode materials. Conversion, unlike intercalation
materials break and create new chemical bonds during insersion and extraction of F~.
For example, BiFs as cathode reduced or converted to metallic Bi during discharge,
releasing three fuoride ions via breaking three Bi-F bonds. However, conversion
reactions at electrodes are known to have several issues such as capacity fading, low
cyclability, and slow transport kinetics, which is associated with significant volume
changes during the conversion and crystallization process. To reduce these issues,
intercalation reaction based compounds such as LaSrMnQs, La2Co04, and BaFeO2s as
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cathodes for FIBs have been investigated [64-66]. The key component of FIB is the
electrolyte, which is a medium for fluoride ion shuttling between the electrodes.
The electrolyte should possess a wide electrochemical stability window, in addition to
the high ionic conductivity. In the upcoming section, few fluoride ion conductors will be
presented.

1.3.1 Solid-state fluoride ion conductors

Fluoride ion conductors are known to possess high ionic conductivity. A variety of
fluorides compounds such as fluorite-type (alkaline-earth fluorides), tysonite-type
(rare-earth fluorides), lead-based fluorides (PbF2 or PbSnFs), and tin-based fluorides
(BaSnF4 or SrSnFa) can be considered as solid electrolytes for FIBs. Among available
metal fluorides, two types of fluorides with fluorite type-structure (e.g. CaF2) and
tysonite type struture (e.g. LaFs) are known to possess high ionic conductivity, in
addition to their wide electrochemical stability, which is commendable for battery
application [70-81]. Mostly, alkaline-earth fluorides (MF2, M = Mg, Ca, Ba) adopt a
fluorite-type structure (space group, Fm-3m), while rare-earth metal fluorides (RFs3, R = La,
Ce, Pr) crystallize into a tysonite-type structure (space group, P-3cl). In the case of
fluorite type compound, fluoride ions conduction is mainly due to the migration of
interstitial fluoride ions [76, 82, 83]. In tysonite-type compounds, the ionic conductivity
is mainly dominated by the migration of fluoride vacancies [76, 84]. However, most of
the reported studies on these compounds have been done on single crystals but for
batteries application polycrystalline powders are more compatible due to shaping
issues. Further, several studies have been reported that nanocrystalline fluorite type
fluorides showed higher conductivity than the corresponding single crystals [82].
In contrast, nanocrystalline tysonite compounds displayed less conductivity as
compared to the corresponding single crystals [84]. For polycrystalline materials, the
conductivity that proceeds through migration of interstitial F~ ions in fluorite type
fluorides, is dominated by the grain boundaries, but the conductivity that proceeds via
migration of vacancies in the tysonite-type fluorides is partly obstructed by the
presence of grain boundaries. The grain boundaries of both types of compounds are
associated with different properties. This difference could be associated to the creation
of different types of extrinsic defects. The defects created by aliovalent doping in
tysonite and fluorite compounds are vacancies (e.g. LaF3 by Ba) and interstitials F~
(e.g. BaF2 by La), respectively. It has been establisehd that the vacancies created in
tysonite type fluoride (Lao.sBao.1F2.9) are very mobile in the bulk but partially obstructed
by the grain boundary barrier and have less effect on defects created at the grain
boundaries. This behaviour is totally different to what was observed in fluorite type
compounds (Bai-xLaxF2+x) Where the interstitials F~ are less mobile but influence greatly
the vacancies present in the grain boundary region. The vacancies in the grain
boundary could be accumulated by negatively charged interstitial F~ ions presented on
surface of the bulk. Rongeat et al. have concluded that if the defects present in bulk
(interstitial F~ ions) do not contribute directly to the conduction, then they probably
influence the defects (vacancies) present in the grain boundaries [82].

The conductivity of both types of metal fluorides (fluorite and tysonite) could be
increased by aliovalent doping. For example, Ivanov-Shits and coworkers synthesized
Ca1xRxF2:+x and BaixRxF2:x (R = rare-earth elements) compounds by doping of CaF2 and
BaF2 with rare-earth metal fluorides (RFs), respectively [70, 85]. They studied the ionic
conductivity of doped fluorite structured compounds at temperatures range of
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300-800 K. The maximum conductivity of 1.2 x 107 S-cm™ and 1.9 x 10 S-cm™ was
obtained for Cao.esDyo3sF2.35 and BaosLao.aF2.4 at 500 K, respectively [70, 85]. Sorokin’s
group further studied the ionic conductivity of doped fluorite-type materials in single
crystal (SrixRxF2+x, Ba1xRxF2+x and CaixR«F2+x) at temperatures range of 300-1100 K, and
found similar results [71, 73]. Recently, Rongeat et al. have prepared nanocrystalline
fluorite-type Bai-xLaxF2+ (0 £ x < 0.55) solid solutions and they also obtained similar
conductivity [82]. The maximum ionic conductivity of 1.9 x 10™* S-cm™ was obtained for
nanocrystalline Bao.sLao.4F2.4 at 160 °C [82].

Tysonite-type doped compounds have been widely investigated, and they are
considered as the best candidates for solid electrolytes of FIBs. Tysonite-type
crystallographic lattice provides high ion conductivity that can be greatly improved by
aliovalent cation substitution (Ba2*, Sr?*, and Ca?*) [86-88]. Takahashi et al. synthesized
CeFs based solid solutions by doping with different alkali metal fluorides such as CaF,
SrF2, BaF2 and ThF4 [78]. They found that the conductivity was increased by 5% for all
divalent metal fluorides. However, a decrease in conductivity was observed for dopant
ThFs. For the single crystal, it is reported that tysonite doped compound could show
high value of ionic conductivity even at room temperature [78]. For example, the ionic
conductivity of pure LaFs single crystals is around 107® S-cm™ at 298 K, but after doping
with a little amount of BaF, the conductivity of Lao.gsBao.osF2.95 single crystals increased
to around 10* S-cm™ at 298 K [79, 87]. In contrast to single crystals, polycrystalline
materials (tysonite) do not show such high ionic conductivity at RT, where conduction is
hindered by F ion transfer through the grain boundaries. Rongeat and coworkers
studied the ionic conductivity of poly crystalline tysonite-type LaixBaxF3-x (0 < x £ 0.15)
compounds [84]. They found the highest ionic conductivity of 2.8 x 10™* S-cm™ at 160 °C
for nanocrystalline LaosBao.1F2.9 and it was considered as the best electrolyte for
solid-state FIBs [84]. This value of ionic conductivity was slightly less than the
corresponding single crystal, which is usual in the case of tysonite type fluorides.
Recently, Diivel et al. and other’s investigated nanocrystalline tysonite-type compounds
and obtained similar results [89].
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Figure 1.5. Layered structure of tetragonal BaSnF, displaying different cation layers and fluoride
ions. (b) Sn coordination environment of BaSnF, showing lone pairs on Sn?* pointing in the
c-direction [90].

In contrast to tysonite-type fluorides, lead or tin-based compounds (PbSnFs, BaSnFa)
show high ionic conductivity also as polycrystalline materials, [90-95]. The ionic

22



conductivity of PbSnF. is about 107 S-cm™, whereas the ionic conductivity of BaSnFa
and SrSnFs is about 10* S-cm™, respectively, at 298K [93, 95]. The high ionic
conductivity in tin containing compound is due to effect of lone pair of electrons on
Sn?* atom, which strongly influences the fluoride sub-lattice and contributes to the high
ionic conductivity in BaSnF4 [90]. The crystal structure of tetragonal BaSnFa is given in
Figure 1.5. This structure can be derived from the cubic fluorite-type structure by
ordering the Sn and Bn cations in Sn-Sn, Ba-Sn, and Ba-Ba layers, along the c-direction
of tetragonal cell. This ordering results in three different fluoride sites, termed as F1,
F2, and F3, and they reside in Sn-Sn, Ba-Sn, and Ba-Ba layers, respectively.
The stereoactive lone pair induces a repulsive interaction between the lone pair
electron and negatively charged fluoride ion, which lead to depletion of the fluoride
ions in the Sn-Sn and Sn-Ba layers of BaSnF4 crystal structure (Tetragonal). Hence, all
fluorides between Sn-Sn and Sn-Ba layers become mobile and are involved in
conduction process. The local environment of F3 ions in the Ba-Ba layers is very similar
to that of BaF2 crystal, and they held rigidly in the lattice. Also, these compounds
(BaSnFs4 and PbSnFa) can be synthesized by mechanical milling and they exhibit ionic
conductivity similar to the corresponding material synthesized by high temperature
sintering. Polycrystalline materials with high room temperature conductivity can be
considered as suitable electrolytes for RT-FIBs. However, these electrolytes have not
been tested as solid electrolyte in practical FIBs.

The ionic conductivity of the compound is generally evaluated by impedance
spectroscopy. The conductivity is determined by measuring the complex impedance
using a blocking electrode arrangement. To measure the impedance, generally, an
electrolyte material in the form of a disc or pressed pellet is prepared, connected
between two equivalent electrodes. The resistance R of the electrolyte is obtained from
complex impedance spectra (Nyquist plots), and the ionic conductivity is calculated by
the following Equation 1.8:

) (1.8)

where o is the ionic conductivity, d is the pellet thickness, and A is the cross-sectional
area of the pellet.

The relation between ionic conductivity and temperature is governed by the
Arrhenius equation, which is given below (Equation 1.9):

ox T =0, x e (/D (1.9)

where Es, k, and oo correspond to activation energy, Boltzmann constant, and
pre-exponential factor, respectively. After simplification of equation 1.8, -Eo/k and
In(oo) correspond to slope and intercept, respectively.

1.4 Summary of literature overview and aim of the study

At present, lithium-ion batteries are superior among all power sources of portable
electronics and being launched in the transportation sector to drive HEV, PHEV, also for
a smart grid storage application. Generally, state-of-the-art LIBs use LiCoO., LiNiCoAlO2,
LiFePO4, and LiNixMnyCo:02 compounds as positive electrodes. As the demand for
electrochemical devices keeps increasing, factors like thermal instability and high cost
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of LiCoO2 also geographically constrained and finite availability of Li need to be
considered. This intensifies the search for alternative approaches. The systems such as
Na*, Mg¥, Ca%, Zn%*, AP**, and F~ have been introduced and studied consistently.
The important properties of elemental fluorine such as high charge density, high
electronegativity, and relatively low weight make F~ an attractive charge transporting
and storing ion. FIB can be built by combining a suitable fluoride electrolyte with a
metal and a metal fluoride electrode. So far, two types of rechargeable FIBs have been
reported, the all solid-state FIB, which employs a solid-state electrolyte and operates at
high temperature, and FIB working at room temperature, which uses a liquid
electrolyte. Apart from providing high energy density, FIB offers a good thermal
stability and better safety possibly at a lower price than LIB. This type of system is at
the beginning of development and large improvement is still needed regarding the
performance of electrodes and electrolytes to live up the potential. In addition to the
fast transport of the ions between the electrodes, the electrolyte should feature also a
large electrochemical stability window. The electrolyte and especially the interface
should be stable against the chemical reactions occurring at anode and cathode
materials. The metal fluorides with tysonite-type structures such as Lao.sBao.1F2.9 and
Ceo.975Sr0.025F2.975 are probably the best candidates for electrolytes for FIBs. However, in
the nanocrystalline powder form they have failed to deliver enough conductivity so far.
Nanocrystalline powders of Sn-based conductors such as PbSnFs and BaSnFs show a
high conductivity at room temperature but they have not been introduced in batteries
application.

Based on the literature overview on solid-state fluoride ion batteries and theoretical
considerations the objectives of the present doctoral thesis were selected on following
hypotheses:

1. For efficient and low-cost working cells, the selection of electrolyte is crucial. High
ionic conductive and low-cost fluorides would be suitable choice for electrolyte.
As mentioned earlier, some of tin-doped compounds (BaSnFs or SrSnFa) possess
high ionic conductivity at RT due to the effect of lone pair electrons of Sn?*. Besides
Sn?*, there are other cations containing lone pair of electrons such as Sb3*, Bi3*, and
TI3*, which can be considered to maintain a similar effect on ionic conductivity.
However, the effect of these ions in their doped compounds has not been studied
so far. In this context, SbF3-doped BaF2 compounds were synthesized in our group,
assuming that Sb3* carrying a lone pair of electrons, might strongly participate to
increasing the ionic conductivity of BaF.. Also, SbFs material is relatively
inexpensive compared to other fluorides.

2. Solid-state FIB systems operate at higher temperatures like 150 °C or beyond.
However, for many practical applications, batteries working at ambient
temperature are required. Up to date, solid-state FIBs working at RT have not been
demonstrated due to lack of inadequate choice of electrolyte and electrode
materials. Here, polycrystalline BaSnFs was chosen as a solid electrolyte for
demonstrating RT-FIB due to its high ionic conductivity. Although the ionic
conductivity of polycrystalline PbSnFs is 1 order of magnitude higher compared to
the BaSnFs, it was decided to work with BaSnFs as Pb-free electrolyte.
For constructing FIB cells, Sn and Zn were selected as anodes, considering their
predicted electrochemical stability with BaSnF4. BiFs as a cathode was chosen for
FIBs due to its high ion conductivity and good electrochemical stability.
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The feasibility of RT-FIBs could be demonstrated using BaSnFs as an electrolyte, Sn
and Zn as anode, and BiFs as cathode, but at the cost of low cell voltage due to the
low voltage redox couples (Sn/BiFs and Zn/BiFs). The low operating voltage would
lead to low energy density of battery. One way to increase the voltatge is the use
of high electropositve metals (Ce, La, etc) as anodes, however they are not
compatible with BaSnF4 due to the limited electrochemical stability of BaSnFa. Until
now, there is no any fluoride conductor, which possesses high RT ionic conductivity
as well as wide electrochemical stability window. To overcome both low
electrochemical stability and low ionic conductivity for the electrolyte of fluoride
ion battery, the interlayer electrolytes concept was proposed here. The interlayer
electrolyte is composed of a thin layer of Lao.sBao.iF2.9 and thick layer of BaSnFa.
The electrochemical stability of BaSnF4 can be enhanced by placing Lao.9Bao.1F2.9 in
contact with high electropositive anodes.

Reports of FIBs based on liquid electrolytes are scares. As mentioned above, one
reports fabricated a FIB cell utilizing ionic based liquid as electrolyte. Although, the
reversibility of FIB was demonstrated, but the cell voltage was quite low (~0.2 V).
Because they have built the FIB using low redox potential couple: PbF2/Bi system.
To build high voltage RT-FIBs, high redox couples such as Mg/BiFs and Mg/SnF:
have been investigated here. In this work, FIB cells were constructed using LiPFs as
electrolyte.

Therefore, the aims of this thesis are as follows:

To synthesize the fluorite-type Bai-xSbxF2+ (0.1 < x < 0.4) solid solutions by high
energy ball milling method, and study their ionic conductivity using electrochemical
impedance spectroscopy, establish and test the most conductive composition as
cathode a material for rechargeable solid-state fluoride ion batteries.

To demonstrate the room-temperature rechargeable solid-state fluoride ion
batteries using BaSnFs as solid electrolyte, Sn and Zn as anodes, and BiFs as
cathode, and investigate the mechanism of electrochemical reaction by ex-situ
XRD, and SEM studies.

To introduce interlayer electrolytes (Lao.gBao.1F2.9/BaSnFa) concept for building high
potential solid-state RT-FIBs, optimize the total ionic conductivity of the interlayer
electrolyte by altering the thickness of the LaosBao.iF29 layer, and validate the
compatibility of this electrolyte with high electropositive metals like Ce in FIB,
while using optimized cathodes, in particular fluorite-type Bai-xSbxF2:x as studied in
aim 1.

To demonstrate Mg as reversible anode material of rechargeable fluoride ion
batteries employing LiPFs as liquid electrolyte, when SnF2 and BiFs are used as
cathodes, and investigate Mg/BiFz and Mg/SnF. electrode systems, by means of
discharge-charge testing, cyclic voltammetry, and X-ray diffraction.
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2 Experimental

Prior to use, all the materials (except SnF2) were dried for 15 hours (h) at 200 °C under
vacuum and stored into Ar filled glove box.

2.1 Materials

All materials were obtained from Sigma-Aldrich and Alfa-Aesar. A detailed description
of all materials is given in below Table 2.1.

Table 2.1. Description of materials.

Materials

Barium fluoride
Antimony fluoride
Calcium fluoride
Potassium fluoride
Silver fluoride
Cerium fluoride
Strontium fluoride
Lead fluoride
Cobalt fluoride
Copper fluoride
Lanthanum fluoride
Carbon nanotubes
Cerium powder
Zinc powder

Tin fluoride
Bismuth trifluoride
Tin powder
Bismuth powder
Mg powder

Mn powder

Fe powder
Yttrium powder
Calcium granular
Titanium

Misch metal powder

Magnesium fluoride
Lithium
hexafluorophosphate

Formula
BaF:
SbFs
CaF.
KF
AgF
CeFs
SrF2
PbF,
CoFs
CuF2
LaFs
CNT
Ce
Zn
Snk2
BiFs3
Sn

Bi
Mg

Fe

Ca

Ti
Ce:la
wt%
MgF2
LiPFe

75:25
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Purity

99.9%

99.6%

99.9%

99.97%

99%

99.9%

99.995%

99.6%

99%

99.5%
anhydrous, 99.9%
95%

99.9%

99.9%

99%

anhydrous, 98%
99%

99.9%

99.8%

99.3%

99%

99.5%

99%

99 % (metal basis)
99%

99.99%

1.0 M LiPFs in
EC/DMC = 50/50
(v/v)

Supplier
Sigma-Aldrich
Alfa-Aesar
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Alfa-Aesar
Sigma-Aldrich
Alfa-Aesar
Alfa-Aesar
Alfa-Aesar
Sigma-Aldrich
Sigma-Aldrich
Alfa-Aesar
Sigma-Aldrich
Alfa-Aesar
Alfa-Aesar
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Alfa-Aesar
Alfa-Aesar
Sigma-Aldrich
Sigma-Aldrich
Alfa-Aesar
Alfa-Aesar

Sigma-Aldrich
Sigma-Aldrich



2.2 Synthesis

Mechanical milling was used for mixing and synthesis of electrode and electrolytes
samples, respectively. Bai-xShxF2+x (0.1 < x £ 0.5) compounds were prepared by ball
milling of a mixture of stoichiometric amounts of BaF. and SbFs for 18 h at 600 rpm
under argon atmosphere [l]. Bao.7LaosF23 was produced according to the previous
report [82] by ball milling of a mixture of appropriate amounts of BaF2 and LaFs for 18 h
at 600 rpm [l]. Lao.sBao.1F2.9 was obtained in relation to the earlier study [84] by milling
stoichiometric amounts of BaFz and LaFs for 12 h at 600 rpm under an Ar atmosphere
[1, ). Ball milling of these compounds was performed using vial (volume, 80 mL) and
balls (20 balls, diameter of 10 mm) made of silicon nitride with a ball-to-powder weight
ratio of 12:1. Tetragonal BaSnFs was synthesized by the same way as described in the
past [92]. First, the cubic phase of BaSnFs was synthesized by ball milling the
stoichiometric ratios of BaF2 and SnF; for 12 h at 600 rpm [ll, lll]. And then, as-milled
BaSnFs was annealed at 300 °C for 2 h under vacuum to obtain its tetragonal phase
(1, 1. The mixing of electrode composites and synthesis of BaSnFs were performed
using zirconium dioxide jars (volume, 80 mL) and 20 balls (diameter, 10 mm) with the
ball to power weight ratio of 16:1. All Milling was performed using a planetary-type mill
(FRITSCH Pulverisette 6). Composition and preparation of different electrodes are given
in Table 2.2.

Table 2.2. A description of electrode composites and their preparation.

Electrode Composition (weight %) Milling time and | Ref.

short name speed

Bao.7Sbo.3F2.3 90% Bao.7Sbo.sF2.3+ 10% CNTs 6 h and 100 rpm (1]

(cathode)

Ce (anode) 90% Zn + 10% CNTs 3 hand 200 rpm [

Zn (anode) 40% Zn + 50% Lao.9Bao.1F2.9 +10% CNTs | 12 h.and 200 rpm | [I]

BiFs (cathode) | 40% BiFs + 50% BaSnFs+ 10% CNTs 6 h and 100 rpm [,

Sn (anode) Step 1-> 84% Sn + 16% CNTs (C-Sn) 6 h and 300 rpm [
Step 2-> 60% C-Sn + 40% BaSnFa 6 h and 100 rpm

Zn (anode) Step 1-> 84% Zn + 16% CNTs (C-Zn) 6 h and 300 rpm [
Step 2-> 60% C-Zn + 40% BaSnF4 6 h and 100 rpm

Ce (anode) Step 1-> 84% Ce + 16% CNTs (C-Ce) 2 hand 200 rpm LY
Step 2> 60% C-Ce + 40% LaosBaoiF29 | 2 hand 100 rpm

BiFs3 (cathode) | 90% BiFs + 10% Carbon black 6 h and 600 rpm [IV]

SnF; 90% SnF2 + 10% Carbon black 6 h and 600 rpm V]

(cathode)

Mg (anode) 50% Mg + 40% MgF2 + 10% Carbon | 6 h and 600 rpm V]
black

2.3 Battery assembly and electrochemical testing

All-solid-state FIB cells were constructed in an Ar-filled glovebox. The three-layer pellet
was assembled by pressing anode/electrolyte/cathode layers together. The layers were
pressed for one minute applying a pressure of two tons using a desktop pressing tool
(Specac). The diameter and thickness of the pressed pellets were approximately 7 mm
and 0.8 mm, respectively. The three-layer pellets were then transferred into a modified
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Swagelok cell specially designed and fabricated for working at elevated temperatures.
The schematic photograph of modified Swagelok cell with battery components and
band heater is given in Figure 2.1 [I-l1].
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Figure 2.1. Schematic sketch of the modified Swagelok cell.

In paper [l], the galvanostatic charge-discharge profiles of solid-state FIB cells were
obtained at temperatures of 150 °C. In paper [lll], electrochemical investigation on FIB
cells was carried out at 25 and 150 °C. In the case of paper [ll], the electrochemical
studies were done at different temperatures such as 25, 60, 100, and 150 °C.
Galvano-static cycling of the cells was carried out using Arbin battery cycling unit [I-111].
The cyclic voltammetry measurement of cells was performed using a Biologic
instrument [ll]. The cells of paper [I] and [lll] were cycled at current densities of
10 pA-cm2, whereas the cells of paper [Il] were cycled at different current densities
such as 10, 20, and 40 pA-cm™. In paper [IV], the FIB cells were assembled in the
CR2023 case cell and their electrochemical analysis was done using Keysight DC power
analyzer (N6705B). For all the cells, the specific capacity was calculated based on the
weight of active material in the cathode composite. Typically, the total mass of the
cathode composite used for the cell fabrication was approximately 5 mg. For all
electrochemical tests, the anode amount was used in excess compared to the active
material of cathode. Different types of FIB cells were constructed, and their detailed
descriptions are given in Table 2.3.

Table 2.3. Different types of FIB systems with their cycling current densities and temperatures.

S.N. FIB system Current density | Temperature Ref.
anode/electrolyte/cathode (LA-cm™?) (°C)
1 Ce/Lao.sBao.1F2.9/Bao.7Sbo.sF2.3 10 150 [
2 Zn/Lao.sBao.1F2.9/Bao.7Sbo.3F2.3 10 150 [
3 Sn/BaSnFa/BiF3 10, 20 25, 60, 100,150 [m
4 Zn/BaSnF4/BiF3 10, 40 25, 60, 150 [m
5 Ce/Lao.sBao.1F2.9/BaSnFa/BiFs 10 25 [
6 Ce/BaSnFa/BiF3 10 25 (]
7 Mg+MgF2/LiPFs/BiF3 38 25 [v]
8 Mg+MgF2/LiPFs/SnF> 38 25 (V]
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2.4 Electrochemical impedance spectroscopy (EIS)

lonic conductivity was evaluated by EIS analysis. EIS measurements were done using a
Zahner IM6 electrochemical device. The frequency range was 8 MHz to 1 Hz, and the
voltage amplitude was 10 mV. The measured EIS data were fitted using ZView and
EC-Lab software’s. Impedance measurements were performed on pellets pressed with
a tow tons force for one minute and coated with gold which was sputtered on both
sides used as ion-blocking electrodes. The thickness and diameter of the pellet were
approximately 0.8 and 7 mm, respectively. For solid-state electrolytes, impedance
spectra were recorded at different temperatures ranging from 25 °C to 200 °C [I-lll].
The electronic conductivity of BaoesSbo4F24 composition was measured by
chronoamperometry at a constant voltage of 2.0 V using a Bio-Logic VMP 3 instrument [l].

2.5 Characterization Methods

The different methods and apparatus used for the characterization of electrode
composites and electrolytes are summarized in Table 2.4.

Table 2.4. Methods used for the characterization of electrode composites and electrolytes.

Properties Characterization | Apparatus Ref.
method
phase composition, cell XRD STOE STADI P | [I-lll]
parameter, crystallite size instrument  with
Mo Ka source
phase composition of both sides ex-situ XRD Bruker D8 Advance | [lI, lll]
of battery pellet before and after diffractometer Cu
discharge Ka radiation
Surface morphology, cross- SEM ZEISS LEO 1530VP | [I-1l1]
sectional view, the average SEM
thickness of FIB and interlayer
components,
Surface morphology of cathode ex-situ SEM ZEISS LEO 1530VP | [H]
and anode sides of a battery pellet field SEM
before and after discharge
Elemental composition EDX LEO 1530VP SEM | [lI, ]
with field emission
electron gun
(Tungsten)
phase composition of cathode side ex-situ XRD AXS Bruker D5005 | [IV]
of battery pellet before and after Advance
discharge instrument with Cu
Ka radiation

The XRD measurements were performed to identify the phase composition of
synthesized electrode composites and electrolytes [I-lll]. The cell parameters and
average crystallite sizes were determined by performing Profile Matching refinements
of the XRD patterns [I-lll]. The refinement was done using Le Bail method with the
FullProf software [96]. Instrumental broadening was taken into consideration using
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LaBes as reference diffraction data. The sample contribution to X-ray line broadening
was determined by using Thompson-Cox-Hastings pseudo-Voigt function that consists
both size and strain-broadening terms for Lorentzian and Gaussian constituents [97].
The apparent crystallite size and the upper limit of micro strain of the sample were
internally calculated using Langford’s method with the FullProf software [98].
The reaction mechanism of FIBs was investigated by performing ex situ XRD
measurements on the battery pellets before and after discharge [ll, lll]. In the paper
[IV], the reaction mechanism of battery was investigated by XRD analysis on cathode
before and after discharge. For recording XRD patterns, the pellets after
electrochemical testing were transferred into dome type sample holders (Bruker AXS
Inc.) equipped with a knife edge beam stop for low background and sealed inside an
Ar-filled glovebox. The SEM analysis was performed on both sides of battery pellet to
monitor the distribution of active material, a solid electrolyte, and CNT particles [ll].
The average thickness of each component of FIB was determined by SEM analysis of a
cross section of the battery pellet [ll, 1ll]. The EDX mapping analysis was carried on Sn
and Zn composites to observe the distribution of active material, electrolyte, and CNT
[l]. The SEM and corresponding EDX analysis of a cross section of the inter-layer
electrolyte pellet [Lao.9Bao.1F2.9 (20 mg)/BaSnF4 (120 mg)] was performed to measure the
average thickness of each component of pellet and to monitor the distribution of
BaSnFs and Lao.sBao.1F2.9, respectively [lll]. Similar to the interlayer electrolyte, SEM and
corresponding EDX was also performed for the interlayer electrolyte-based FIB pellet
[I]. Like ex situ XRD, ex situ SEM measurements were carried out on charged and
discharged pellets [Il].
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3 Results and Discussion

The following sections 3.1-3.4 summarize the results of studies related to fluorite-type
electrolyte and room temperature fluoride ion batteries. The results have been
presented in papers [I], [Il], [IIl], and [IV] and reflect what can be considered as a
“publishable” outcome of a more extensive effort, comprising initial probing , selection
of specific research targets and many failed experiments. This part, inevitable as such,
is described briefly in section 3.5.

3.1 Synthesis and ionic conductivity study of SbFs;-doped BaF: solid
solutions [1]

3.1.1 Synthesis and structure of Bai-xSbxF2:x (0 < x £ 0.5) compounds

BaixSbxF2+x (0 < x < 0.5) samples were synthesized by mechanical milling of
stoichiometric mixtures of BaF2 and SbFs. The XRD patterns of all compositions after 18 h
of milling are given in Figure 3.1. The diffraction peaks corresponding to a fluorite-type
structure which were obtained for all compositions except Bao.sSbo.sF2.5, confirming the
formation of solid solution (Figure 3.1a). The XRD pattern of Bao.sSbo.sF2s compound
displayed few extra peaks, besides the peaks corresponding to the fluorite-type
structure (marked *) indicating the formation of an impure phase with x > 4. The peaks
corresponding to dopant 0.3 and 0.4 were slightly shifted towards higher reflection
angle compared to that of BaF2, which was expected (Figure 3.1b). However, reflections
corresponding to dopant 0.1 and 0.2 shifted towards lower angle compared to that of
BaF2. Corresponding cell parameter and crystallite size values were calculated by
described profile matching refinement. As expected, a reduction of the cell dimension
was observed for Bao.7SbosF2.3 and Bao.eSbo.sF2.4 samples in comparison to the BaF:
crystal structure (Figure 3.1c). This decrease can be attributed to the insertion of the
relatively smaller sized Sb3* (ion radius of 0.76 A in VI coordination in SbFs) into the
BaF. crystal network, where sizes of Ba?* are 1.35 and 1.42 A in VI and VI
coordination, respectively [99][93]. In contrast, BaosSbo.iF21 and Bao.sSboaF2.2
compositions show an increase in cell dimension (compared to BaF:), which was
unexpected. The increase in cell dimension is associated with the size of Sb3*
substituent and existing lone pair electrons on Sb**. These outcomes suggest that there
is a strong interaction between the interstitial occupancy of fluoride ions, dopant cation
size, and lone pair of electrons. The doping of Ba1-xSbxF2+x was limited to x < 0.5, which
is in contrast to the Bai-xLaxF2+x system, where higher doping like x = 0.55 was achieved
[82]. This was unexpected considering the fact of smaller size of Sb3* cation (0.76 A in VI
coordination) as comparted to La3* cation (1.02 A in VI coordination) which should
allow a higher doping. This means even with smaller amount of SbFs the doping is
occupying more interstitial sites of BaF2 than that required by stoichiometry. This could
be due to the effect of lone pair of electrons on Sb3*, which would repel the fluoride
ions and force them to occupy more interstitial sites. However, more structural
characterizations are needed to demonstrate this hypothesis.
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Figure 3.1. (a) XRD patterns of Ba;xSbxF2.x (0 < x < 0.5) compounds (b) zooming of the reflection
between 21.4 and 22.3 20 values (c) cell parameter vs. crystallite size value plots of
Ba1.xSbyF2.x (0 < x < 0.4). (A modified version of Figure 1 from paper [1].)

3.1.2 lonic conductivity study of Bai-xSbxF2:x (0 < x < 0.4) compounds

lonic conductivity and the total resistance of Bai-xSbxF2:+x (0 < x £ 0.4) compounds were
measured using electrochemical impedance spectroscopy (EIS). Impedance spectra
were recorded at different temperatures varying from 25 to 200 °C. Figure 3.2 shows
the Nyquist plot of Bao.7SbosF2.3 compound along with the corresponding equivalent
circuit. The spectrum consists of a half-circle and tilted straight line at high frequency
(MHz) and low frequency (Hz), respectively. The half-circle is related to bulk
phenomena, whereas the straight line represents the charging of ionic species at the
electrolyte-electrode interface [100, 101]. Similar impedance spectra were obtained
for all compositions. The equivalent circuit for fitting the spectra is shown in the inset of
Figure 3.2. It consists of a parallel assembly of a pure resistance (R1) with a constant
phase element (CPE1), which is combined in series with a further constant phase
element (CPE2). CPE1 arises from bulk and grain boundaries, whereas CPE2 appears
from blocking electrodes. The total resistance (R1) and capacitances were calculated by
fitting the impedance spectra with this equivalent circuit [85]. The ionic conductivity of
Bai-xSbxF2+x compound was calculated from its total resistance using Equation 1.8.
The values of ionic conductivity and equivalent circuit parameters for BaixSbxFa+x
compounds are given in below Table 3.1.
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Figure 3.2. EIS spectra of Bag 7Sbo3F23 compound obtained at different temperatures (symbols)
and the corresponding equivalent circuit used for fitting (lines). (A modified version of Figure 4 in

paper [1].)

Figure 3.3 displays the Arrhenius plots for the ionic conductivities of BaixSbxF2+x
(0 £ x £ 0.4) compounds. Activation energies were calculated from the slope of their
linear fits using Equation 1.9, values are given in Table 3.1. From Arrhenius plots, it can
be observed that the ionic conductivity of BaixSbxF2:x compounds increases with the
increase of dopant concentration and seem to reach a broad maximum at 0.2 < x < 0.4.
The ionic conductivity of Bao.sSbosF2.4 sample is lower than that of Bao.7Sbo.sF23 and
Bao.sSho.2F2.2 at lower temperatures. Whereas, at high temperature, the conductivity of
Bao.sSbo.2F2.2 is lower than that of Bao.7SbosF2.3 and BaoeSbo.sF24. It seems that doping
x > 0.3 does not increase the ionic conductivity further, which is in good agreement
with structural considerations of interstitial F~ ions trapped in defects clusters [102].
The maximum ionic conductivity was obtained for the Bao.7Sbo.3F23 composition, which
was 4.4 x 10 S-cm™ at 160 °C (Table 3.1). In comparison to isostructural BaosLaoF23
(o160 °«c = 1.55 x 107 S:cm™) [82], the ionic conductivity of Bao7SbosF23 is nearly
doubling at 160 °C, which suggests that an additional contribution to the conductivity
might be possibly introduced by the effect of lone pair electrons on Sb3*. However, the
exact role of these lone pairs is not known at moment, further investigations about
lone pairs are required.

The impedance spectra of the polycrystalline samples look similar to reported
polycrystalline fluorite-type compounds [82, 84, 103]. Here, the change in capacitance
value was marginal while the resistance values depended upon sample composition as
well as temperature. The capacitance values were almost similar for all compositions
and slightly changed with temperature, based on the data extracted from the fits
related to the equivalent circuit. For all compositions, capacitance value (CPE1)
corresponding to the first semicircle was close to 107° F, and capacitance value (CPE2)
corresponding to the straight line was in the range of 10°%-10> F (Table 3.1).
As expected for polycrystalline fluorite-like compound, the CPE1 value was consistent
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with grain boundaries phenomena (1071'-1072 F), and CPE2 value was consistent with
sample-electrode interfaces phenomena (1077-10 F) [104]. In the case of fluorite type
compounds, the capacitance corresponding to nano-particle bulk phenomena cannot
be observed due to the absence of a second semi-circle which can be described by
short-circuiting of bulk resistance by the lower resistance along the grain boundaries.
Hence, the bulk contribution is transcended by grain boundaries contribution resulting
in only one semicircle. Thus, ionic conductivities of the polycrystalline samples are
mostly governed by diffusion of vacancies along the grain boundaries. Based on the
data presented in Table 3.1, it can be considered that ionic conductivity of Bai-xSbxF2:x
compounds is proceeded by diffusion of vacancies along the grain boundaries.
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Figure 3.3. Arrhenius plots of ionic conductivity of Bai—xSbxFz:x (0 < x < 0.4) compounds (symbols)
and their fits (dotted lines).

Table 3.1. Values of activation energy, ionic conductivity and equivalent circuit parameters for
Ba;-«SbxF2.x (deviation of 0 to 2).

Sample Bai-xSbxF2+x

X 0 0.1 0.2 0.3 0.4

R1is0°c (102 Q) 5393.68 72.9 12.33 4.61 5.97

o160°c (107* S-cm™) 0.0039 0.333 1.98 4.41 3.89

Ea 0.45 0.63 0.61 0.66 0.73
CPE1160°c (10720 F-s271) 3.52 7.85 2.91 10.78 3.05
CPE2160°c (10720 F-s271) 1.95 4.62 5.83 10.14 31.89
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Since the Bao.7Sbo.sF2.3 composition provided the highest ionic conductivity, it was
selected to test as cathode material for FIB. Also, theoretical capacity of this compound
was estimated to 450 mA-h-g™* (based on SbFs), which is relatively high in comparison
to previously reported cathode compositions like BiFs (302 mA-h-g™) [1]. A FIB cell was
constructed using Bao.7Sbo.3F2.3 as a cathode, Lao.9Bao.1F2.9 as an electrolyte and Ce as an
anode material. Figure 3.4 shows the electrochemical profiles of the cell for the first
five cycles. The cell was cycled with a current density of 10 pA-cm™ at a temperature of
150 °C. The cell delivered a first discharge capacity of 301 mA-h-g’! at an average
voltage of 1.7 V. This capacity value reaches 66% of the theoretical specific capacity of
SbFs (450 mA-h-g™1), only about one-thirds of the cathode was not involved in reaction.
The first charge capacity amounts to 170 mA-h-g™%, which means only 56% of the initial
discharge capacity was recovered. In the following cycles, rapid capacity fading was
observed. After 5 cycles, the discharge capacity was reduced to about 80 mA-h-g™2.
This considerable capacity fading is probably due to large volume and structural

changes in the electrode materials [105].
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Figure 3.4. Voltage-composition profiles of Bao.7Sbo.sF2.3/Lao.sBao.1F2.9/Ce cell obtained at 150 <
with a current density of 10 uA-cm=2. (A modified version of Figure 7 in paper [l].)

In summary, SbFs-doped BaF: solid solutions were synthesized by ball milling, and
their structural characterization was performed by XRD. All compositions (except x = 0.5)
crystallize into pure fluorite-type structure. Their cell parameter and crystallite size
values slightly differ from each other. The ionic conductivities of Bai-xSbxF2:x (0 < x £ 0.4)
solid solutions were studied by EIS. Comparable ionic conductivities were observed for
Bao.7Sbo.3F2.3 and Bao.sSbo.aF2.4 compositions. The Bao.7SbosF23 compound shows the
highest conductivity of 4.4 x 10™* S-cm™ at 160 °C. This value is a double of the
Bao.7Lao3F23 electrolyte. This enhanced ionic conductivity might be due to the effect of
lone pair electrons introduced by Sb**. Bao.7Sho.sF2.3 was demonstrated as a principally
well working cathode material for FIB using Lao.sBao.1F2.9 as solid electrolyte and Ce as
anode. The FIB cell exhibited a first discharge and charge capacity of 301 and
170 mA-h-g™%, respectively at 160 °C.
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3.2 Demonstration of room temperature rechargeable solid-state FIBs
[

3.2.1 Structure and ionic conductivity study of BaSnFs electrolyte

The synthesis of tetragonal (t)-BaSnFa electrolyte was done by milling BaF2 and SnFa,
followed up by annealing the composition. After treatment at 300 °C for 2h, the cubic
phase (as-milled BaSnFa) fully transformed to the tetragonal phase (Figure 3.5a) with
considerable narrowing of the diffraction peaks due to grain growth. The average
crystallite size was found to be 25 nm for t-BaSnF4 by Profile Matching refinement.
The ionic conductivity of t-BaSnFs was evaluated by impedance spectroscopy.
The complex spectra are displayed as Nyquist plots in Figure 3.5b. The ionic
conductivity of the t-BaSnFs electrolyte was calculated from its total resistance
determined by fitting the spectra. The ionic conductivity of t-BaSnFs was 3.5 x 10 S-cm™
at RT, which is consistent with reported value, and is sufficient to apply in RT fluoride
ion batteries [92]. Hence, t-BaSnFa was chosen as solid electrolyte for fabricating solid-
state FIBs.
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Figure 3.5. (a) XRD pattern of tetragonal BaSnFs, and (b) Nyquist plot of t-BaSnFa
obtained at 25 . (A modified version of Figure 2 in paper [ll].)

3.2.2 XRD and SEM characterizations of BiFs, Sn, and Zn composites

BiFz was selected as a cathode by virtue of high fluoride ion conductivity, it provides
high capacity and promising cycling behavior in the earlier reports [1, 106, 107]. Sn and
Zn were expected to have a sufficient, although limited electrochemical stability in
contact with BaSnFs electrolyte and were chosen for cathode. The synthesis of
electrode composites is described in the previous experimental section (Table 2.2).
Figure 3.6 shows the XRD patterns of t-BaSnF4 and electrode composites (BiFs, Sn and
Zn). For each composite, XRD pattern contains reflexes of t-BaSnFs and active material
peaks. No extra peaks are observable in the XRD patterns of the composite, indicating
no chemical reaction occurred between the solid electrolyte and active material during
mixing by mechanical milling. Figure 3.7 a-c displays the SEM images of BiFs, Zn, and Sn
composites which show a uniform distribution of electrolyte, active material and CNT.
In the SEM images, the average length of CNT in BiFs composite was seen relatively
larger as compared to the CNT in Sn and Zn composites. Because Sn and Zn composites
were prepared using a higher milling speed as compared to BiFs composite, breaking of
CNT in Sn and Zn cases occurred In the case of Sn composite, bigger particles of Sn were
identified and marked with a red square (Figure 3.7c). Cross-sectional SEM
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measurement was done on a three-layer pellet of FIB and is shown in Figure 3.7d.
Typical thicknesses of each FIB component layer were found to be 25, 650 and 85 um,
for cathode, electrolyte and anode respectively.
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Figure 3.6. XRD patterns of BaSnF, and electrode composites: (a) Sn, (b) Zn, and (c) BiFs. (A
modified version of Figure 3 in paper [I1]).

Figure 3.7. SEM images of electrode composites (a) BiFs, (b) Zn, and (c) Sn. (d) cross-sectional view
of a FIB cell pellet.
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3.2.3 Electrochemical investigation of FIBs

Electrochemical properties of two types of FIB cells (Sn or Zn)/BaSnFi/BiFs are
presented here. The cyclic voltammograms (CVs) of the Sn/BaSnFa/BiFs cell were
scanned in the potential range of 0.05 to 1.2 V at 25 °C (Figure 3.8a). The CV profile
consists of a cathodic peak and anodic peak. The cathode peak corresponds to the
reduction of BiFs to Bi metal, whereas the anodic peak represents the oxidation of Bi
metal to BiFs. During the first cycle, cathodic and anodic peaks appeared at 0.1 and
0.58 V, respectively. In the subsequent cycle, both peak currents were gradually
decreased, and their potentials shifted to the positive direction. However, the
appearance of cathode and anode peaks indicates that bismuth fluoride reversibly
reduces and oxidizes in the Sn/BaSnFa/BiFs FIB cell. Galvanostatic discharge-charge was
carried out at various temperatures. The cell, operated at 25 °C, delivered the first
discharge capacity of 120 mA-h-g™* (Figure 3.8b). This value is 40% of the theoretical
specific capacity of BiFs (302 mA h g™, indicating incomplete reaction occurred at the
cathode. The first charge capacity was 80 mA-h-g™%, which is 66% of initial discharge
capacity (120 mA-h-g!) and the following discharge/charge cycles capacities faded
quickly. After 4 cycles, the discharge capacity reduced to 30 mA-h-g™t. The capacity
fading is a well-known phenomenon of conversion electrodes, where conversion
reaction occurs during charge-discharge process [105, 108, 109]. It can be attributed to
the volume changes in the electrode materials during charge-discharge process.
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Figure 3.8. Electrochemical analysis of Sn/BaSnF./BiF; cells. (a) Cyclic voltammogram profiles
obtained at 25 . Voltage-composition profiles obtained at (a) 25, and (e) 150 <C. (f) Cycling
performances obtained at different temperatures. (A modified version of Figure 5 in paper [I1].)
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The large volume changes may weaken the electrode and electrolyte contact,
resulting in an increase of the electrode-electrolyte interfacial resistance [110].
Nevertheless, a feasibility of room-temperature rechargeable solid-state fluoride
battery was demonstrated. To study the Sn/BaSnFa/BiF3 system in detail, the cells were
cycled at elevated temperatures such as 60, 100, and 150 °C. The cell operation at 150 °C
delivered the highest discharge capacity of 281 mA-h-g™! at the first cycle, which is 93%
of theoretical specific capacity (302 mA-h-g™1), see Figure 3.8c. The first charge capacity
was 231 mA-h-g1, meaning 82% of initial capacity could be recovered. Since cycling at
25, 60, and 100 °C showed measurably inferior performance (Figure 3.8d), this system
constitutes a promising future testbed.
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Figure 3.9. Electrochemical analysis of Zn/BaSnF./BiFs cells. (a) Cyclic voltammogram profiles
obtained at 25 . Voltage-composition profiles obtained at (b) 25, and (c) 150 °C. (d) Cycling
performances obtained at different temperatures. (A modified version of Figure 6 in paper [ll].)

The electrochemical results on the second system, Zn/BaSnFa4/BiFz cell are displayed
in Figure 3.9. Similar to the Sn based FIB system, the CV profile of Zn/BaSnFa4/BiFs3
consists of cathodic and anodic peak confirming the reduction of BiFs and oxidation of
Bi, respectively (Figure 3.9a). The current related to cathodic and anodic peaks decayed
gradually with increasing cycle number, but not nearly as much as in Sn case.
The electrochemical charge-discharge profiles of Zn/BaSnF4/BiFz cells were obtained at
temperatures of 25, 60, and 150 °C. The cell at 25 °C exhibits a first discharge and
charge capacity of 56 and 43 mA-h-g™%, respectively (Figure 3.9b). Here, the discharge
capacity was considerably less than the theoretical capacity of BiFs (302 mA-h-g™),
representing incomplete reaction occurred. In contrast to Sn based cell, the Zn system
delivered low discharge capacity. At subsequent discharging and charging, capacities
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were found to increase slightly. After 20 cycles the discharge capacity reached about
61 mA-h-g™L. This is in contrast to the rapid capacity fading observed with the Sn based
cell. It seems with increased cycling number more Zn material is getting activated
contributing to the capacity. The cells showed also very stable cycling. When the Zn cell
cycled at 150 °C, the first discharge and charge capacity raised to 213 and 183 mA-h-g™?,
respectively (Figure 3.9c). Despite applying a relatively high current (4 times higher than
25 °C) at 150 °C, it delivered the maximum capacity for the Zn based cell. Unlike the 25 °C
case, no increase in capacity was observed by follow up cycles. High temperature (150 °C)
obviously led to the activation of Zn particles with no further increase of capacity with
cycling. Similar to Sn case, the cyclic performance of cell improves when temperature
increases (Figure 3.9d). This could be due to an increase in ionic conductivity of all
battery components at higher temperatures and decrease of resistance of the
electrode-electrolyte interface. At high temperature, fast movement of electrons and
ions make sufficient contact with active materials by mass and/or electron transfer,
which increases the utilization of active material, increasing the capacity. Also, the low
interfacial resistance at high temperature facilitates further fluoride transfer across the
electrode-electrolyte interface, adding to the reactivity of active material and capacity.

3.2.4 Ex-situ investigation of Sn/BaSnFa/BiFs and Zn/BaSnF4/BiFs cells

To understand the mechanism of conversion reaction at electrodes, ex-situ XRD
measurements were carried out on three-layer pellets before and after discharge.
The Zn/BaSnFa/BiFs cell was discharged at 150 °C applied for recording the XRD pattern.
Figure 3.10a shows XRD patterns of cathode side (BiF3) of the pellet before and after
discharge. Before discharge, BiFs and t-BaSnFs phases were clearly observed. After
discharge, BiFs peaks vanished, indicating a complete reaction. In the pattern, new
peaks appeared which can be attributed to Bi metal verifying the reduction of BiFs to Bi
(Figure 3.10a). XRD patterns of anode side (Zn) of the pellet (Zn/BaSnFa4/BiFs) before
and after discharge are shown in Figure 3.10b. Before discharge, peaks corresponding
to Zn and t-BaSnFs were observed. After discharge, new peaks appeared (marked with +),
which were indexed to the ZnF2 phase, demonstrating the oxidation of Zn metal at the
anode (Figure 3.10b). In the XRD pattern, peaks corresponding to Zn phase were seen
after discharge, meaning an excess amount of Zn was used.
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Figure 3.10. XRD patterns of Zn/BaSnF/BiF; battery pellet before and after discharge (a) BiFs side
and (b) Zn side (A modified version of Figure 8 in paper [l]).

To see the morphological changes at electrode surfaces during cycling, ex-situ SEM
experiments were carried out on the three-layer pellet before and after discharge.
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To perform SEM measurements, Sn/BaSnF4/BiFz and Zn/BaSnFa4/BiFs discharged and
charged cells at 150 °C were prepared. SEM images of the Sn anodes from pristine to
second discharge (including first charge and discharge) are given in Figure 3.11a-d. SEM
image of the pristine Sn composite consists of pyramid-shaped particles which
correspond to Sn metal Figure 3.11a). After first discharge, tetragonal-shaped particles
were observed at the surface which can be attributed to the formation of SnF.
(Figure 3.11b). Spherical types of particles at different sizes were observed after the
first charge, indicating the morphological changes at the surface (Figure 3.11c). After
second discharge the tetragonal shaped crystals re-appeared, which demonstrates the
structural changes of particles at Sn electrode during cycling (Figure 3.11d). SEM images
of Zn anode before and after discharge looked very similar to each other (Figure 3.11e,f).
Unlike Sn electrode, Zn crystals were not visible in the pristine state of Zn electrode.
After discharge, similar morphology was observed in comparison to the pristine state.
This suggests that Zn and the oxidized ZnF: particles are not as large as in the case of
Sn-SnF2, which could be the reason for better reversibility of Zn/BaSnFs/BiFs as
compared to the Sn/BaSnF4/BiFs system. The bigger particles can lead to delamination of
elecronic and ionic additives from active materials degrading the performance of cell.

Figure 3.11. SEM images of Sn side of Sn/BaSnF,/BiFs; battery pellet (a) pristine state, (b) after
first discharge, (c) after the first charge, (d) after second discharge. SEM images of Zn anode:
(e) pristine state and (f) after discharge.

To summarize this section, room temperature rechargeable solid-state FIBs were

demonstrated by using BaSnFs as solid electrolyte. The structural and morphological
characterizations of electrodes and electrolyte were done by XRD and SEM techniques.
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The ionic conductivity of the electrolyte was evaluated by EIS. The high ionic
conductivity of polycrystalline t-BaSnFs enabled the demonstration of RT-FIBs.
Two types of FIB systems such as Sn/BaSnF4/BiFs and Zn/BaSnFa/BiFz were fabricated
and their electrochemical properties investigated at different temperatures ranging
from 25 to 150 °C. Mostly, the current density of 10 pA-cm™2 was applied on FIB cells to
perform discharge and charge process. At RT, the Sn/BaSnFa/BiFs cell delivered a first
discharge capacity of 120 mA-h-g™l, whereas Zn/BiSnF4/BiFs cell exhibited a first
discharge capacity of 56 mA-h-g™X. The cells delivered low average voltage due to the
low voltage redox couples (Sn/BiFs and Zn/BiFs). The Sn based cells showed high
capacity, but rapid capacity fading upon cycling. On the other hand, Zn based cells
displayed less first capacity but better cycling performance. The rapid capacity fading in
the case of Sn might be due to the increase of cell resistance during cycling and the
large particle size of Sn. Ex-situ XRD and SEM measurements were performed on
electrodes before and after charge in order to understand the reaction mechanism.

3.3 Introducing interlayer electrolytes concept for solid-state FIBs [lll]

3.3.1 Structure and ionic conductivity study of Lac.sBao.1F2.9 and BaSnFs

XRD patterns with corresponding refinements of poly crystalline Lao.9Bao.iF29 and
BaSnF4 compound are shown in Figure 3.12. For Lao.sBao.1F2.9, all peaks corresponding to
a tysonite-type phase were observed, confirming the formation of a solid solution
(Figure 3.12a). In the XRD pattern of BaSnFa, reflections corresponding to the tetragonal
phase were observed (Figure 3.12b). This indicates that cubic BaSnFs was fully
transformed into its tetragonal phase by annealing. The average crystallite size of
Lao.sBao.1F29 and t-BaSnFs was 12 and 20 nm determined by profile matching. These
values are in good agreement with the earlier reports [84, 92]. The ionic conductivity
and activation energy of LaosBao.1F2.9 and t-BaSnFs were measured using EIS. The ionic
conductivity of LaosBao.iF2.0 and t-BaSnFs was 4 x 1077 and 3.5 x 10™* S-cm™ at 25 °C,
respectively. The activation energy (Ea) calculated for Lao.oBao.1F2.9 and BaSnFs was 0.48
and 0.34 eV, respectively. These values for both compounds were close to reported
values [84, 92].

=
;
.
=
(=
G
:

o observed r o observed
— calculated F —— caleulated
E — difference ] F —— difference

bragg position bragg position

S 3
< <
~
z Z
z g
13 £ | |
= 4 e LORRURRUR L1 e R ORI TR RO
F [} [ U0 e e g ai 1 F I i
k. R ST 3 :‘M—‘/\~<|ﬂ—"w“f*“/"(‘ﬂ"«ﬂw*"“‘~‘”""Mﬂ”:
0 10 20 30 40 50 0 10 20 30 40 50
20[Mo Ka]/* 26[Mo Ka]/°®

Figure 3.12. Profile matched XRD patterns of (a) LaosBaoiF.s and (b) tetragonal BaSnF,
(A modified version of Figure 1 in paper [Ill]).
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3.3.2 SEM and EDX analysis of Interlayer Electrolytes

Interlayer electrolyte pellets were prepared by uniaxial pressing LaosBao.1F29 and
BaSnF4 layers together using a desktop press. Figure 3.13 shows the cross-sectional
SEM image and EDX maps obtained for inter-layer electrolyte pellet (Lao.sBao.1F2.9
(20 mg)/BaSnFa4 (120 mg)). The cross-sectional SEM image measured the thickness of
each layer of interlayer electrolytes. The thickness of 90 um and 650 um was obtained
for the Lao.sBao.1F2.9 and BaSnFs layer, respectively (Figure 3.13a). Also, SEM shows that
both layers stick uniformly to each other, which is necessary for ion diffusion.
Represented EDX maps show that the F element is distributed across the pellet
(Figure 3.13b), while Sn and La are observed in respective layers (Figure 3.13c,d).
Further, SEM image and EDX maps show that LaosBao.1F2.0 and BaSnFs layers did not
intermix while preparing the pellet by pressing.
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Figure 3.13. Cross-sectional SEM image (a) of Lao.sBao.1F2.9 (20 mg)/BaSnF, (120 mg) pellet and its
EDX maps (b—d) of F, Sn, and La.

3.3.3 lonic conductivity study of interlayer electrolytes

The ionic conductivities of interlayer electrolytes were analyzed using EIS. To perform
EIS measurements, three interlayer pellets were prepared using different amounts of
Lao.sBao.1F2.9 component such as 70, 20, and 10 mg. Figure 3.14a,b show the Nyquist
plots of Lao.sBao.1F2.9 (70 mg)/BaSnF4 (70 mg), Lac.9Bao.1F2.9 (20 mg)/BaSnFs (120 mg), and
Lao.sBao.1F2.9 obtained at 25 °C. For all the electrolytes, similar impedance spectra were
observed. The plotted data can be characterized by a depressed semicircle at high
frequency and a tilted straight line at low frequency. The semicircle is attributed to the
combined contribution of both the bulk and grain boundary phenomena, and a straight
line corresponds to electrode/electrolyte interface phenomena [104]. For the interlayer
electrolyte, the impedance spectra are expected to exhibit two semicircles corresponding
to BaSnFs and Lao.sBao.1F2.9 layers. Also, no semicircle was observed for the interface of
BaSnF4 and Lao.sBao.1F2.9 layers, indicating no significant resistance across the interface.
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Figure 3.14. Nyquist plots (symbols) and the corresponding fit (lines) of (a) LaosBaoiFz.9
(70 mg)/BaSnF, (70 mg) and Lap.sBao.iF2.0, and (b) Lao.oBaoiF29 (20 mg)/BaSnF, (120 mg) and
LagoBap.1F29 are shown. In (c) the equivalent circuit used to fit the EIS spectra is depicted
(A modified version of Figure 4 in paper [lll]).

Table 3.2. Values of lonic conductivity and fitting parameters of the Nyquist plots obtained at
25 °C for Lap.9Bao.1F2.9, and Lap.9Bao.1F2.9 (70 or 20 mg)/BaSnF, (70 or 120 mg) (deviation O to 2).

Sample Lao.sBao.1F2.9 | Laoc.9Bao.1F2.9 (70 Lao.9Bao.1F2.9 (20

mg)/BaSnF4(70 mg) | mg)/BaSnFi(120 mg)

R2 (103 Q3) 75.91 244.54 57.79

0 (1074 S-cm™) 0.004 0.008 0.035

Q2 (107° F-s*?) 5.62 0.283 63.39

Q3 (10°° F-s*1) 5.21 2.67 3.38

R2 corresponds to total resistance (bulk and grain boundary). Q2 and Q3 represent capacitance

associated with R2 (either bulk or grain boundary), and capacitance of the blocking electrodes,

respectively.

From the Nyquist plots it can be observed that the diameter of semicircle for
Lao.sBao.1F2.9 (70 mg)/BaSnF4 (70 mg) electrolyte is smaller than that of pure Lao.sBao.1F2.9
electrolyte (Figure 3.14a). In the case of Lao9Bao.iF29 (20 mg)/BaSnFs (120 mg),
the diameter of semicircle becomes much smaller compared to pure Lao.9Bao.iF2.9
(Figure 3.14b). This correlates resistance with LaosBao.1F29-layer thickness. The ionic
conductivity of electrolyte was calculated from its total resistance (R2) determined by
fitting the spectrum with equivalent circuit (Figure 3.14c). The values of lonic
conductivity and fitting parameters of the Nyquist plots for interlayer and Lao.sBao.1F2.9
electrolytes are given in the above Table 3.2. The ionic conductivity of the Lao.sBao.1F2.9
(70 mg)/BaSnF4 (70 mg) was found to be 0.8 x 107® S:cm™ at 25 °C, which is twice than
that of pure LaosBaoiF2s (0.4 x 107® S-cm™). The calculated ionic conductivity of
Lao.sBao.1F2.9 (20 mg)/BaSnFs (120 mg) was 0.35 x 10 S-cm™ at 25 °C, which is about
10 times better than compared to that of pure LaosBao.1F2.9. On fitting the Nyquist plot,
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the capacitances associated with Q2 and Q3 were in the range of 108-10"° and 10°° F,
respectively (Table 3.2). Based on these values, the semicircle (high frequency) can be
attributed to the grain boundaries phenomena (107'-1078 F), whereas the straight line
corresponds to the electrolyte-electrode interface phenomena (1077-107° F) [104].

To further enhance the ionic conductivity of the interlayer electrolyte, Lao.9sBao.1F2.9
amount was reduced to 10 mg. Figure 3.15a-c illustrates the Nyquist plots of
LaosBao.1F29 (10 mg)/BaSnFs (130 mg) electrolyte obtained at 25, and 150 °C. Similar
impedance profiles were observed at the all temperatures, but they were considerably
different compared to spectra obtained from interlayer electrolyte pellets containing a
higher amount of LaooBao.iF29 (20 or 70 mg) (Figure 3.14). In the 10 mg case,
the Nyquist plot consists of two depressed semicircles (at high and intermediate
frequency) and a tilted straight line (at low frequency). The equivalent circuit used for
fitting the data is given in Figure 3.15c. The ionic conductivity of this thinner interlayer
electrolyte was calculated from its total resistance (R2+R3) contributed from bulk, grain
boundary, and interface. The total resistance of interlayer electrolyte was determined
by fitting impedance spectra with the corresponding equivalent circuit. The values of
ionic conductivities and fitting parameters of Nyquist plots for LaosBao.iF29
(10 mg)/BaSnF4 (130 mg) are provided in below Table 3.3. The conductivity value
increases significantly when rising the temperature. The total ionic conductivity of
Lao.sBao.1F2.9 (10 mg)/BaSnFs (130 mg) electrolyte was found to be 0.89 x 107> S-cm™ at
25 °C, which is approximately 22 times higher compared to LaosBao.1F29 (4 x 1077 S-cm™
at 25 °C). This value is sufficient for demonstrating RT high potential solid-state FIBs.
At 60 °C, related ionic conductivity reached to 2.8 x 107 S-cm™, which is close to the
room temperature conductivity of pure BaSnFa (3.5 x 10 S-cm™).
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Figure 3.15. Nyquist plots (symbols) and corresponding fit (line) for LapsBao.iF2.9 (10 mg)/BaSnF,
(130 mg) electrolyte obtained at (a) 25 °C and (b) 150 <C are given. In (c) the equivalent circuit
used to fit the EIS spectra is shown (A modified version of Figure 5 in paper [lll]).
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From data fitting, the capacitances associated with Q2 and Q3 were in the range of
107° and 107 F, respectively, and the capacitance related to Q4 was in the range of 10 F
(Table 3.3), which is consistent with electrolyte-electrode phenomena [104]. Based on
the values of Q2 and Q3, the first semi-circle (at high frequency) was ascribed to the
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grain boundary and second semi-circle (intermediate frequency) was assigned to the
interfacial contribution. The appearance of this second circle indicates that the
interfacial resistance contribution was not suppressed here unlike to the Lao.9Bao.1F2.9
(70 or 20 mg)/BaSnF4 (70 or 120 mg) case. According to capacitance values, it becomes
evident that the contribution from interfacial resistance becomes more noticeable as
the thickness of the Lao.sBao.1F2.9 electrolyte is reduced.

Table 3.3. Values of ionic conductivity and fitting parameters of Nyquist plots for Lao.oBao.iF2.9
(10 mg)/BaSnF,(130 mg) are given (deviation O to 2).

Sample Lao.sBao.1F2.9 (10 mg)/BaSnF4 (130 mg)
Temperature 25 °C 60 °C 100 °C 150 °C
R2+R3 (103 Q) 23.38 1.16 0.51 0.09
0 (107 S-:cm™) 0.089 1.80 4.00 23.90
Q2 (107° F-s*Y) 0.98 1.01 131 2.10
Q3 (1075 F-s*Y) 0.72 0.44 1.44 2.22
Q4 (10°® F-s*Y) 3.95 5.06 6.24 6.70
R2 and R3 correspond to total resistance (bulk and grain boundary) and interfacial resistance respectively.
Q2, Q3, and Q4 represent capacitance associated with R2 (bulk and grain boundary), R3 (interface), and
the blocking electrodes, respectively.

3.3.4 FIB cell assembly and testing

To demonstrate the compatibility of interlayer electrolyte with high electropositive
metal like Ce, a FIB cell was built using Lao.sBao.1F2.9 (20 mg)/BaSnFa (120 mg) as an
electrolyte, BiFs as a cathode, and Ce as an anode. Battery pellet was fabricated by
pressing Ce, LaosBaoiF29, BaSnFs, and BiFs layer together using a desktop press.
The voltage-composition profiles of Ce/Lao.sBao.1F2.9/BaSnFa/BiFz cell are shown in
Figure 3.16a. The cell shows an open circuit voltage of 2.6 V at room temperature.
The cell delivered a first discharge capacity of 27 mA-h-g™ at an average voltage of 1.4 V.
The first charge capacity amounts to 23 mA-h-g ! at an average voltage of 1.7 V. During
the second or subsequent cycle, the discharge and charge profiles show high average
voltage plateau. In the following cycling, quick capacity fading was observed, resulting
in 3 mA-h-g! after five cycles (Figure 3.16a). The possible reason for getting low
capacity and reduced performance is due to insufficient ionic conductivity of anode and
electrolyte at RT.

Figure 3.16b shows voltage-composition profiles of the Ce/BaSnF4/BiFs cell obtained
at RT. The OCV of Ce/BaSnFa/BiFs was around 1.2 V, which is 2.4 V less than that of
interlayer electrolyte-based FIB. During discharge, cell voltage immediately dropped to
0 V with almost zero capacity. The reason for obtaining low OCV and immediate voltage
drop is due to direct contact between Ce and BaSnFa. The interfacial reaction between
Ce and BaSnFs would result into formation of CeFs, BaF», and Sn at Ce/BaSnFa interface.

Despite low capacity, relatively high potential FIBs working at RT was demonstrated
employing interlayer electrolyte. The feasibility of RT-FIB with high electropositive
anode like Ce was not possible either using Lao.gBao.1F2.0 or BaSnF4 electrolyte This is due
to the low ionic conductivity (RT) of LaosBao.1F2.9 electrolyte or limited electrochemical
stability of BaSnF4 electrolyte. The low ionic conductivity and electrochemical stability
issues were resolved by combining Lao.oBao.1F2.9and BaSnF4 electrolytes.
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Figure 3.16. Voltage-composition profiles of (a) Ce/LaosBao.iF2e/BaSnFs/BiFs and (b) Ce/
BaSnF,/BiF; cells obtained at 25 °C with a current density of +10 uA-cm=2 (A modified version of
Figure 7 in paper [lIl]).

To sum up, the concept of interlayer electrolytes for FIBs was introduced, which
enabled the demonstration of rechargeable high potential solid-state FIB performance
at a room temperature. The interlayer electrolyte consisted of a thin layer of
Lao.sBao.1F29 and thick layer of BaSnFs electrolyte. The interlayer electrolyte was
achieved by pressing thin LaosBao.1F2.9 and thick BaSnFs layers together using desktop
pellet press. Applying a very thin layer of LaogBao.iF2s, the total conductivity of the
interlayer electrolyte was significantly increased while it physically isolated the less
stable and highly conductive electrolyte (BaSnF4) from the anode (Ce). The total ionic
conductivity of the interlayer electrolyte was optimized by varying the thickness of the
Lao.sBao.1F2.9 layer. The interlayer electrolyte containing thinner Lao.gBao.1F2.0 layer (45 um)
shows high ionic conductivity of 0.89 x 107> S-cm™ at RT, which is more than one order
of magnitude higher compared to the pure LaosBaoiF2s (0.4 x 107 S-cm™). EIS,
cross-sectional SEM, and EDX measurements were performed on interlayer electrolytes
to determine the conductivity, layer thickness, and elemental mapping, respectively.

3.4 Testing Mg as an anode against BiFs and SnF. cathodes for RT-FIBs
[IV].

3.4.1 Electrochemical investigation of FIB cells employing LiPFs electrolyte

Two types of FIB cells such as Mg+MgF2/LiPFs/BiFs and Mg+MgF2/LiPFs/SnF2 were
constructed. Cyclic voltammogram (CV) profiles of Mg+MgF2/LiPFs/BiFs cell obtained at
25 °C are given in the Figure 3.17a. During first scan in the negative direction (from 3 to
0 V), the cathodic peak was observed at around 1.0 V, which correspond to the
reduction of BiFs into Bi metal. In the following cycles, the peak currents were gradually
decreased, and their potential shifted to lower values. During scan from 0 to 3V,
the anodic peak was observed at around 2.5 V, corresponds to the oxidation of Bi metal
into BiFs. In the following cycles, the anodic current decreased and potential shifted in
positive direction. The decrease and potential shift of anodic current with cycling could
correspond to the loss of active material. Nevertheless, the peaks of CV profiles
demonstrated the reversible oxidation and reduction of BiFs in Mg+MgF2/LiPFe/BiFs cell.
Figure 3.17b shows galvanostatic discharge—charge curves of Mg+MgF2/LiPFes/BiFs cell
obtained at 25 °C with current density of 38 pA-cm™. The first discharge capacity
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amounts to 142 mA-h-g™1, which is 47% of the theoretical capacity of BiFs (302 mA-h-g%),
indicating partial conversion of BiFs to Bi. The first charge capacity was 80 mA-h-g™,
which is 56% of initial discharge capacity. This indicates that only half of the initial
capacity could be recovered during first cycle. In subsequent cycles, capacity faded
quickly and decreased to 24 mA-h-g™* after 10 cycles.
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Figure 3.17. (a) Cyclic voltammogram and (b) galvanostatic discharge-charge profiles of
Mg+MgF,/LiPFe/BiFs cell. (c) galvanostatic discharge-charge profiles and (d) cyclic performance of
Mg+MgF,/LiPFe/SnF; cell (A modified version of Figure 1 and 2 in paper [IV]).

Electrochemical analysis and cyclic performance of Mg+MgF2/LiPFe/SnF. cell
obtained at 25 °C with current density of 38 uA-cm™ are given in Figure 3.17c, d. During
first cycle, the cell delivered the discharge and charge capacity of 160 and 85 mA-h-g™,
respectively (Figure 3.17c). The discharge capacity was 46% of the theoretical capacity
(342 mA-h-g?), suggesting incomplete reaction occurred at cathode. The charge
capacity was 53% of the first discharge capacity, indicating partial conversion of Sn to
SnFa. Further, both discharge and charge capacity gradually reduced as number of
cycles were increased. After 10 cycles, discharge capacity reached to 27 mA-h-g™
(Figure 3.17d). Both cells displayed similar capacity and cyclic performance. The exact
reason of capacity fading is not known now, further studies are needed. The reversible
volume changes at electrodes during the charge-discharge process might be a possible
reason for capacity fading [108]. In addition, the oxidized product of Mg anode is very
poor ionic conductor i. e. MgF2, which would act as passivation layer for F~ diffusion.
The passivation layer of MgF2 at the anode might also contribute to the capacity fading
[68]. Nevertheless, reversible fluorination/defluorination of magnesium anode against
BiFs and SnF> cathodes was demonstrated using LiPFs as electrolyte.
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3.4.2 XRD patterns of BiFs and SnF2 cathodes before and after discharge
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Figure 3.18. XRD patterns of (a) BiFs and (b) SnF, cathodes before and after discharge.

To investigate the reaction mechanism for presented FIB systems, XRD
measurements were carried out on the cathode pellets before and after discharge.
Figure 3.18a shows XRD patterns of BiFs composite before and after discharge. Before
discharge, peaks corresponding to nano crystalline phase of BiFs were observed. After
full discharge, BiF3 peaks vanished completely, demonstrating the complete reduction
of BiFs. In the pattern, reflections corresponding to Bi metal (reduced product of BiFs)
were not visible. This means metallic Bi might be available in the amorphous form.
In addition, new diffraction peaks with less intensities were observed, which can be
indexed to BiO2 and Bi20s phases were observed (Figure 3.18). The formation of
bismuth oxides might have resulted from chemical reaction of Bi metal and oxide
impurities. The XRD patterns of SnF2 cathode is displayed in the Figure 3.18b. Before
discharge, carbon black phase and a broad peak (centered at a 26 value of 30°) was
observed. The broad signal was assigned to amorphous SnFz, which was obtained after
ball milling. After discharge, few new reflections were observed (marked with *), which
were assigned to Sn metal, confirming the reduction of SnF; at cathode (Figure 3.18).

In summary, the reversible discharge and charge behavior of Mg as anode was
demonstrated in FIBs employing LiPFs as electrolyte. In addition, relatively high
potential rechargeable RT-FIBs was presented. The FIB cells were constructed using
Mg+MgF2 as anode, LiPFs as fluoride transporting electrolyte, and BiFs and SnF2 as
cathodes. Cyclic voltammogram profiles showed the reversible oxidation and reduction
of BiFs in the Mg+MgF2/LiPFe/BiFs cell. Both types of FIB cells exhibited similar capacity
and cyclic behavior. Reaction mechanism of electrochemical reaction was investigated
by XRD measurements.

3.5 Other work towards the development of RT-FIBs
The topics, highlighted in the Theses are a selection from much more extensive work
which did not produce impressive results, yet were unavoidable in scouting a huge

landscape of FIB development. Here we briefly list other activities and analyze
deviations from expected performance, giving valuable hindsight for subsequent focus:
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1. Polycrystalline LaosBao.iF29 shows the high ionic conductivity mainly due to its
tysonite type structure, whereas BaSnF4 exhibits the high ionic conductivity due to
the effect of the lone pair of electrons of Sn?*. To introduce the benefit of both
tysonite structure and lone pair of electrons in single compound, doping of tysonite
type fluorides (LaFs and CeFs) with SnF2 or PbF, was attempted by mechanical
milling. After trying several amounts of dopant such as x = 0.025, 0.095, and 0.075,
not a single solid solution with tysonite structure was obtained. Also, various ball
milling times and speeds were used, but all failed to dissolve even the smallest
(x = 0.025) amount of SnF2 or PbF: in the LaFs or CeFs compound. To further
enhance the ionic conductivity of BaSnFs, doping with KF and CaF2: was tried by ball
milling. In addition, SbFs doping with CaF2 and SrF. was also attempted. In some
cases, it was found that if ionic radii of dopant cation are equal or bigger than that of
host cation, then solid state formation of was not possible. A detailed description of
attempted synthesis of various compounds are given in below Table 3.4.

Table 3.4. A description of various compounds synthesized by ball milling method.

Compound Ball milling speed Ball milling time
(rpm) (hours)
La1-xSnxF3-x (0.025 < x < 0.075) | 300, 400, 500, 600 6,12, 18, 24,48
La1-xPbxF3—x (0.025 < x < 0.075) 400, 600 12,24, 48
Ce1-xSnxF3—x (0.025 < x < 0.075) 500, 600 24, 36
Ce1-xPbxF3—x (0.025 < x £ 0.075) 600 12,24
Ba1-xKxSnFs— (0.1 £ x < 0.3) 600 18
CaSnFs 600 18
Bao.sLao.1SnFa.1 600 18
Ca1-xSbhxF2:x (0.1 £x<0.3) 600 18
Sr1-xSbxF2:x (0.1 £ x £0.5) 600 18

2. Up to date, only tin-based compounds like BaSnFs4 can be considered as suitable
solid electrolyte for FIBs working as ambient temperature. The limited
electrochemical stability of this electrolyte prohibits the use of high electropositive
metal as an anode while fabrication for FIB. The usage of low electropositive metal
anode against cathode like BiFs would result to low operating potential, which
would lead to a low specific energy. To get high specific energy, cell voltage must
be maximized, which can be achieved by the usage of high redox potential couples.
In this thesis, other several redox couples were tested to build an efficient FIB using
BaSnF4 as electrolyte. However, none of them performed in FIB cell configuration
according to their theoretical estimation. A detailed description of various redox
couples tested during my thesis work period are given in Table 3.5.
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Table 3.5. A description of FIB cells employing BaSnF, constructed by usage of various redox
couples.

Cell | Anode Electrolyte | Cathode 0ocCV (V) Emf (V)
No. | composite composite

1 Zn BaSnFs SbFs 0.6 0.78

2 Sn BaSnFs SbFs 0.5 0.23

3 Zn BaSnFs CuF; 0.58 1.3

4 Sn BaSnF4 CuF 0.5 1.2

5 Zn BaSnF4 AgF 1 1.49

6 Sn BaSnF4 AgF 0.9 1.53

7 Mn BaSnF4 BiFs 0.6 1.2

8 Fe BaSnFs BiF3 0.3 0.51

3. To build high potential RT-FIBs, high electropositive metal like Ce as anode was
tested against BiFs. Two types of FIB cells such as Ce/BaSnFas/BiFs and
Ce/ LaosBao.1F2.9/BiF3 were constructed. The cell utilizing BaSnFs showed less OCV
(1.2 V) and nearly zero capacity due to chemical reaction between Ce and BaSnFa.
The direct contact of Ce with BaSnFs4 would result to formation of CeFs, BaF,, and
Sn metal at the interface. On other hand, cell utilizing Lao.sBao.1F2.9 showed an OCV
of 2.5 V which is close to the theoretical emf of Ce/BiFs couple (2.83 V), but voltage
immediately dropped to zero when applying any current between -1 to -4 pA.
This immediate fading was due to poor ionic conductivity of Lao.oBao.iF29 at RT
(4 x 1077 S-cm™). One way to enhance the electrochemical stability of BaSnF layer
may be by placing BaF.-doped LaFs in contact with electrodes. Applying low ionic
conductive Lao.9Bao.1F2.9 layer on BaSnFs would increase the ionic conductivity of
whole pellet as compared to pure LaosBao.1iF2.0. After optimizing the thickness of
LaosBao.1iF29 layer, Lao.sBao.1F2.9 (<45 um)/BaSnFs (<700 um) electrolyte exhibited
an ionic conductivity of 0.89-:107° S-cm™ at RT, which is sufficient to demonstrate
the RT-FIB. To validate the interlayer electrolyte approach, a FIB cell was
assembled using LaogBao.1F2.9 (< 45 um)/BaSnFs (<700 um) as electrolyte, Ce as
anode, and BiF3 as cathode. The cell showed an OCV of 1.5 V, which is around half
of the theoretical emf of Ce/BiFs couple, and it dropped immediately to 0 V on
cycling. This indicates that Ce particles might have penetrated the Lao.9Bao.iF2.9
(<45 um) layer during pressing the pellet and they have chemically reacted with
less stable BaSnFa. Another high electropositive metal like Mg was tested as anode
against BiFs cathode using Lao.sBao.1F25 (90 um)/BaSnFs (650 um) as electrolye.
The Mg based cell showed an OCV of 2.5 V which is close to the theoretical emf of
Mg/BiFs couple. However, the cell delivered a very low discharge capacity
(0.3 mA-h-g™!), meaning that only a very thin layer of Mg might have reacted to
form its discharge product: MgF.. The formation of MgF. on the surface might
block the further conversion of Mg to MgF2 (at RT) as MgF: itself is a poor fluoride
ion conductor. The FIB cells constructed by usage of high electropositive metals as
anodes against BiFs are listed in Table 3.6.
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Table 3.6. A description of FIB cells utilizing high elecropositive metals anode anodes against BiFs
cathode.

Cell | Anode | Electrolyte Cathode | OCV | Emf
No. (v) | (V)
1 Ce BaSnF4 BiF3 1.2 2.83
Ce Lao.9Bao.1F2.9 BiF3 2.5 2.83
2 Ce Lao.oBao.1F2.9 (45 pm)/BaSnFa (700 um) | BiFs 15 |283
3 Mg Lao.oBao.1F2.9 (90 pm)/BaSnFa (650 um) | BiFs 2.5 | 2.67
4 Ti Lao.oBao.1F2.9 (90 pm)/BaSnFa (650 um) | BiFs 09 |1.12
5 Ce-La | LaosBao.iF2.9 (90 um)/BaSnFs (650 um) | BiFs 0.3 | 2.83
6 Ca Lao.oBao.1F2.9 (90 pm)/BaSnFa (650 um) | BiFs 23 |26
7 Y Lao.oBao.1F2.9 (90 pm)/BaSnFa (650 um) | BiFs 1.3 | 279

4. Mg anode was also tested against CuF2 and CoFs cathodes for RT-FIB using LiPFe as
electrolyte. Both Mg/CuF2 and Mg/CoFs couples showed similar OCV and discharge
capacity of around 0.9 V and 50 mA-h-g™!, respectively. However, the charge
capacity was not observed in either case. In contrast to Mg/BiFs and Mg/SnF>
systems, the electrochemical performance of Mg/CuF. and Mg/CoFs was very poor.
The very low ionic conductivity of CuF2 and CoFs cathodes might be responsible for
their poor performance. A FIB cell in discharged state was also assembled using
LiPFs as an electrolyte, Bi as a cathode and MgF2 an anode. The OCV of the cell was
0.3 V, which increased to 1 V after charging several hours. This value is still less
than the theoretical emf of MgF2/Bi couple (2.67 V), indicating slow oxidation of Bi
during the charge due to inactivity of Bi particles, which might be covered by oxide
impurities. As a result, the cell failed to deliver any reasonable discharge capacity.
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Conclusion

Results from this dissertation can be summarized as follow:

1.

A new SbFs-doped BaF: fluoride ion conductor was investigated. Bai-xSbxF2+x
(0 £ x £ 0.5) compounds were synthesized by doping of BaF, with SbFs via ball
milling process. All compounds were crystallized into single phase fluorite type
crystal structure (except x = 0.5). The solubility limit of SbFs into BaF: crystal was
found to be x < 0.5, beyond this concentration an impure phase was observed.
All compositions (except Bao.oSho.1F2.1) exhibit similar ionic conductivity at higher
temperatures. The conduction phenomena in polycrystalline Bai1-xSbxF2+x was found
to arise from migration of vacancies through grain boundaries. The highest ionic
conductivity was obtained for sample Bao.sSbo:sF2.3, which amounts to 4.4 x 107
S-cm™ at 160 °C. Despite of similar crystal structures, the ionic conductivity of
Bao.7Sbo.sF23 was higher than that of BaoslLaosF23. This enhancement in the
conductivity of Bai-«SbxF2:x seems to be the effect of the lone pair of electrons of
the Sb3* ion. The Bao.7SbosF2.3 composition was tested as cathode material for
fluoride ion batteries using Lao.sBao.1F2.0 as electrolyte and Ce as anode. The FIB cell
was able to deliver high capacity and voltage for several cycles at 150 °C. Future
work will focus on determining the exact role of lone pair, which might be helpful
for further ionic conductivity enhancement.

Highly conductive tetragonal structured BaSnFs enabled the demonstration of
room temperature rechargeable FIBs. Two types of FIB cells were fabricated using
BaSnFs as electrolyte, BiFs as cathode, and Sn and Zn as anodes. At 25 °C,
the Sn/BaSnFa/BiFs cell delivered a first discharge and charge capacity of 120 and
80 mA-h-g7%, respectively. In the subsequent cycle’s capacity faded and reduced to
30 mA-h-g™* after only four cycles. On the other hand, the Zn variety cell exhibited
lower initial discharge and charge capacities of 56 and 43 mA-h-g? at RT.
In contrast to Sn based cell, capacity increased to 61 mA-h-g* after 20 cycles.
The rapid capacity fading of Sn anode cell upon cycling correlated with the increase
of cell resistance during cycling. Also, SEM images of Sn anode before and after
discharge show the presence of bigger Sn-particles, probably being another
physical reason for the resistance increase. Rising the temperature,
the performance of both systems improves. Although this thesis could
demonstrate the feasibility of RT-FIB system, the cell delivered low energy density
due to their low cell voltage. Future study will aim the devolopement of
appropriate cathode and anode materials, which would provide high cell voltage
and specific capacity.

The interlayer electrolytes concept was introduced and developed for high
performance FIBs in order to overcome the chemical incompatibility of anode and
electrolyte, in this case highly electropositive metal like Ce as an anode, and BaSnF4
as a solid electrolyte. The “isolating” interlayer electrolyte is made of a thin layer of
Lao.oBao.1F2.9, about 3 order of magnitude less conductive that BaSnFas. Lao.sBao.1F2.9
(<45 um)/BaSnFs (<700 um) electrolyte exhibited an ionic conductivity of
0.89 x10™ S-cm™ at RT, which is approximately 22 times higher than pure
LaooBao.iF29 (4 x 107 S-cm™) but about 39 times smaller compared to pure
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BaSnFs (3.5 x 10™* S-cm™). This interlayer electrolyte concept enabled the
demonstration of relatively high potential FIBs at RT, not possible either with
Lao.oBao.1F2.9 or BaSnFs electrolyte alone. The actual FIB cell was constructed using
LaosBao.1F29 (90 um)/BaSnFs (650 um). During the first cycle, the discharge and
charge profile displayed the high average voltage of 1.4 and 3.2 V, respectively.
Despite obtaining discharge and capacity of 27 and 24 mA-h-g™ during first cycle,
respectively, capacity faded to 3 mA-h-g™* after only five cycles, do not render this
implementation a practical battery, an important proof of interlayer principle was
demonstrated paving many routes to high performance FIB. In Future study, much
thinner Lao.9Bao.1F2.9 layer (100 nm or less) will be applied on BaSnF4 by improved
coating methods to achieve high ionic conductivities similar to that of pure BaSnFa.

The electrochemical performance of Mg as anode against BiFz and SnF, cathodes
was investigated using a principally different electrolyte class-LiPFs. In addition,
RT-FIBs with relatively high voltage of around 1 V was demonstrated. CV analysis
showed the reversible oxidation and reduction behavior of BiFs cathode in LiPFe
electrolyte. The Mg+MgF./LiPFs/BiFs cell delivered a first discharge capacity of
142 mA-h-gl, whereas the Mg+MgF2/LiPF¢/SnF, exhibited even higher first
discharge capacity of 160 mA-h-g? and relatively high current density of
38 pA-cm™2. Both cells showed rapid cyclic fading, resulting the discharge capacities
of BiFs and SnF. based cell reduced to 25 and 26 mA-h-g™! after 10 cycles.
Nevertheless, this thesis study demonstrated a feasibility of reducing need for rare
earth elements in FIBs and deployment of PFs™ electrolyte systems with a further
perspective of double carrier (Li and F) cells. Future work will center on testing high
electropositive anodes like Ca for FIBs using PFs™ systems as electrolytes.

An unpublished work of my thesis has provided a better insight to understanding
the main problem regarding development of FIBs. After trying several types of
doping experiments, it was found that homo or hetrovalent doping was possible
only if ionic radii of dopant cation was much smaller that of the host cation.
This finding led to the discovery of a good fluoride ion conductive fluorite type
Ba1-+SbxF2:x compound, where ionic radii of Sb3* (0.76 A) is much smaller than Ba?*
(1.42 A). It was concluded that the feasibility of RT solid-state FIB lies in the
development of electrolyte with a sufficient ionic conductivity (RT) and high
electrochemical stability. Also, cathode and anode (discharge product) materials
should possess significant ion conductivity at RT, which helped to demonstrate the
rechargeable room temperature solid-state FIB for the first time. High ion
conductive BaSnFs as an electrolyte was not compatible with high electropositive
metals like Ce as anode due to its limited electrochemical stability. Despite the
compatibility of LaosBao.1iF29 electrolyte with Ce anode, demonstration of high
voltage RT-FIB was not feasible due to its low ion conductivity. These results guided
to the development of novel interlayer electrolyte concept for FIBs.
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Abstract

Development of Room Temperature Rechargeable
Solid-State Fluoride lon Batteries

Rechargeable solid-state fluoride ion batteries emerged as suitable candidates of
post-lithium technologies for electrochemical energy storage devices. Fluoride ion
batteries (FIBs) offer high specific energy, thermal stability, and safety at possibly low
price. Current, research on FIBs is in early stage of growth and a number of issues still
need to be resolved regarding improvement the performance of electrodes and
electrolytes. The aim of this thesis was to develop rechargeable solid-state fluoride ion
batteries working at room temperature. In addition, the thesis focused on the
development of new electrode and electrolyte materials for fluoride ion batteries.

First section of study describes the synthesis and the characterization of new
nanocrystalline fluorite type Bai-xSbxF2:x (0.1 £ x £ 0.4) compound. SbFs-doped BaF:
solid solutions were synthesized by mechanical milling, and their crystal structures
were investigated by XRD measurements. The ionic conductivities of the solid solutions
were obtained by impedance spectroscopy. Among all doped BaF. compounds,
Bao.7SbosF23 showed highest conductivity of 4.4 x 10 S-cm™ at 160 °C. This value
turned out to be higher than that of isostructural BaosLaosF23. The enhanced
conductivity in the SnF>-doped BaF. compound might be an effect of the lone pair of
electrons of Sb3*. Additionally, electrochemical testing was carried out for the FIB cell
using Bao.7SbosF2.3 as cathode, Ce as anode and LaosBao.1F29 as the solid electrolyte
separator.

Rechargeable solid-state FIBs working at room temperature was demonstrated using
BaSnFs electrolyte which is described in the second section. Tetragonal BaSnFs was
obtained by annealing of ball milled BaSnFs at 300 °C, and its ionic conductivity was
investigated by impedance spectroscopy. BaSnFs provided an ionic conductivity of
3.5 x 107 S-cm™ at RT, which is sufficient for RT FIB performance. Fluoride ion batteries
were built using BiFs as cathode, and Zn and Sn as anodes. Two types of FIB systems
such as Sn/BaSnFs/BiFs and Zn/BaSnFas/BiFs were investigated. The electrochemical
analysis of FIB cells was carried out at various temperatures (25, 60, 100, and 150 °C)
and current densities (10, 20 and 40 pA-cm™2). At 25 °C, the Sn anode-based FIB cell
delivered high capacity, whereas the Zn based system showed stable cycling
performance. Ex situ XRD, SEM and EIS analyses were carried out on these FIB cells to
investigate the mechanism of redox reaction.

The design and development of interlayer electrolytes for high potential FIBs is
discussed in the third section. The interlayer electrolyte consists of a thin layer of
Lao.sBao.1F2.9 and thick layer of BaSnFa. Previously, FIBs were built utilizing BaSnFs as
solid electrolyte, and Sn and Zn metals (low electropositive metals) as anodes due to
limited electrochemical stability of BaSnFs, which resulted in low operating voltage.
To build high operating voltage FIBs, high electropositive metals (Ce, Mg, La) should be
used as anodes, which are compatible with electrolytes like LagsBao.1F2.9, but ionic
conductivity of these electrolytes is too low to be used for any kind of
room-temperature FIBs. To mitigate both low electrochemical stability and low ionic
conductivity, the interlayer electrolyte concept was derived. The use of low conductive
Lao.sBao.1F2.9 as thin layer enhances the total conductivity of the pellet (compared to
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pure LaosBao.iF29) while it physically isolates the less stable and highly conductive
electrolyte (BaSnFs) from the anode. The idea of using interlayer electrolyte enabled
the demonstration of relatively high voltage FIBs working at room temperature, which
was not feasible either with BaSnFs or LaooBao.iF2.9 electrolytes alone. The total
conductivity of interlayer electrolyte was optimized by varying the thickness of
LaosBao.iF29 layer. LaosBao.iF2s (<50 um)/BaSnFs (<700 um) which gave an ionic
conductivity of 0.89-:107 S-cm™ at RT, which is more than 1 order of magnitude higher
compared to pure LaosBaoiF2s (0.4 x 107® S-cm™). Furthermore, a relatively high
potential solid-state FIB working at RT was demonstrated using Lao.sBao.1F2.9 (90 um)/
BaSnF4 (650 um) as electrolyte, Ce as anode, and BiFs as cathode.

In the final section, the demonstration of Mg as reversible anode for rechargeable
FIBs by using LiPFe as electrolyte is illustrated. The discharge and charge behavior
of Mg was investigated in Mg/BiFs and Mg/SnF. electrode systems. Further,
the electrochemical analyses of Mg+MgF2/LiPFe/BiF3s and Mg+MgF2/LiPFs/SnF2 cells
were carried out and performed at a current density of 38 pA-cm™2. Both cells displayed
similar capacity and cyclic performance. Discharge-charge testing, CV, and XRD results
proved the fluorination/defluorination at the Mg anode applying a PFs electrolyte
systems.
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Kokkuvote

Toatemperatuuriliste fluoriidioon akude valjaarendamine

Tahkefaasilised fluoriidioon akud kerkisid esile liitiumijargses ajastus kui Ghed sobivad
energiasalvestuse seadmete kandidaadid. Fluorioon akud (FIBs) vdimaldavad ké&rget
erienergiat, temperatuurilist stabiilsust ning ohutust ja seda vdimalikult madala
hinnaga. Praegusel ajal on FIBs alane uurimisto¢ kasvufaasi alguses ning terve rida
teemasid, mis puudutavad elektroliitide ja elektroodide vGimekuse parandamist,
vajavad jatkuvalt edasiarendamist. Kdesoleva vaitekirja eesmargiks oli vélja arendada
toatemperatuuril téotavad fluoriidioon akud. Lisaks keskenduti fluoriidioon akude
elektroodide ja elektroliilitide uute materjalide véljatootamisele.

Uurimist6d esimeses peatikis kirjeldatakse uut tllpi nanokristallilise fluoriiti
BaixSbxF2+x (0.1 < x < 0.4) tllpi ainesegude sinteesi ja iseloomustamist.
SbFs-legeeritud BaF. tahke lahus sinteesiti mehhaanilise jahvatamisega ja selle
kristallstruktuuri uuriti XRD m&d6tmistega. Tahkete lahuste ioonset juhtivust hinnati
impedants-spektroskoopia abil. Kikidest legeeritud BaF2 ainesegudest oli Bao.7Sbo.sF2.3
suurima juhtivusega 4.4 x 107 S-cm™, mis mdddeti 160 °C juures. See juhtivuse viirtus
on kdrgem isegi kui isostruktuursel Bao7LaosF23. SnFa-legeeritud BaF. ainesegu
suurenenud juhtivus vdib olla tingitud Sb3* iiksiku elektronpaari efektist. Lisaks viidi labi
FIB elektrokeemilised testimised kasutades katoodina Bao.7Sbo:3F2.3, anoodina Ce ning
tahke elektroliitidina Lao.sBao.1F2.0.

Tahkefaasilise FIB to6tamise demonstreerimist toatemperatuuril kasutades BaSnFs
elektroluti on kirjeldatud teises peatiikis. Tetragonaalne BaSnFs saadi kuubilise BaSnFs
I66mutamisel 300 °C juures (kuulveskis jahvatamisel) ning selle ioonset juhtivust uuriti
impedants-spektroskoopia abil. BaSnFs ioonseks juhtivuseks méddeti 3.5 x 107 S-.cm™
toatemperatuuril, mis on piisav, et ehitada toatemperatuuril to6tav FIB. Ehitati
fluorioon akud kasutades katoodina BiFs ning anoodina Zn ja Sn. Uuriti kahte tilpi FIB
ststeeme: Sn/BaSnF4/BiF3 ning Zn/BaSnFa/BiFs. FIB rakkude elektrokeemiline analiils
viidi labi erinevatel temperatuuridel (25, 60, 100, ning 150 °C) ja voolu tihedustel
(10, 20 ning 40 pA-cm™2). 25 °C juures ilmnes Sn anoodiga FIB rakkudel kdrge mahtuvus
samal ajal kui Zn anoodiga FIB rakkudel oli parem tsiikliline stabiilsus. Ex situ XRD, SEM
ja analisid viidi 1abi selleks, et uurida redoks reaktsiooni mehhanismi.

Kolmandas peatilikis on toodud arutlus vahekihtide elektroliitide disainimisest
javaljatootamisest korge potentsiaaliga FIBs jaoks. Vahekihi elektroliilit koosneb
Ohukesest Lao.sBao.1F2.9 kihist ja paksust BaSnFs kihist. Enne seda ehitati FIBs kasutades
tahke elektroliiidina BaSnFs ning anoodina metallilisi Sn ja Zn (madala
elektropositiivsusega metallid) piiratud BaSnFa elektrokeemilise stabiilsuse t&ttu, mis
pb6hjustas madala toopinge. KGrge toopingega FIB ehitamiseks tuleb anoodina kasutada
korge elektropositiivsusega metalle (Ce, Mg, and La), mis sobiksid elektrolltidega
nagu Lao.sBao.1F29 kuid nende elektroliiltide ioonjuhtivus on liiga madal, et neid oleks
voimalik kuidagi rakendada toatemperatuurilistes FIAdes. Et valtida nii madalat
elektrokeemilist stabiilsust kui ka madalat ioonjuhtivust vdeti kasutusele vahekihi
elektrolutdi kontseptsioon. Kasutades madala juhtivusega Lao.sBao.1F29 Ohukese kihina
suurendas kogu pelleti juhtivust (vorrelduna puhta Lao.sBao.1F29-ga) kuna see samal ajal
flusiliselt isoleeris anoodist vahem stabiilse ja hasti juhtiva elektrolltdi (BaSnFa). Idee
kasutada vahekihi elektrolliiti véimaldas demonstreerida suhteliselt kdrge pingega FIBs
to6tamist toatemperatuuril, mis ei oleks vGimalik ainult eraldi elektroliitidega BaSnFa
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ega LaosBao.iF29 korral. Vahekihi elektroliiidi summaarset juhtivust optimeeriti
varieerides LaosBao.iF29 kihi paksust. LaooBaoiFzg (<50 pm)/BaSnFs (<700 um)
ioonjuhtivus toatemperatuuril oli 0.89 x 10 S-cm™, mis on rohkem kui suurusjirk
suurem kui puhtal LaosBaoiF2s (0.4 x 10 S-cm™). Enamgi veel, demonstreeriti
suhteliselt kdrge potentsiaaliga tahkefaasilise FIB tootamist toatemperatuuril kasutades
elektroliudina Lao.sBao.1F2.9 (90 um)/ BaSnFs4 (650 um), anoodiks Ce ning katoodiks BiFs.
Viimases peatikis demonstreeritakse Mg kasutamist pooOratava anoodina
taaslaetavates FIBs kasutades illustratsiooniks elektrolliiidina LiPFe. Mg kaitumist
tiihjenemisel ja laadimisel uuriti Mg/BiFs ning Mg/SnF2 elektroodide slisteemis. Seejarel
viidi ldbi Mg+MgF2/LiPFs/BiFs ja Mg+MgF2/LiPFs/SnF2 rakkude analiilis voolutihedusel
38 pA-cm™2. Mélemad rakud niitasid tles sarnast mahtuvuslikku ja tsuklilist vdimekust.
Tihjenemise-laadimise  testimised, CV ja XRD tulemused téendasid
fluorineerumise/defluorineerumise toimumist Mg anoodil.
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ABSTRACT: Toward the development of high-performance
solid electrolytes for fluoride-ion batteries, fluorite-type nano-
structured solid solutions of Ba,_,Sb.F,,. (x < 04) were
synthesized by high-energy ball-milling method. Substitution of
divalent Ba>* by trivalent Sb** leads to an increase in interstitial
fluoride-ion concentration, which enhances the ionic conductivity
of the Ba,_,Sb,F,,. (0.1 < x < 04) system. Total ionic
conductivities of 4.4 X 10~* and 3.9 X 107* S cm™" were obtained

[
.. O O
® FL(% % %) /%‘\0 F3 (vyv)
for Bay,SbysF,; and Bay4Sby,F,, compositions at 160 °C, “ 0‘
respectively. In comparison to isostructural Baj;Lay-F,; the

v=0,41
ionic conductivity of Bay,SbyF, 3 is significantly higher, which is ’/‘ ‘ ‘ (™
attributed to the presence of an electron lone pair on Sb*. F (%,%,%) ® ®'£2 (%,u,u) u=0,37
Introduction of such lone pairs seems to increase fluoride-ion " '
mobility in solid solutions. In addition, Ba,,Sb, ;F, ; was tested as
a cathode material against Ce and Zn anode using La, ¢Ba, | F, ¢ as the electrolyte. Ba, 3Sb,;F, 3/Lag 9Bay,F, 3/ Ce cell showed high
discharge and charge capacities of 301 and 170 mA h g™, respectively, in the first cycle at 150 °C.
KEYWORDS: fluoride-ion batteries, fluoride-ion conductors, ionic conductivity, fluorite-type fluorides, solid electrolyte,
solid-state batteries

¢ O ¢
® Ba/sb
(0,0,0)

B INTRODUCTION

Batteries based on cation transport (Li*, Na*, and Mg**) are
well known and widely investigated.'™ Solid-state batteries
based on anion transport have been introduced recently and
generated significant interest due to their high specific energy
and flexibility in electrode compositions. Batteries based on
fluoride transport were reported long ago.”™® However, it was
largely overlooked until the recent demonstration of high-

(SG: P3c1) structures.”™"” In the case of tysonite-type
La,_,BaF;_, compounds, the ionic mobility is mainly due to
the migration of fluoride vacancies.'”"® In the case of fluorite-
type Ba,_LaF,  compounds, ionic conductivity arises due to
the migration of interstitial fluoride ions.'”®'® However, in the
case of nanocrystalline fluorite-type Ba,_,La.F,,, compounds,
the total conductivity is dominated by the grain boundaries, but
the fluoride conduction mechanism is not clearly understood."”

energy-density rechargeable fluoride-ion batteries (FIB).” Since
then significant improvements have been made toward the
development of FIBs, with focus on electrolyte® '’ and
electrode materials.'"”'> So far, FIBs have been operated at a
temperature of 150 °C or above. Lower operating temperatures
of FIBs are not possible at the moment due to the low ionic
conductivity of the solid electrolytes at room temperature
(RT). These limitations necessitate the search for fluoride-ion-
transporting solid electrolytes with higher RT conductivities. In
this way, several efforts were made to reduce the operating
temperature of FIBs, e.g., by developing a less resistive dense
thin-film-based electrolyte. 13,14

Mainly two types of crystal structures are known to show
high fluoride-ion conductivity: fluorite-type (MF,, M = Ca, Ba,
Sr) (SG: Fm3m) and tysonite-type (MF;, M = La, Ce, Pr, Nd)

< ACS Publications — © 2018 American Chemical Society

Rongeat et al. investigated the conductivity mechanisms in
nanocrystalline fluorite- and tysonite-type compounds synthe-
sized by mechanical milling.*'” Nanocrystalline, tysonite-type
La,_,BaF;,, compounds showed less conductivity compared to
the corresponding single crystals.'” In contrast, nanocrystalline
fluorite-type compounds showed higher conductivity than the
corresponding single crystals, inconsistent with other studies.”
Diivel et al. also investigated both the fluorite- and tysonite-
type structures in Ba,_ La.F,,, synthesized by mechanochem-
ical methods."® They have also made similar conclusions. As
fluorite-type compounds show high ionic conductivity in the
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Figure 1. (a) XRD pattern of Ba,_,Sb,F,,, (0 < x < 0.5) composition, (b) enlargement of XRD pattern from 18 to 19.50 26 values, (c) cell
parameter and crystallite size plots of each amount of dopant x, and (d) scanning electron microscopy (SEM) image of Ba,,Sby3F, ; with 2.0 um

magnification and inset image with 200 nm magnification.

nanocrystalline state (easy to integrate into solid-state battery),
we chose to work on fluorite-type compounds in this study.
Furthermore, the nanocrystalline fluorite-type solid solution
can be easily synthesized by mechanical milling,'”"**"

Two strategies can be adopted to improve the ionic
conductivity of fluorite-type compounds: homogeneous doping
(by doping with aliovalent or isovalent ions) and heteroge-
neous doping (dispersing the second phase). Both methods
were investigated to improve the ionic conductivity of fluorite-
type compounds. In the case of CaF,, ionic conductivity
increased after grain boundary activation by Lewis acids. Lewis
acids like SbF; and BF; can attract fluoride ions to create
vacancies that promote fluoride-ion migration in the grain
boundaries.”” In the case of homogeneous doping, it has been
reported that doping with monovalent fluorides (NaF or KF)
produces fluoride vacancies, whereas doping with trivalent
fluorides (LaF;, CeFs, or SmF;) generates interstitial fluorine
ions.”*** Addition of a small quantity of NaF or KF to pure
BaF, resulted in a marginal increase in the ionic conductivity of
BaF,. However, doping with trivalent fluorides showed
remarkable effects on the ionic conductivity, as investigated in
a detailed study on BaF, doped with different rare-earth
elements (Ba,_,R.F,,,). Ivanov-Shits et al. synthesized
Ba,_R.F,,, by doping of BaF, with rare-earth metal fluorides
RF;.”” The conductivity increased for all rare-earth elements
with x (above percolation threshold) until a saturation stage at
high concentration due to the decrease of activation energy.
The highest conductivity has been observed for La-doped BaF,,
Oypoec = 1.9 X 107*'S em™ for BaggLag4F, 4. Recently, Rongeat
and co-workers have prepared nanocrystalline fluorite-type
Ba,_La,F,,, (0 < x < 0.55) compound and observed similar
results. For nanocrystalline BajLag4F, 4, an ionic conductivity
of 1.9 X 10™* S ecm™ at 160 °C was observed.

17250

Although it is rational to think that aliovalent ion doping (KF
or LaF;) can improve the ionic conductivity, the ionic
conductivity of BaF, was improved by doping with isovalent
fluorides.”®*” In fact, SnF,-doped BaF, shows much higher
conductivity than either KF- or LaFj;-doped compounds.
Thanks to the lone pair of electrons on SnF,, which strongly
influences the fluoride sublattice and contributes to the high
fluoride-ion conductivity in BaSnF,*** As a consequence,
some of Sn**-containing compounds like MSnF, (M = Pb, Ba,
Sr) show the highest fluoride-ion conductivities at room
temperature (RT).”*™° Apart from Sn*, there are other
cations (Sb*, Bi**, Pb*, TI'), which carry the lone pair of
electrons and are assumed to have a similar effect on ionic
conductivity. In this scenario, it is interesting to see the effect of
SbF, doping in BaF,. Sb*', being an aliovalent cation (to Ba")
and carrying a lone pair of electrons, might strongly contribute
to enhancing the ionic conductivity of BaF,. Hence, for the first
time, we have investigated the effect of SbF; doping on the
ionic conductivity of BaF,. Nanocrystalline Ba,_,Sb,F,,, (0.1 <
x < 0.4) solid solutions were synthesized by mechanical milling,
and their phase purity was determined by X-ray diffraction
(XRD). The ionic conductivity of the solid solutions was
investigated by electrochemical impedance spectroscopy (EIS).
The electrochemical cycling performance of FIB using
Bay,Sby;F,; as cathode, Ce and Zn as anode, and
LagoBay,F, as solid electrolyte was also investigated.

Bl EXPERIMENTAL SECTION

Synthesis. BaF, (99.9%), LaF; (anhydrous, 99.9% rare-earth
oxides), and multiwalled carbon nanotubes (MWCNTSs) (95%) were
purchased from Sigma-Aldrich. CaF, (99.7%), StF, (99%), and SbF;
(99.6%) were purchased from Alfa Aesar. High-energy mechanical
milling was used to synthesize Ba,_,Sb,F,,, (0 < x < 0.5). Before
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milling, the precursors were dried for 15 h under vacuum at 200 °C to
remove the adsorbed moisture. All compositions were prepared by
mechanical milling of a mixture of stoichiometric amounts of BaF, and
SbF; for 18 h at 600 rpm under argon atmosphere. The ball-to-powder
weight ratio was kept constant at 12:1. Silicon nitride jars (volume, 80
mL) and 20 balls (diameter, 10 mm) were used as milling media.
Milling was performed using a planetary-type mill (FRITSCH
Pulverisette 6). Bag;Lag3F,; was produced according to a previous
report’ by ball milling stoichiometric amounts of BaF, and LaF; for 18
h at 600 rpm. For fabricating the cells, LagoBay,F,o was used as
electrolyte and the synthesis of this material was done based on a
previous report.'” The electrolyte was synthesized by milling LaF; and
BaF, at 600 rpm for 12 h, and the cathode was prepared by mixing
Bay;SbsFy3 (90 wt %) and MWCNT (10 wt %). The Ce anode
composite was prepared by gentle milling of Ce powder (90 wt %) and
MWCNT (10 wt %) at 200 rpm for 3 h. The Zn anode composite was
prepared by mixing Zn powder (40 wt %), LagoBag,F,o (S0 wt %),
and MWCNT (10 wt %) at 300 rpm for 12 h.

Characterization. X-ray diffraction (XRD) patterns of the educts
and the as-milled powders were recorded using a STOE STADI-P
instrument with Mo Ka source. Profile matching refinements were
performed on the XRD patterns for cell parameters determination,
using the Le Bail method with the FullProf software.’" Instrumental
broadening was taken into account using LaBy reference diffraction
data. The sample contribution to X-ray line broadening was calculated
by using the Thompson—Cox—Hastings pseudo-Voigt function that
includes both size and strain-broadening terms for Lorentzian and
Gaussian components.”> The apparent crystallite size and the upper
limit of microstrain are then internally calculated by FullProf using
Langford’s method.*

The electronic conductivity was measured by chronoamperometry
at a constant voltage of 2.0 V using a Bio-Logic VMP 3 instrument.
The surface morphology of powdered samples was investigated using a
ZEISS LEO 1530 scanning electron microscope.

Electrochemical Impedance Spectroscopy (EIS). Zahner IM6
device was used to record DC impedance spectra, and ZView software
was used for fitting the measured impedance. The frequency range was
8 MHz to 1.0 Hz, and the voltage amplitude was 10 mV. Impedance
spectra were recorded at 25, 60, 80, 100, 120, 140, 160, 180, and 200
°C under Ar atmosphere. For impedance measurements, 7 mm
diameter pellets were pressed with a 2 ton force for 1 min and both
sides coated with Au layer (thickness, 1S nm) as ion-blocking
electrodes. The thickness of all pellets was approximately 0.8 mm.

Cell Assembly. Full cells were assembled under a protective
atmosphere (Ar) by pressing the powders of the cathode, electrolyte,
and the anode together, with the cathode on top and the electrolyte in-
between. Enough material was introduced to avoid any short circuit.
The three-layer pellet was inserted in a modified Swagelok-type cell,
which is compatible to operate at elevated temperatures. Electro-
chemical cycling of the cells was performed using Arbin battery tester.
The cells were cycled at 150 °C and a current density of 10 #A cm™
within the voltage window of 1.0-3.5 V. The capacities were
calculated referring to the weight of the active material SbF; in the
cathode Ba,;Sby;F, ;.

Bl RESULTS AND DISCUSSION

Structural Evolution of Ba;_Sb,F,,, (0 < x < 0.5).
Ba,_,Sb,F,., (0 < x < 0.5) solid solutions were synthesized by
mechanical milling of stoichiometric mixtures of BaF, and SbF;,
as detailed in Experimental Section. The XRD patterns of all
compounds are given in Figure la. Phase-pure fluorite-type
compounds were obtained after 18 h of milling for x < 0.5. For
higher doping content, reflections corresponding to demixing
of SbF; were observed, indicating the solubility limit of the
solid solution. With the increase of dopant concentration,
overall shifts of the reflection positions toward higher angles
were observed for all of the compositions, except for
Bay4Sby,F, , where the shift is very little in the other direction,

¢ ¢
‘ » ‘ e Ba/Sb

5. e o Vi
¢ ¢ ¢
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Figure 2. Representative structural view of Ba,_,Sb,F,,. (doped
fluorite).

2.1x10° U=2vV

1.8x10° - d=1mm
1.6x10° -
1.3x10°

1.0x10°

7.8x107

Current density (A cm?)

5.2x107 -

2.6x107 -

0.0 T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0

Time/h

Figure 3. Chronoamperometry of the Ba,¢Sby,F,, compound at 25
°C for S h.

toward lower angles (Figure 1b; reflection at ~18.5°). This was
unexpected considering the smaller size of Sb** (0.76 A in 6-
fold coordination in SbF;) compared to Ba?* (1.35 and 1.42 A
in 6- and 8-fold coordination, respectively),** which should lead
to the decrease of a cell parameter and a position shift toward
higher angles. The lattice parameter of Ba,gSb,,F,, is larger
compared to that of BaF, but smaller than that of Ba,¢Sby F, ;.
However, for x = 0.3 and 0.4, the smaller Sb> outweighs the
effect of interstitial fluoride ions. Rongeat et al. investigated the
nanocrystalline fluorite-type Ba,_LaF,, system, where a
gradual reduction of lattice parameter was observed due to
the substitution of smaller La** in place of larger Ba®".
However, in the case of Sb*" substitution, lattice parameter
increased initially (BageSby,F,; and BaggSby,F,,) and then
decreased (Bay,SbysF,; and BagSby,F,,) relative to BaF,.
These results suggest that there is a strong interplay between
the interstitial occupancy of fluoride ions, dopant cation size,
and lone pair of electrons. In the case of BaySbysF,s, some
extra reflections were observed, besides the reflections
corresponding to the fluorite-type structure (marked *). Due
to the presence of impurities, we have not calculated the lattice
parameters of BaySbysF,s. In the case of LaF;-doped BaF,
compounds, it was possible to achieve high doping level like x
> 0.5,° but for SbF,, doping level is limited to x < 0.5. This
indicates that even with less amount of SbF; doping more
interstitial sites are occupied, which could be due to the effect
of lone pair of electrons on Sb*, which will repel the negatively
charged fluoride ions and push them to occupy other/more
interstitial sites than required by the stoichiometry. This might
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equivalent circuits used for the fit are shown in the insets.
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Figure S. Arrhenius plots of ionic conductivity of ball-milled
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conductivities measured from impedance measurements, and the
dotted lines denote the linear fit obtained for calculating activation
energies.

also explain the initial increase of lattice parameter in the case
of BayoSby F,; and BaygSb,,F,,. However, further structural
characterizations are required to validate these hypotheses.

In fluorite-type structures (Figure 2), cations (here Ba and
Sb, represented in gray) form an face-centered cubic network,
in which the anions occupy all tetrahedral sites (here F, in
blue). This arrangement results in the formation of FCa4
polyhedra. Earlier studies on rare-earth-doped fluorite-type
compounds indicated that the extra fluoride ions occupy
different interstitial positions, depending on the dopant

Table 2. Values of Fitted Parameters of the Equivalent
Circuit for Ba,Sb,_F,, .

sample Ba,_,Sb,F, .,
x 0 0.1 0.2 03 0.4
Ry at 160 °C (10> Q) 5393.68  72.9 12.33 4.61 597
CPEl at 3.52 7.85 291 1078 3.05
160 °C (1071 F s*!)
CPE2 at 1.95 4.62 583 1014  31.89

160 °C (107° F s*")

concentration. The interstitial positions can be denoted as
F1, F2, and F3 (marked in red, orange, and green, respectively,
in Figure 2).>>*° The most obvious interstitial position is the
F1 site, of cubic symmetry, located at (1/2, 1/2, 1/2) between
the eight equivalent fluorine ions (F site in blue). The F2
position is displaced along the (110) direction, and the F3
position along the (111) direction. Hypothetical fourth F4
(www with w = 031) interstitial position has also been
reported, but this is merely an off-center shift of the anions
from the ideal site of fluorine ions F (1/4, 1/4, 1/4).*” This F1
site and its 12 equivalent positions (middle of the cubic edges)
are solely populated at low dopant concentrations, until x =
0.05.>° At higher dopant concentrations, F2 and F3 interstitial
sites are being occupied.”® Further, an increase of these sites
population facilitates the formation of fluoride clusters in the
structure, which have dominating influence on the evolution of
the conductivity with increased doping. For example, high
dopant concentration can lead to the formation of antiprisms,
which will trap fluoride ions located on the F2 site.*® Formation
of F~ clusters leads to decrease in the total conductivity of rare-
earth-doped fluorite-type compounds, above a certain thresh-
old, as mentioned above and will be discussed later. However,
further structural characterization is necessary to fully under-
stand the local structure of Ba,_,Sb,F,,, compounds.

Table 1. Results of Profile Matching Refinements and Conductivity Parameters for Ba,_,Sb.F,,. and Bag,La;F, 3

sample
x 0 0.1
cell parameter (A) 6.196 6201
crystallite size (nm) 34.73 12.45
6 at 160 °C (107* S cm™) 0.0039 0333
E, (V) 045 063
6, (10° S K em™) 0.0003 275

17252

Ba,_Sb.F,., Bag;Lag;F, 3
0.2 0.3 0.4
6.197 6.191 6.191 6.111
10.01 7.39 9.23 17.59
1.98 441 3.89 1.55
0.61 0.66 0.73 0.57
1023 64.00 489.77 226

DOI: 10.1021/acsami.8b04108
ACS Appl. Mater. Interfaces 2018, 10, 17249-17256



ACS Applied Materials & Interfaces

Research Article

T/ °C
225 200 175 150 125 100 75 50 25
T T T T T T T
As-milled samples
Kl 3
A m Ca,Sb,F,,
‘A X 1" 2.
2F A L4 srﬂ.QSbD.IFZ! 3
Fl‘ A = Bao.SSbD.‘IFZJ
£ AL
O 3F e 3
Y
x e A
v 4t e 3
= " .
= ., “o “a
O 5F “m = e A 3
00 S e
[} - e,
- 6F " = E
“a g
7E . E
T T T T T

2.0 2.2 24 2:6 218 3.0 3.2 34
1000/T/K"

Figure 6. Arrhenius plot of ionic conductivities of ball-milled
Cay¢Sby F,, and SryoSby,F,, compounds compared to
BagoSby,F, ;. The symbols represent the measured data, and the
dotted lines denote the linear fit, which was used to calculate activation
energies.

Microstructural information on the Ba,_.Sb.F,,, (0 < x <
0.5) samples was also obtained and is shown in Figure lc. The
calculated average crystallite sizes for all compositions were in
the 7—15 nm range, except for pure BaF,, whose average
crystallite size was 35 nm. It is interesting to note that the
average crystallite size decreases with SbF; doping, but its cause
is not clear yet. To investigate the primary particle size and the
morphology, SEM images of Ba,;Sb;F,; were collected and
are shown in Figure 1d. Primary particle size was in the 2.0—5.0
pum range, with the small crystallites being aggregated to form
bigger particles, which is typical for ball-milled samples.

lonic Conductivity of Ba;_,Sb,F,,, Compounds.
Electronic and ionic conductivities of Ba,_,Sb,F,,. (0 < x <
0.5) solid solutions were investigated to evaluate the potential
of these new compounds as fluoride-ion conductors. To
determine the electronic conductivity, chronoamperometry
measurements were performed by applying a constant potential
of 2.0 V on pellets Ba,_,Sb,F,,, (0 < x < 0.4) and measuring

the current as a function of time. Figure 3 illustrates for x = 0.4
the behavior of measured current versus time when a potential
of 2.0 V was applied. During the start of the measurement, the
current quickly fell to lower values, which can be assigned to
the polarization of the material.* After that, the current density
gradually decreased to reach an asymptotic value around 2.6 X
107 A cm™, obtained after 5 h of measurement when the
electronic conductivity was completely relaxed. The electronic
conductivity of the material was then calculated using eq 1

6, =1d/UA ¢V

where I is the current, U is the applied potential, d is the pellet
thickness, and A is the area of the pellet. The obtained
electronic conductivity value is 7.8 X 107 S cm™, which is
much lower than that of metals or semiconductors,* indicating
the electronic insulating behavior of these new Ba,_.Sb.F,,,
solid solutions.

Electrochemical impedance spectroscopy (EIS) was used to
determine the ionic conductivity of Ba;_,Sb,F,,. (0 < x < 0.5)
solid solutions. Complex impedance spectra of Ba,;SbysF, 3
and Bay ¢Sby 4F, , obtained at different temperatures are shown
in Figure 4ab. The spectra consist of a half-circle at high
frequency (MHz) and a straight line at low frequency (Hz),
which represents the charging of ionic species at the
electrolyte—electrode interface.*"** Similar EIS patterns were
observed for all other compositions (Supporting Information,
Figure S8). The total resistance of the system corresponds to
the real part of the complex impedance and is determined at the
intercept of the measured spectra with the x-axis at low
frequency. Fitting of the measured spectra with the help of
equivalent circuits has been developed to get a precise
resistance value.”> An equivalent circuit (inset in Figure 4)
composed of two constant phase elements (CPEI and CPE2)
and an Ohmic resistor (R,;) was used to fit the impedance data.
CPE1 and CPE2 represent capacitive properties of one part of a
sample (bulk or grain boundaries), whereas the resistor
represents its bulk resistive properties. The ionic conductivity
o of the electrolyte was calculated according to eq 2

6= d/AR, ()

where d stands for pellet thickness and A stands for its area.
Fitting curves (shown with solid lines) and measured plots

(symbols) match quite well (Figure 4). For all compositions,

the overall resistance decreases with temperature, indicating a
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conductivity increase (6  1/R, eq 2). The calculated ionic
conductivity of Ba,_,Sb,F,,, (0 < x < 0.4) solid solutions is
shown in Figure S. As for many other ionic conductors, In(6T)
evolves linearly vs 1/7T, indicating that the ionic conductivity is
following an Arrhenius-like law (eq 3)

o X T=o0,X e (B/KD)

®3)
where E, k, and o, stand for the activation energy, the
Boltzmann constant, and the preexponential factor, respec-
tively. Calculated —E,/k and In(c,) correspond to slope and
intercept, respectively. As can be observed in Figure S, the ionic
conductivity of Ba,_,Sb.F,,, solid solutions increased with the
dopant concentration and seemed to reach a broad maximum
of 0.2 < x < 0.4. At low temperature, the ionic conductivity of
Ba¢Sby4F, 4 is slightly lower than that of BaygSby,F,, and
Ba;Sby3F, 3 and at high temperatures, the ionic conductivity
of BaygSby,F,, is slightly lower than that of Bay,Sby;F,; and
Bay ¢Sby 4F, 4. Doping above x = 0.3 does not seem to increase
the ionic conductivity further, which is in good agreement with
structural considerations of interstitials F~ ions trapped in
defects clusters.” However, the change in conductivity was
marginal within all SbF;-doped samples. The maximum
conductivity was obtained for the sample Ba,,Sby3F, 3, which
was 4.4 X 107 S em™ at 160 °C. Activation energies for every
composition were calculated using the slope of their linear fit
and compared in Table 1 as well as their ionic conductivity at
160 °C.

Impedance spectra were further analyzed to identify grain
and grain boundary contributions to the ionic conductivity of
Ba,_,Sb,F,,, (0 < «x < 0.5). The impedance spectra shapes of
our polycrystalline samples are similar to those of polycrystal-
line fluorite-type samples, but very different from those of
polycrystalline tysonite-type samples.”’” Tysonite-like com-
pounds contain two half-circles at high frequencies related to
bulk phenomena and grain boundaries and one straight line at
low frequencies related to the electrode—electrolyte inter-
face,”'® whereas fluorite-like compounds display only one
semicircle.” For our spectra, if resistance values depended upon
sample composition as well as temperature, capacitance values
were almost similar for all compositions and slightly change
with temperature, based on the data extracted from the fits with
the equivalent circuit. Capacitance data corresponding to the
first semicircle (CPE1) are close to 107'° F, and those
corresponding to the straight line (CPE2) are in the range of
107°=10~° F (Table 2). The CPEI1 values are consistent with
grain boundaries phenomena (107'~107% F), and the CPE2
values are consistent with sample—electrode interfaces
phenomena (1077—1075 F).*

The absence of a semicircle corresponding to bulk
phenomena has been explained by the short-circuiting of bulk
resistance by the lower resistance along the grain boundaries.”
Consequently, the bulk contribution is surpassed by grain
boundaries contribution resulting in only one semicircle. The
ionic conductivities of the ball-milled samples are then mostly
governed by diffusion along the grain boundaries. More
precisely, Rongeat et al. concluded that if the defects present
in bulk (interstitials F~ ions) do not contribute directly to the
conduction, then they probably influence the defects present in
the grain boundaries (vacancies).” According to the data
presented above, it is possible that a similar mechanism is valid
for the Ba,_,Sb,F,,, compounds. To compare the results of the
Ba,_,Sb,F,,, compounds to those reported for Bay;Lay3F, 5, we

have produced this material in the same manner as described in
the previous report.8 Compared to Bay,Laj;F,; the ionic
conductivity of Ba,y,Sby;F, 5 is nearly double at 160 °C (Table
2), which means that an additional contribution to the
conductivity might indeed be coming from the presence of
lone pair of electrons on Sb**. Thoroughly examining the local
atomic environments in both structures could be the key to
understand the origin of this ionic conductivity improvement.

The influence of alkaline-earth cations on the ionic
conductivity was also evaluated through the synthesis and
characterizations of Ca,_,Sb,F,,, and Sr,_,Sb,F,,. (0 < x <
0.5) solid solutions. In these cases, the solid solution formation
was seemingly possible only for a lower amount of dopant
(SbF;), ie., for x < 0.1 with Ca and for x < 0.3 with Sr
(Supporting Information, Figures S6 and S7). The SrooSby,F,
and CagySby,F,; compounds were thus selected for compar-
ison with the Ba counterpart. Impedance spectra of Sry¢Sby ;F,
and CaygSby F,, exhibited one semicircle at high frequency
(MHz) and one straight line at low frequency (Hz), looking
similar to that of BaygSby,F,;. However, the resistance
measured was systematically higher compared to that of
BayoSby | F, . The corresponding calculated ionic conductivities
of CageSby, Fy; and SryeSby,F,; at 160 °C are 1.7 X 107% and
22% 1077 S em™, respectively. These conductivity values are 2
or 3 orders of magnitude lower than those of their Ba analogues
(Figure 6 and Table 1), although they possess similar crystal
structure. This is in good agreement with previous reports on
SrF, or CaF, and their doped compounds, which showed lower
conductivity than their Ba counterparts.*® The calculated values
of activation energies were 0.70, 0.68, and 0.63 eV for
CagoSby Fy1, SroeSbg F,1, and BageSby,F,; compounds,
respectively.

As the ionic conductivity of Bag;SbysF,; is high, this
compound could be interesting as an electrolyte in FIB.
However, the cycling was not possible using Ba,;Sb;F,; as
electrolyte due to the low electrochemical stability of Sb**
(versus Ce anode). Therefore, Ba,,Sby3F,; was rather used as
cathode material (in a composite with carbon nanotubes) with
high intrinsic fluoride-ion conductivity. Tysonite-type
LaggBay F,9 was used as an electrolyte, and Ce and Zn as
anode materials. The galvanostatic charge—discharge profiles of
the cells for the first five cycles are shown in Figure 7 (obtained
at a current density of 10 A cm™). The capacities presented
here correspond to the weight percent of SbF; in the cathode.
The first discharge capacity of the Ce-based cell amounts to
301 mA h g at an average voltage of 1.7 V. This value
represents only 66% of the theoretical specific capacity of SbF;
(450 mA h g™"), but is still higher than the one reported with
the BiF, cathode.” The lower discharge capacity suggests that
incomplete reaction occurred at cathode due to the presence of
isolated grains of active material not sufficiently connected by
mass and/or electron transfer, which remains to be confirmed.
The first charge curve shows a capacity of 170 mA h g™', which
corresponds to 56% of the first discharge capacity. The huge
difference between the first discharge and charge capacities is
most probably due to the large volume changes in the electrode
materials. In situ TEM studies on fluoride-ion batteries show
that volume changes in the electrode material will lead to the
delamination of the electrode and electrolyte layers at the
interface and the isolation of the active material ionically and
electronically.*® Thereby, less active material is available for the
reaction during subsequent charge and cycling. Zn-based cells
show low-voltage plateau due to the lower reduction potential

DOI: 10.1021/acsami.8b04108
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of Zn compared to Ce. They also show less capacity compared
to Ce-based cells, but better cycling stability.

Bl CONCLUSIONS

The SbF;-doped BaF, solid solutions were synthesized by
mechanical milling, and the ionic conductivities of Ba,_,Sb,F,, .
compounds were measured by impedance spectroscopy. The
highest conductivity of 44 X 107* S em™ at 160 °C was
obtained for Bay,Sby;F,3. This conductivity value is double
than that of the LaF;-doped analogue. The increased
conductivity of Ba,,Sby3F, 3, compared to Bay,La,3F, 3 might
be an effect of the lone pair of electrons of Sb*" instead. Similar
to earlier studies on polycrystalline-doped BaF,, the ionic
conductivity in Ba;_,Sb.F,,, compounds is considered to
proceed through the migration of vacancies along the grain
boundaries. Further, the lone pair on Sb** seems to have a
positive influence on fluoride-ion conductivity. However, at
present, we are uncertain about the exact role of the effect of
the lone pair. A further study about the role of lone pair might
be helpful for further conductivity improvement. We also
showed that the carbon—Ba,,Sb,;F, ; composite could be used
as cathode material for fluoride-ion batteries against multiple
anode materials (Ce, Zn).
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ABSTRACT: Fluoride ion batteries (FIBs) are among interesting electrochemical energy
storage systems that are being considered as alternatives to lithium-ion batteries (LIBs). FIB
offers high specific energy and energy density, thermal stability, and safety. Despite the
advantages posed by the FIBs, several challenges need to be addressed to realize its full
potential. We have been working on various aspects related to FIB with the aim of
developing sustainable fluoride ion batteries. So far rechargeable FIBs have been
demonstrated only at an elevated temperature like 150 °C and above. Here, for the first
time, we demonstrate room-temperature (RT) rechargeable fluoride-ion batteries using
BaSnF, as fluoride transporting solid electrolyte. The high ionic conductivity of tetragonal
BaSnF, (3.5 X 107* S cm™") enables the building of RT FIB. We built fluoride ion batteries
using Sn and Zn as anodes and BiF; as a cathode. We have investigated the electrochemical
properties of two different electrochemical cells, Sn/BaSnF,/BiF; and Zn/BiSnF,/BiF; at
various temperatures (25 °C, 60 °C, 100 °C, and 150 °C). The first discharge capacity of
the Sn/BaSnF,/BiF; and Zn/BiSnE,/BiF; cells amounts to 120 mAh g ™' and S6 mA h g™*

< e >

at room temperature, respectively. Although Sn-based cells showed capacity fading, Zn-based cells provided relatively stable
cycling behavior at low temperatures. High reversible capacities were observed at elevated operating temperature. EIS, ex-situ
XRD, and SEM studies were performed on the cells to investigate the reaction mechanism.

KEYWORDS: fluoride-ion batteries, BaSnF,, fluoride-ion conductors, Zn anode, Sn anode

H INTRODUCTION

Batteries based on fluoride ion transfer are promising for
electrochemical energy storage applications because of their
ability to store a large amount of chemical energy." Fluoride
(F7) is a monovalent anion, with low weight and high charge
density. The high mobility of F~ in few solid host materials and
its large electrochemical stability window make fluoride an
attractive charge transporting ion. By combining fluoride
transporting electrolyte with suitable metal and metal fluoride
electrodes, high voltage electrochemical cells can be built.
Further, the monovalent nature of fluoride allows metals to
form bivalent or trivalent metal fluorides. Thus, metals can
store more than one electron/metal reversibly, and hence, high
theoretical capacities can be achieved. Besides high specific
energy promises, solid state fluoride ion batteries offer high
thermal stability and safety due to nonflammability of fluorides.
Indeed, primary electrochemical cells based on fluoride ion
transfer were realized long ago,”™” and largely overlooked until
the demonstration of rechargeable fluoride ion batteries
recently. Baukal built FIB using doped-CaF, as an electrolyte,
Mg as an anode, and NiF, or CuF, as cathode materials. The
cells were operated at high temperatures (400—500 °C).?
However, no electrochemical data were presented describing
the reversibility of the system. Kennedy and Hunter presented
a primary FIB cell based on thin film configuration, using PbF,

< ACS Publications — © 2018 American Chemical Society
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as an electrolyte, Pb as an anode, and CuF, as a cathode
(mixed with PbF,). The cells were discharged (40% of the
theoretical capacity), but charging was not demonstrated.*
Hagenmuller et al. demonstrated primary FIB cells using f-
PbF, as a solid electrolyte, Pb as anode and BiF; as a cathode.”
Similar results were reported with BiOgF,g, as cathode
instead of BiF5.° Later, Potanin demonstrated FIB cells using
doped LaF; or CeF; as an electrolyte, La or Ce as an anode,
and doped PbF, or BiF; as cathode materials. The cells with
PbF, as cathode delivered 130 mA h g™" and cells with BiF; as
cathode delivered ~200 mA h g™' between 2.0 and 2.5 V.
However, cells were operated at high temperatures (500 °C).

Recently, Reddy and Fichtner for the first time demon-
strated rechargeable fluoride ion batteries working at a
temperature of 150 °C using solid electrolyte." They have
used tysonite-type LaggBag,F, as a solid electrolyte, cerium
metal as an anode and various metal fluoride composites as
cathode materials. Subsequently, several attempts were made
to improve the performance of FIBs: by using nanocrystalline
fluorite-type electrolytes," Mg+MgF,-based composite as an

anode,” intercalation-based materials as cathodes,'”'" and by
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Figure 1. Schematic sketch of the modified Swagelok type cell with band heater.

employing thin electrolyte and electrode layers."”~"* However,
in all cases, the cells were operated at 150 °C or above. Few
reports demonstrated the working of fluoride ion batteries at
room temperature (RT) employing liquid electrolytes.'> ™"
For example, an RT primary fluoride ion battery was
demonstrated using a bifluoride-poly(ethylene glycol)-based
electrolyte, Mg as an anode, and BiF; as a cathode. Although
the cells show high first discharge capacity of 250 mA h g_l,
charging of the cell was not possible. Recently, rechargeable
battery based on fluoride shuttle has been demonstrated using
ionic liquid-based electrolyte, PbF, formed on Pb plate as
anode and Bi needle as the cathode. The cells were charged
and discharged reversibly. Nevertheless, there was no clear
indication of specific capacities. Further, they reported rapid
capacity fading with cycling."” Hitherto, there are no reports
on rechargeable room temperature solid-state fluoride ion
batteries.

The main challenge in the development of RT solid-state
FIB lies in the development of fluoride ion transporting solid
electrolyte with significant ionic conductivity at RT and with a
wide electrochemical stability window (ESW). Rare-earth-
based fluorides with tysonite-type structure, for example,
Ce975510.025F2.975 and  SmggsCagosFygs show high ionic
conductivity in the order of 107 S cm™ even at RT.'*"
However, the reported high ionic conductivity in these
compounds was achieved only in the form of sintered discs,
which is difficult to integrate into full cell configuration, due to
the mechanical incompatibility of sintered discs with the ball-
milled polycrystalline cathode and anode composites. Interest-
ingly, Sn-based metal fluorides such as PbSnF, and tetragonal
BaSnF, show high ionic conductivity at RT.**”>* The ionic
conductivity of PbSnF, and BaSnF, is in the order of 1 X 1073
and 1 X 107 S cm™ respectively, at 298 K. Despite their high
ionic conductivity, these electrolytes have not been tested as
solid electrolytes in FIB so far.

Here, we used BaSnF, as a solid electrolyte to fabricate
solid-state FIB. Although PbSnF, exhibits high ionic
conductivity than BaSnF,, we choose to work with BaSnF,
as Pb-free system. BaSnF, offers high thermal and chemical
stabilities in addition to favorable mechanical properties. More
importantly, polycrystalline BaSnF, synthesized via mechanical
milling shows ionic conductivity similar to the material
synthesized by the high-temperature solid-state method.
Therefore, we used mechanochemically synthesized BaSnF,
as a solid electrolyte to demonstrate room temperature solid-
state FIBs.

4767

Bl EXPERIMENTAL SECTION

Synthesis. Bismuth trifluoride (BiF;) (anhydrous, 98%), and tin
difluoride (SnF,) (99%) were received from Alfa Aesar. Barium
fluoride (BaF,) (99%), Sn nanopowder (99%) and multiwalled
carbon nanotubes (MWCNT) (95%) were received from Sigma-
Aldrich. All chemicals were handled in an Ar-filled glovebox to avoid
interaction with air. Further, metal fluorides were dried at appropriate
temperatures for several hours under vacuum to remove any absorbed
moisture. Mechanical milling was used for mixing and synthesis of
electrode composites and solid electrolyte, respectively. Mechanical
milling was performed using a zirconia vial and balls in an Ar
atmosphere by a planetary ball mill (Fritsch P6). The ball to powder
ratio was kept the same for each experiment, which was 16:1.

Characterization of Structure and Morphology. X-ray
diffraction (XRD) analysis of the electrolyte and electrode composites
was performed using STOE STADI-P instrument with Mo—Ka
source. Ex-situ XRD was performed using a Bruker D8 Advance
diffractometer (Bruker, Karlsruhe, Germany). Ex situ XRD was
recorded with Cu K radiation (4 = 0.154 nm) in the 20 range of
20°—60°. Pellets after electrochemical testing were loaded into dome-
type sample holders (Bruker AXS Inc.) equipped with a knife edge
beam stop for low background and sealed inside an Ar-filled glovebox.
Profile matching refinements were done using the Le Bail method and
Langford’s method with the FullProf software.”®”” Scanning electron
microscopy (SEM) was performed using on ZEISS 1SSOVP field-
emission SEM (Carl Zeiss, Germany). Because of the sufficient
electronic conductivity of the electrodes, SEM measurements were
performed without a coating of any conductive layer. Similar to ex situ
XRD, ex situ SEM measurements were also performed on charged and
discharged pellets.

Electrochemical Impedance Spectroscopy (EIS). Electro-
chemical impedance spectroscopy (EIS) measurements were carried
out using a Zahner IM6 electrochemical workstation in the frequency
range of 8 MHz to 1 Hz and with a voltage amplitude of 10 mV. In
the case of BaSnF, electrolyte, the spectra were collected at different
temperatures starting from RT up to 200 °C. EIS measurements were
performed on pellets (~7 mm diameter and ~1 mm thick) pressed
with 2 tons pressure and sputtered with gold on both sides as an ion
blocking electrodes. In the case of FIB cells, impedance spectra were
recorded at RT before and after 10 cycles.

Battery Assembly and Testing. Cell fabrication was done in an
Ar-filled glovebox. The three-layer pellet for electrochemical testing
was fabricated by pressing anode/electrolyte/cathode layers together.
The layers were pressed with a pressure of 2 tons, and the pressure
was maintained for 1 min using a desktop pressing tool (Specac). The
thickness and diameter of the final pellets were approximately 0.8 mm
and 7 mm, respectively. The three-layer pressed pellets were then
transferred to a modified Swagelok-type cell specially designed and
fabricated for working at high temperatures. The cell reported was
designed and developed in our research group and we were using the
similar cells because the first report on rechargeable FIB.' Never-
theless, we have not published any report on cell design. A schematic
picture of the high-temperature modified Swagelok-type cell setup

with band heater is given in Figure 1. The sketch was created with
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Figure 2. (a) XRD patterns of ball-milled and annealed BaSnF,, (b) Nyquist plot obtained at different temperatures, and (c) Arrhenius plot for the

ionic conductivity of tetragonal BaSnF,.

SOLIDWORKS software. Recently, Grenier et al. developed a
modified coin cell to investigate the electrochemical properties of
FIB at 150 °C.** Electrochemical studies on cells were carried out at
different temperatures such as 25, 60, 100, and 150 °C. The
galvanostatic tests were performed using Arbin battery cycling unit.
The cyclic voltammetry experiments were performed using Biologic
instruments. Typical mass loading of cathode composite electrode was
5 mg. The cells were cycled at a current density of 10 #A cm™ unless
specified. The capacities were calculated referring to the weight of the
active material in the cathode composite (BiF;). The anode amount
was used in excess compared to the weight of the cathode.

B RESULTS AND DISCUSSION

Synthesis, Structure, and lonic Conductivity of
BaSnF,. Tetragonal-BaSnF, (t-BaSnF,) was synthesized
according to an earlier report.”> In a typical synthesis,
stoichiometric amounts of BaF, and SnF, were milled for 12
h at 600 rpm. The as-milled samples consisted of cubic
BaSnF,. To synthesize the tetragonal phase, we annealed the
milled sample at 300 °C for 2 h under vacuum. XRD patterns
of as-obtained and annealed BaSnF, are given in Figure 2a.
The average crystallite size of as obtained cubic BaSnF, was §
nm as calculated by profile matching refinement (Figure S1).
After 2 h of annealing, the cubic phase fully transformed to the
tetragonal phase (Figure 2a, top layer). Annealing also led to a
considerable narrowing of the XRD peaks because of grain
growth. The average crystallite size increased from 5 to 25 nm
after annealing (Figure S2).

The ionic conductivity of t-BaSnF, was determined from EIS
measurements. EIS spectra were recorded at different temper-
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atures varying from 25 to 200 °C. Figure 2b shows the Nyquist
plot of t-BaSnF,, together with the equivalent circuit (Figure
2b, inset). EIS spectra were characterized by a depressed
semicircle at a higher frequency and a tilted straight line at low
frequency. Total resistance was determined by fitting the
Nyquist plot with an equivalent circuit. The equivalent circuit
consists of a parallel combination of total resistance (R1) and a
constant phase element (CPE1) arising from bulk and grain
boundaries, and series combination with another constant
phase element (CPE2) appear from blocking electrodes. The
calculated ionic conductivity of t-BaSnF, was 3.5 X 107* S
cm™! at RT which is consistent with the reported value.”® The
activation energy (E,) was found to be 0.34 eV for t-BaSnF,
determined by fitting of Arrhenius plot with a straight line
(Figure 2c), which matches with the reported value.”® The
ionic conductivity value is sufficient to build RT fluoride ion
batteries.

Synthesis and Characterization of Electrode Compo-
sites. BiF; was chosen as cathode material as it exhibits high
ionic conductivity for fluoride at RT.** Also, BiF; showed good
reversibility in solid-state FIBs.*° On the other hand, Sn and
Zn were chosen as anode materials due to their predicted
electrochemical stability against BaSnF, solid electrolyte
(Table S1). Furthermore, SnF,, the discharge product of Sn
in FIB, is a good fluoride-ion conductor.”® The use of highly
electropositive metals (Mg, Ca, etc.) as anode materials is
limited by the low electrochemical stability window of the
electrolyte, which may chemically react with BaSnF, and form
Sn metal at the interface.

DOI: 10.1021/acsaem.8b00864
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The cathode composite was prepared by mechanically
mixing BiF;, MWCNT, and t-BaSnF, together at a weight
ratio of 40:10:50. To prepare anode composites, stoichiometric
amounts of Sn or Zn powder and MWCNT was first ball
milled for 6 h at 300 rpm. In the second step, t-BaSnF, was
added to this composite and milled it further to synthesize final
electrode composite. The second milling step was performed at
100 rpm, to preserve the t-BaSnF, phase. Milling at higher
RPM leads to the reconversion of t-BaSnF, to cubic BaSnF, in
the electrode composites. The final weight ratio of Sn or
Zn:BaSnF,:MWCNT composite was 50:40:10. Figure 3 shows

# *Sn +Zn  #BiF3
# #
# ##
© # # BiF3 cathode
5 +
«
- iy
%‘ (b) + ;+ + ‘;“:‘ Zn anode
c *
K] *
= "
* %
(a) O Rox Sn anode
Tetragonal-BaSnF 4|
J\J‘A Jb\ J{A A A A
T T T T
10 20 30 40 50
26[Mo Ka]/®

Figure 3. XRD patterns of BaSnF, and electrode composites: (a) Sn
composite, (b) Zn composite, and (c) BiF; composite.

the XRD patterns of the composite electrode materials. All the
composites show the presence of t-BaSnF, electrolyte in
addition to the contained active material. No other, additional,
peaks were observed in the XRD of the composite electrodes,
indicating no intermediate crystalline phases formed between
the solid electrolyte and active materials during mechanical
milling.

Figure 4a—c show the SEM images of BiF;, Sn, and Zn
composites, respectively. The SEM images show a homoge-
neous distribution of active material, solid electrolyte, and
CNT. In the case of BiF; composite, the average length of
CNT was relatively long compared to the CNT in Sn and Zn
composites; this could due to the higher milling speed used to
synthesize the Sn and Zn composites, which results in breaking
of CNTs. In the case of Sn composite bigger particles of Sn are
present (highlighted with squares). EDX mapping analysis was
performed on Sn and Zn composites to monitor the
distribution of active material, electrolyte, and CNT (Figures
S3 and S4). The elements F, Ba, and Sn were found
homogeneously distributed in the composite. Sn was present
all over the composite as it was also contained in the
electrolyte. Since BaSnF, was used as an electrolyte within the
cell pellet the elements, F and Ba were widely spread (Figure
S3). The uniform distribution of Zn surrounded by solid
electrolyte can be seen in the composite (Figure S4). Figure 4a
shows the cross-sectional SEM image of the typical three-layer
pellet used in the study. Typical thickness of the cathode,
anode, and electrolyte was 25, 85, 650 um, with a total
thickness of around 770 pm.

Electrochemical Studies. Figure Sa depicts cyclic
voltammograms (CVs) of the Sn/BaSnF,/BiF; cell scanned
in the potential range of 0.05 to 1.2 V at 25 °C. During the first
scan, a cathodic peak appeared at 0.1 V which corresponds to
the reduction of BiF; to Bi metal, while in the forward scan, a
broad anodic peak at 0.58 V was observed that corresponds to
the oxidation of Bi metal to BiF;. In subsequent cycles, both
anodic and cathodic currents were gradually decreased, and
their potentials shifted in the positive direction. The gradual
decrease of peak current could be due to a lowered fraction of
active material involved in the reduction and oxidation
reactions. Nevertheless, the reversible oxidation and reduction
indicate that bismuth fluoride reversibly reduced and oxidized
in Sn/BaSnF,/BiF; cell. Figure Sb—f shows the galvanostatic
discharge—charge curves and cyclic performance of Sn/
BaSnF,/BiF; cells operated at temperatures of 25, 60, 100,

Figure 4. SEM images of (a) BiF; composite, (b) Zn composite, (c) Sn composite, and (d) cross-sectional view of a battery pellet.
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Figure 5. Electrochemical studies on Sn/BaSnF,/BiF; cell. (a) Cyclic voltammogram obtained at a scan rate of 0.030 mV s™" at 25 °C. First ten
galvanostatic discharge—charge curves obtained at (b) 25, (c) 60, (d) 100, and (e) 150 °C. (f) Cycling performance of corresponding cells.

and 150 °C. The cell cycled at RT (Figure Sb) delivered a first
discharge capacity of 120 mA h g™' at a current density of 10
pA cm™. This value is 40% of the theoretical specific capacity
of BiF; (302 mA h g™!) and suggests incomplete conversion of
BiF; to Bi. The first charge capacity amounts to 80 mA h g™,
which corresponds to 66% of initial discharge capacity (120
mA h g!). In the following discharge/charge cycles capacity
faded rapidly, after 4 cycles the discharge capacity reached 30
mA h g™". The capacity fading with cycling in solid state FIB is
known."** It can be attributed to the volume changes in the
electrode materials and an increase of the electrode—
electrolyte interfacial resistance. Despite the capacity fading
with cycling, the operation of a room-temperature solid-state
rechargeable fluoride battery using BaSnF, electrolyte could be
demonstrated.

To investigate the Sn/BaSnF,/BiF; system in more detail,
we have cycled the cells at elevated temperatures. Figure 5S¢, d
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show the discharge—charge curves of the cells cycled at 60 and
100 °C, at a current density of 10 A cm ™. The first discharge
capacities of the cells operated at 60 and 100 °C amounted to
134 and 240 mA h g™' which is 44 and 80% of the theoretical
specific capacity of BiF; respectively. The first charge
capacities were 94 mA h g™' (60 °C) and 160 mA h g™
(100 °C). After ten cycles the reversible capacities reduced to
26 mA h g (60 °C) and 47 mA h g™' (100 °C). To increase
the rate of cycling the current density of the cell operated at
150 °C was raised to 20 #A cm™ from 10 A cm™2 The first
discharge capacity of the cell cycled at 150 °C, was 281 mA h
¢!, which is 93% of theoretical specific capacity (302 mA h
¢™'), indicating almost complete conversion of BiFj to Bi. The
first charge capacity of 231 mA h g~ was obtained which is
82% of first discharge capacity. Similar to the cells operated at
lower temperatures capacity fading was observed with cycling.
However, the extent of capacity fading was less. After ten

DOI: 10.1021/acsaem.8b00864
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Figure 6. Electrochemical studies on Zn/BaSnF,/BiF; cells. (a) Cyclic voltammogram obtained at a scan rate of 0.030 mV s™'. First ten
galvanostatic discharge—charge curves obtained at (b) 25, (c) 60, and (d) 150 °C. (e) Cycling performance of corresponding cells.

cycles a reversible capacity of 138 mA h g™' was obtained. The
cell operated at 150 °C showed better electrochemical
performance compared to the cells operated at 25, 60, and
100 °C. Figure 5f shows the cycling behavior of the cells cycled
at various temperatures. It can be observed that the first
discharge capacity gradually increased, and the extent of
capacity fading decreased with the increase in operating
temperature. Although the volume changes in the electrode
materials are same at all temperatures, the high capacity and
improvement in capacity retention could be attributed to a
decrease of resistance of the electrode—electrolyte interface
with increasing temperature. Another possible reason is the
increase in fluoride ion conductivity in the whole battery with
increasing temperature.

The CV of Zn/BaSnF,/BiF; cell operated at 25 °C is shown
in the Figure 6a. The first cathodic and anodic peaks were
observed at 0.19 and 0.82 V, respectively. The cathodic peak is
due to the reduction of BiF; to Bi while the anodic peak

4771

corresponds to the oxidation of Bi to BiF;. Upon reversible
sweeping, the current associated with cathodic and anodic
peaks decayed gradually, but to very less extent, which
contrasts with the Sn/BaSnF,/BiF; cell. Further, the cathodic
and anodic peak potentials of Zn/BaSnF,/BiF; system are
observed at slightly higher voltage compared to Sn/BaSnF,/
BiF; system, which is due to the slightly higher electromotive
force for the BiF;—Zn system. Figure 6b—e shows galvanostatic
discharge/charge curves and cyclic performance of Zn/
BaSnF,/BiF; cells operated at various temperatures. The first
discharge and charge capacity of the cell operated at RT was 56
and 43 mA h g7', respectively (Figure 6a). On subsequent
cycling, the discharge and charge capacities were found to
increase slightly. This behavior is in contrast to the cells
containing Sn as an anode, where capacity fading was observed
during cycling. Also, the first discharge capacity of Zn cell was
56 mA h g™' compared to 120 mA h g™' of Sn cell. This could
be due to oxidation of few Zn particles in the first cycle, which
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Figure 8. Before and after discharge XRD patterns of (a) BiF; composite, (b) Zn composite, and (c) Sn composite; (d) XRD patterns of as-
received Sn and after heating it at 150 °C for 2 days in an Ar atmosphere.

were getting activated in the following cycles. The gradual
increase of capacity with cycling was observed until 13th cycle
at which a reversible capacity of 60 mA h g™' reached. The
cells showed very stable cycling. When the cell is operated at
60 °C, the first discharge and charge capacity raised to 136 and
107 mA h g7/, respectively (Figure 6¢). Similar to the RT cell,
the charge and discharge capacities increased during initial
cycling and decreased gradually with further cycling. After ten
cycles, a reversible capacity of 140 mA h g™ was obtained. To
increase the rate of cycling, in the case of the cell operated at
150 °C, the current density was increased from 10 yA cm™ to
40 pA cm™, which is four times higher compared to the cells
operated at 25 and 60 °C. Despite the comparably high current
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density, high first discharge and charge capacities of 213 and
183 mA h g~' were obtained, respectively. In contrast to the
cells operated at 25 and 60 °C, no increment in capacity was
observed during cycling at 150 °C. In this case, capacity faded
with cycling. High temperature (150 °C) obviously led to the
activation of Zn particles with no further increment in capacity
over cycling. The cycling behavior of the cells operated at
various temperatures is shown in Figure 6e. Again, significant
improvement in capacity was observed when the cells were
cycled at elevated temperatures. This could be due to an
increase of ionic conductivity of whole battery components at
higher temperatures. Further, the cycling performance of the
Zn/BaSnF,/BiF; cells is better at 25 and 60 °C compared to
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Figure 9. SEM images of Sn anodes: (a) pristine state, (b) after first discharge, (c) after the first charge, (d) after second discharge. SEM images of

Zn anode: (e) pristine state and (f) after discharge.

Sn/BaSnF,/BiF; cells. However, both cells performed similarly
at 150 °C.

Ex Situ Analysis of Sn/BaSnF,/BiF; and Zn/BaSnF,/
BiF; Cells. Although the initial discharge capacity of Sn/
BaSnF,/BiF; system was higher than that of Zn/BaSnF,/BiF;
system for each operational temperature, the capacity fading
was much higher in the former case (except for the cells
operated at 150 °C). To investigate the reasons for capacity
fading, EIS measurements were performed on Sn/BaSnF,/BiF;
and Zn/BaSnF,/BiF; cells before and after cycling at RT.
Figure 7 shows the EIS spectra (Nyquist plot) of Sn and Zn
cells recorded before and after ten cycles. The EIS spectra
consist of a depressed semicircle and a tilted straight line at
high and low-frequency regions, respectively. The semicircle
can be attributed to electrode—electrolyte interface resistance,
and the straight line represents the Warburg impedance.
Interestingly, the resistance of the Sn and Zn containing cells is
the same before the cycling. After ten discharge—charge cycles
at RT, the resistance of the cell containing Sn anode is almost
doubled, whereas the resistance of the cell containing Zn
anode increased marginally. The increase in resistance of the
Sn-containing cells might be the reason for the rapid capacity
fading in Sn cells. During cycling of the cells, Sn will be
converted to SnF, or Zn will be converted to ZnF,. In both
cases, severe volume changes are expected (+101% for Sn to
SnF, and +127% for Zn to ZnF,) (Table S1). The volume
changes in the electrode material may result in the
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delamination of the electrode—electrolyte layer and electronic
and ionic isolation of active material within the electrode
composite. Both factors would result in the increase of cell
impedance after cycling. Despite higher volume changes
predicted for Zn/ZnF, couple compared to Sn/SnF, couple,
Zn containing cells showed less resistance after cycling. Beyond
volume changes, it appears that the crystallite size of the active
material might play a role in determining the interfacial
resistance of Sn-based cells.

To investigate the reaction mechanism, we recorded XRD
patterns ex situ on three-layer pellets before and after
discharge. For collecting the XRD patterns, Zn/BaSnF,/BiF;
and Sn/BaSnF,/BiF; cells discharged at 150 °C were prepared,
where almost complete conversion of BiF; to Bi was observed.
Figure 8a shows XRD pattern of BiF; composite cathode
before and after discharge. Before discharge, peaks correspond-
ing to BiF; and t-BaSnF, were observed. After discharge to
0.05 V, BiF; peaks disappeared completely, demonstrating
complete conversion at the cathode. In the XRD pattern, new
peaks appeared which can be indexed to Bi metal which
confirms the reduction of BiFj; to Bi after discharge. The XRD
pattern of Zn containing anode composite is shown in Figure
8b. Before discharge, diffraction peaks for Zn and t-BaSnF,
electrolyte were observed. After discharge, few new reflections
were observed (marked with + ), which were assigned to ZnF,
resulting from the oxidation of Zn metal after discharge.
Diffraction peaks corresponding to Zn can be seen even after
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discharging because of the excess amount of anode material
used.

The XRD patterns of Sn anodes before and after discharge
are shown in Figure 8c. Before discharge XRD pattern shows
the diffraction peaks of Sn and t-BaSnF,. After discharge,
reflections corresponding to a-SnF, phase (marked with + )
were identified. SnF, exists in three polymorphs: monoclinic a-
SnF, (C2/c), orthorhombic #-SnF, (P2,2,2,) and tetragonal y-
SnF, (P4,2,2 or P4;2,2).”" a-SnF, is the most stable phase at
RT. a to y phase transition occurs between 125 °C—190 °C.
Cooling of y-SnF, leads to the formation of f-phase (at 67
°C). Both y-SnF, and $-SnF, are metastable below 110 °C.*”
The observation of a-SnF, in the discharged electrode is
rational considering the metastability of y-SnF, and p-SnF,
below 110 °C. Although cells were operated at 150 °C, where
7-SnF, is expected to be stable, y-SnF, might have converted to
a-SnF, after cooling the cell to RT. Several other peaks were
observed in addition to the peaks of a-SnF, and t-BaSnF,
phases. Some of these peaks could be indexed to SnO and
SnO,. Presence of tin oxide impurities in the discharged
electrode puzzled us initially as there were no impurities found
in the milled electrode composite of Sn. The surface of the as-
received Sn might have oxide impurities on the surface which
might have been removed after mechanical milling at 300 rpm.
To validate this hypothesis, we took the XRD of as-received Sn
and after heating the Sn at 150 °C to reproduce the conditions
that are present in the cell. Figure 8d shows the XRD patterns
of as received Sn and after heating it at 150 °C for 2 days in an
Ar atmosphere. The XRD patterns show the presence of minor
impurities tin oxide (SnO). The intensity of the oxide peaks
grew considerably after heating at 150 °C in an Ar atmosphere.
These results suggest that as-received Sn sample contains tin
oxide impurities mainly as an amorphous phase on the surface,
which are unnoticeable in the ball milled composite but well
crystallized during the heating process or the discharge of the
cell at 150 °C. In addition to SnO impurity, we also observed
$nO, in the XRD pattern of the discharged electrode (Figure
8c), which was not seen in the XRD pattern of the heated
sample (Figure 8d). SnO, might have formed by the partial
disproportion of SnO to Sn and SnO,, during the discharge
process.

To track the morphological changes, ex-situ SEM measure-
ments were performed on the electrode composites before and
after discharge. Sn/BaSnF,/BiF; and Zn/BaSnF,/BiF; cells
discharged and charged at 150 °C were used for SEM
measurements. Figure 9a—d shows the SEM images of the Sn
side of the pellet (Sn/BaSnF,/BiF;): before discharge (Figure
9a), after discharge (Figure 9b), after first charge (Figure 9c)
and after second discharge (Figure 9d). The pristine Sn
composite contains pyramid-shaped crystals (Figure 9a). After
first discharge, tetragonal-shaped particles were observed on
the surface that could be due to the formation of SnF, (Figure
9b), which was evidenced in the ex situ XRD of Sn electrode
after discharge (Figure 8c). After the first charge, more
spherical particles were observed. After second discharge the
tetragonal shaped particles reappeared, which confirms
morphological changes at Sn electrode. From ex situ SEM
images, it is clear that during cycling more of the bigger
particles are present. The melting point of SnF, and Sn is 225
and 231.9 °C, respectively, which could have resulted in
particle growth during cycling at 150 °C. SEM images of Zn
anodes before and after discharge are shown in Figure 9e, f. In
contrast to Sn electrode, Zn particles were not visible even in
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the pristine state of the Zn electrode. Further, we did not
observe the formation of Zn dendrites, which is well-known in
Zn—air batteries.>> After discharge, very similar morphology
was observed in comparison to the pristine state. This indicates
that Zn and the oxidized ZnF, particles are not as large as in
the case of Sn-SnF,. This may explain the high reversibility
found in the BiF;—Zn system compared to the BiF;—Sn
system.

Bl CONCLUSION

Tetragonal BaSnF, shows promising features as fluoride ion
transporting solid electrolyte at 25 °C and enables the building
of RT fluoride ion batteries, which was demonstrated for the
first time. The cells can be operated at various temperatures
ranging from 25 to 150 °C. We have discussed here two types
of new FIB systems with Zn and Sn anode, while BiF; was used
as the cathode. At RT, Sn/BiF; system exhibits a high first
discharge capacity of 120 mA h g™', however with rapid fading
upon cycling. On the other hand, the Zn/BiF; cell displays less
first discharge capacity but stable cycling performance at RT.
After 20 cycles the discharge capacity reached about 61 mA h
g™, The rapid capacity fading in the case of Sn containing
anode might be due to the increase of cell resistance during
cycling and large particle size of Sn. Although we could
demonstrate the feasibility of RT FIB here, the cells delivered
low average voltage due to the low voltage redox couples (Sn/
BiF; and Zn/BiF;), resulting in a low energy density of the
battery. One way to increase the voltage would be to use the
high voltage insertion cathode materials such as LaSrMnO,F,
and related oxyfluorides. The use of highly electropositive
metals (Mg, Ca, etc.) as anode materials is limited by the low
electrochemical stability window of the electrolyte, which may
react with BaSnF, and form Sn metal at the interface. Future
work will be focused mainly on the search of appropriate anode
and cathode combinations that can provide high specific
energy and durability.
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ABSTRACT: Solid-state fluoride ion batteries (FIBs) promise high specific energy, thermal
stability, and safety. Research on FIBs is in its infancy, and a number of issues still need to be
addressed to realize its full potential. Progress on FIB strongly depends on developing suitable
fluoride-ion-transporting electrolytes at room temperature (RT). BaSnF, shows high ionic
conductivity of 3.5 X 10~* S cm™' at RT. However, it has limited electrochemical stability
window. Recently, we demonstrated RT rechargeable FIB utilizing BaSnF, as a solid
electrolyte and low electropositive metals, such as Sn and Zn metals, as anodes because of the
limited electrochemical stability of BaSnF,, which results in low operating voltages. However,
to enable cells with high operating potentials, the electrolyte should be compatible with highly
electropositive metals (e.g, La, Ce). Although tysonite-type LagoBay F,, electrolyte was
shown to be compatible with such metals, it has the drawback of low ionic conductivity at RT

S
rd

(0.4 X 107° S cm™). To overcome these limitations of the low electrolyte stability and low

ionic conductivity, we applied an interlayer electrolyte to build FIB rather than pure electrolytes. A thin layer of La,¢Ba, F,
was pressed together with a thick layer of BaSnF,. Applying low-conductive LajgBay,F,¢ as thin layer enhanced the total
conductance of the pellet (compared to pure LajoBaF, ), while it physically isolated the less stable and highly conductive
electrolyte (BaSnF,) from the anode. This approach allowed the demonstration of relatively high voltage FIBs at RT, which can
otherwise not operate either with BaSnF, electrolyte alone. We optimized the total ionic conductivity of the interlayer
electrolyte by altering the thickness of the Lay¢Ba, ,F, ¢ layer. The total ionic conductivity of interlayer electrolyte was increased
to 0.89 X 107° S cm™! for 45 um thick LaygBag,F, o at RT, which is more than 1 order of magnitude higher compared to the
pure LagoBag,F, 5 (0.4 X 107° S cm™). Finally, we demonstrate the feasibility of operating FIB at RT utilizing the interlayer
pellet as an electrolyte, BiF; as a cathode and Ce as an anode material. The approach described here would enable the design
and development of new solid electrolytes with advanced properties with existing electrolytes.

KEYWORDS: room-temperature fluoride ion batteries, interlayer electrolyte, fluoride ion conductors, La,¢Bay F, ¢ BaSnF,,

Ce anode, BiF; cathode

H INTRODUCTION

Lithium-ion batteries (LIBs) are currently the main power
sources of portable electronics and being introduced in the
transportation sector to power electric vehicles (EVs) and for
grid storage applications. The demand for electrochemical
energy storage devices is continuously increasing and,
consequently, the demand for alternative electrochemical
energy storage (beyond Li-ion) technologies is growing. To
this end, several post Li-ion technologies based on Na*, Mg**,
AP**, and F~ transport have been revisited and are being
pursued actively.'™* Batteries based on fluoride transport offer
attractive features.* The elemental properties of fluoride (high
charge density, high electronegativity, and relatively low
weight) qualify F~ as a good charge transporting and storing
ion. By combining suitable fluoride transporting electrolyte
with a metal and metal fluoride, we can build fluoride ion
batteries (FIBs) similar to LIBs. Electrochemical cells based on

< ACS Publications — © 2019 American Chemical Society
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fluoride shuttle have already been reported earlier.’”"°

However, these reports on FIB were focused on primary
batteries (not rechargeable). Recently, Reddy and Fichtner
demonstrated rechargeable FIBs operable at 150 °C by
applying LayoBa, ,F, 4 as a solid electrolyte, Ce as an anode,
and BiF; as the cathode material.* Since then, several reports
were published addressing the various issues related to fluoride
ion batteries."' > One of the remaining challenges is the high
operating temperature of FIB.

A major roadblock for building RT FIB is the lack of suitable
fluoride ion transporting electrolyte. The electrolyte in an
electrochemical cell should possess a large electrochemical
stability window, in addition to the fast transport of ions
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Figure 1. Crystal structure of (a) LaF; and (b) BaSnF,. (c) Electromotive force (emf) of various metal/metal fluoride redox couples versus La/

LaF; reference.

between the electrodes. Also, the electrolyte should be stable
against the chemical reactions occurring at anode and cathode
materials. In other words, the electrochemical potentials of
cathode and anode should fall within the bottom of the
conduction band and top of the valence band of a solid
electrolyte.” Compounds consisting of highly electropositive
elements will be useful to achieve a large electrochemical
stability window. Indeed, several fluoride-transporting solid
electrolytes fulfill the above criteria. Lanthanum trifluoride
(LaF,;) is one such electrolyte.

LaF; adopts trigonal (P3c1) tysonite-type structure. The
structure of LaF; can be described as a layered structure. One
layer is built-up of only fluoride ions (F1), and the second layer
is built-up of fluoride ions (F2, F3), as well as La ions (Figure
1a). F3 ions are in the same plane as of La, but F2 ions slightly
move out of the La—F plane making F2 and F3 crystallo-
graphically and dynamically different. These two layers are
stacked alternatively perpendicular to the c-axis. The ratio of
fluoride ions in LaF; is F1: F2: F3 = 12:4:2. High-resolution
F MAS NMR studies confirmed the existence of the three
fluoride sites F1: F2: F3 in the LaFj structure.”® The ionic
conductivity of undoped LaF; single crystals is about 107 §
cm™' at RT, which can be si§niﬁcanﬂy increased by doping
with alkaline earth metals.””*> For example, the ionic
conductivity of LaygsBaggsF,os single crystals turned out to
be ~10™* S cm™' at RT, which would be adequate for
operation of solid-state FIB at RT or slightly elevated
temperatures. However, single crystals cannot be integrated
into practical all-solid-state batteries. High conductivities that
are similar to those reported for single crystals at RT could
only be reached for corresponding nanocrystalline material at
150 °C.** Consequently, FIBs regorted so far were operated at
elevated temperatures.'>~'%%7?

Nevertheless, we were recently able to demonstrate the first
room-temperature rechargeable solid state fluoride-ion bat-
tery.>* In contrast to LaF; compounds like BaSnF, and
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PbSnF, show high ionic conductivity also as pressed powders,
however, at the cost of possessing a low electrochemical
stability window. The structure of tetragonal BaSnF, can be
derived from the cubic fluorite-type structure by ordering the
cations BaBaSnSnBaBa, along (001) direction, again resulting
in three different fluoride sites. They reside in the Sn—Sn, Ba—
Sn, and Ba—Ba layers and are termed F1, F2, and F3,
respectively (Figure 1b). The local environment of F3 ions in
the Ba—Ba layers is similar to that of fluoride ions in BaF,. The
presence of a stereoactive lone pair on Sn gives rise to a
repulsive interaction between the lone pair and negatively
charged fluoride ion and results in the depletion of the fluoride
jons in the Sn—Sn and Sn—Ba layers.”® Further, the lone
electron pair on Sn** strongly influences the fluoride ion
sublattice and contributes to the high fluoride ion conductivity
in BaSnF,.** The ionic conductivity of tetragonal BaSnF, is 7
X 107 S em™ at RT,* which is adequate to operate FIBs at
RT. More importantly, polycrystalline BaSnF, synthesized via
mechanical milling shows ionic conductivity close to the single-
crystal conductivity, making it applicable in an ASSB
concept.”’

Figure 1c shows the calculated electromotive force (emf) of
various metal/metal fluoride redox couples. The details of the
calculation were given in Experimental Section. EMF values
corresponding to the figure are given in Table S1 (please see
Supporting Information). The emf was referenced versus La/
LaF; redox couple because of its high electrochemical stability
and fluoride ion conductivity. If the potential of a particular
redox couple is positive with respect to the electrolyte used,
then redox reactions are not possible between the electrolyte
and the electrode. On the other hand, if the redox potential of
the redox couple is more negative than that of the electrolyte,
then redox reaction may occur between electrode and
electrolyte. The emf of Ce/CeF; couple is 0.002 V (exp.)
versus La/LaF;. Therefore, LaFj; is a suitable electrolyte for Ce
anode. In contrast, the emf of Ce/CeF; couple is —1.87 V

DOI: 10.1021/acsaem.8b02166
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Figure 2. (a) Observed and calculated XRD patterns of (a) LaggBag,F, and (b) tetragonal BaSnF,. (c) Arrhenius plots and fits (line) of the
overall ionic conductivities for LagoBag F,, (as ball milled) and BaSnF, (as annealed) samples.

(cal.) versus Sn/SnF,. Therefore, BaSnF, (as it contains SnF,)
not suitable for Ce or other high electropositive (La, Mg, etc.)
anodes. The redox voltages can be used as a primary guide to
judge the compatibility of electrode and electrolyte materials.

Recently, we demonstrated the RT rechargeable FIB
utilizing BaSnF, as a solid electrolyte.®* We applied low
electropositive metals, such as Sn and Zn, as anode materials to
be chemically compatible with BaSnF,. The use of Sn and Zn
against BiF; cathode resulted in a low operating potential,
which led to the low specific energy. To achieve higher specific
energies, the voltage of the cells has to be maximized, which
can be accomplished by the usage of highly electropositive
metals (like Ce, La) as anode materials. The application of
high voltage fluoride insertion oxide cathodes materials might
be another option;ls']6 however, at the cost of lower specific
capacities leading to potentially reduced specific energies. On
the other hand, metals like La and Ce are only compatible with
electrolytes like LagoBag F,o (composed of highly electro-
positive elements), but the ionic conductivity of these
electrolytes is too low to operate FIB at RT.

To overcome these obstacles of both electrolyte instability
and low ionic conductivity, we introduce an interlayer
electrolyte concept in fluoride ion batteries to combine the
advantages of two ion conductors (BaSnF, and LagoBay ,F, ).
Thus, RT FIBs can be realized with higher voltages. Applying
low ion conducting Laj¢Ba, ,F, ¢ electrolyte as a thin layer will
not compromise the total conductivity of the pellet much, and
at the same time, it physically isolates the less stable and highly
conductive electrolyte (BaSnF,) from the anode. The direct
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contact between BaSnF, and Ce would lead to the formation
CeF,, BaF,, and Sn metal at the interface (as the redox
potential of Ce/CeF; couple is —1.87 V (cal.) vs Sn/SnF,).
Application of a thin layer of LaygBay F,, protects the Ce
anode (the redox potential of Ce/CeF; couple is 0.002 V
(exp.) vs La/LaF;). This concept allows the demonstration of
relatively high voltage FIBs at RT, which will otherwise not
operate either with BaSnF, or LayoBay F, electrolytes alone.
Interlayer electrolytes have been used in lithium-ion and
sodium-ion batteries mainly to protect reactive metals or to
improve the interfacial resistance.”*™*" Here, we show the total
ionic conductivity of the electrolyte can be increased
significantly while extending the electrochemical stability
window.

H RESULTS AND DISCUSSION

lonic Conductivity of LaggBag ;F, o and BaSnF,. Figure
2a shows the profile matched XRD pattern of LayoBag, F, o. All
the observed peaks can be indexed to the tysonite type LaF;
structure. No additional peaks were observed, confirming the
substitution of BaF, in LaF;. The average crystallite size of
LaygBa, F,9 was 12 nm as calculated by profile matching
(Figure 2a). Figure 2b shows the profile matched XRD pattern
of tetragonal BaSnF, (t-BaSnF,). The average crystallite size of
the tetragonal BaSnF, (t-BaSnF,) turned out to be 20 nm
according to the profile matching (Figure 2b). Figure 2c shows
the Arrhenius plot for the ionic conductivity of LaygBay F, o
and BaSnF, (see Figure S1 for the Nyquist plots of t-BaSnF,).
The ionic conductivities of LaygBa, F, ¢ and BaSnF, are 4 X

DOI: 10.1021/acsaem.8b02166
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Figure 3. (a) Cross-sectional SEM view of an interlayer electrolyte pellet (20 mg of Lay4Ba,,F, ) and EDX mapping images (b—d) of F, Sn, and

La are shown.

107 S cm™ and 3.5 X 107* S cm™" at RT, respectively; these
values are similar to reported ones.”>** The activation energy
(E,) values for LageBay,F, o and BaSnF, were 0.48 and 0.34
eV, respectively.

lonic Conductivity of Interlayer Electrolytes. Interlayer
electrolyte pellets were fabricated by uniaxial pressing the
layers of LaggBagy,F, o (70 or 20 or 10 mg) and BaSnF, (70 or
120 or 130 mg) together at 2 tons for 1 min using a desktop
press. The thickness and diameter of the pellets were measured
to be approximately 0.88 and 7 mm, respectively. The
interlayer pellet was examined by SEM and EDX. Figure 3
shows the cross-sectional SEM image and the corresponding
EDX maps obtained for an interlayer electrolyte pellet
(LaggBag,F,o (20 mg)/BaSnF, (120 mg). The thickness of
each electrolyte layer was measured by cross-sectional SEM
(Figure 3a) and was found to be 90 and 650 um for the
LayoBa ,F,y and BaSnF, layer, respectively. The SEM image
shows that the thin layer of Lay¢BayF, ¢ uniformly attached to
the BaSnF, layer, which can physically separate BaSnF, and
anode layer. The EDX maps revealed a clear boundary
between the BaSnF, and Lag¢Bay,F, layer. While fluoride is
distributed all across the pellet, Sn and La are confined in
respective layers. This indicates that layers of final pellets did
not intermix during pressing procedures of the powders.

To determine the ionic conductivity, EIS measurements
were performed on the LagoBay,F, ¢ (70 mg)/BaSnF, (70 mg)
pellet. The ionic conductivity of interlayer electrolyte was
calculated from its resistance determined by impedance
spectra. The total ionic conductivity (6) of the interlayer
electrolyte is calculated by eq 1

o= d/AR (1)

where R is the total resistance of the interlayer electrolyte is
obtained from complex spectra, d is the pellet thickness, and A
is the cross-sectional area of the pellet. Figure 4a and b shows
related Nyquist plots of the electrolyte obtained at temper-
atures of 25 and 100 °C. The equivalent circuit for fitting the
curves is shown in Figure 4e. Extracted parameters are
presented in Table S2. All EIS spectra have similar features:
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despite having two different electrolytes, the EIS spectra
consist of a single depressed semicircle at high frequencies and
a tilted straight line at low frequencies. The presence of one
semicircle indicates that the conduction mechanism is
dominated either by grain boundary or bulk phenomena.
The total resistance and thereby the conductivity of the
electrolyte pellet was determined by fitting the Nyquist plots to
the equivalent circuit (Figure 4e). From the Nyquist plots, it is
evident that the radius of a semicircle for interlayer electrolyte
is much smaller than that of pure LajgBaj;F,o (for all
measured temperatures). The calculated ionic conductivity of
the LagoBag F,o (70 mg)/BaSnF, (70 mg) electrolyte at RT
was 0.8 X 107 S cm™!, which is two times higher compared to
pure LagoBay,F,o (0.4 X 107 S cm™) at RT.

To further improve the total ionic conductivity, the amount
of the LaygBay,F, ¢ in interlayer was reduced from 70 to 20 mg
to decrease the overall resistance. In Figure 4c and d, the
Nyquist plots of interlayer electrolyte LagoBay,F,o (20 mg)/
BaSnF, (120 mg) and the equivalent circuit is shown. The
impedance spectra consist of a depressed semicircle at higher
frequency, followed by a tilted straight line at a lower
frequency similar to the spectra obtained for the
LagoBag F,9 (70 mg)/BaSnF, (70 mg) pellet. Thus, the
total ionic conductivity of the interlayer LagoBay,F, o (20 mg)/
BaSnF, (120 mg) electrolyte improved by more than 1 order
of magnitude for all tested temperatures to become 0.35 X
107 S cm™" at RT (Table S2). We estimated the capacitance
associated with Q2 and Q3 to find the dominating conduction
mechanism: Q2 was in the range of 107°~107"" F, and the
tilted straight line gives for Q3 a value close to 107 F (Table
S2). The Q2 values can be related to grain boundaries
phenomena (107'=107% F), and the Q3 values are consistent
with electrolyte—electrode interfaces phenomena (1077—107°
F).*" Also, it is interesting to note that the Q2 value for
LagsBag Fye (20 mg)/BaSnF, (120 mg) was 6 X 107° F,
whereas for LagoBag F, o (70 mg)/BaSnF, (70 mg) it was 2 X
107 F at RT. These high capacitances reveal that there is a
significant contribution from bulk or grain boundaries (R2).
Since the impedance spectra are expected to have two
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Figure 4. Nyquist plots obtained at (a) 25 and (b) 100 °C for LajgBa,,F,, (70 mg)/BaSnF, (70 mg) and LajgBa,,F,, pellets. Nyquist plots
obtained at (c) 25 and (d) 100 °C for LagoBay,F,, (20 mg)/BaSnF, (120 mg) and LayBag;F, ¢ pellets. (e) Represent equivalent circuit used to fit
the EIS spectra. R1 and R2 correspond to contact resistance and total resistance (bulk and grain boundary), respectively. Q2 and Q3 represent
capacitance associated with R2 (bulk and grain boundary) and blocking electrodes, respectively.

semicircles corresponding to two electrolytes (BaSnF, and
Lag4Bay F,,), the absence of the second semicircle indicates
that there is no significant resistance across the BaSnF,
electrolyte and the interface between the two layers.

We have further reduced the interlayer amount of
LayoBag ,F, 4 electrolyte to 10 mg. Figure Sa—d depicts the
Nyquist plot of LagoB, F,o (10 mg)/BaSnF, (130 mg) pellet
obtained at 25, 60, 100, and 150 °C. Figure Se shows the
equivalent circuit used for the fitting impedance spectra. The
Nyquist plot of this thinner interlayer electrolyte consists of
two highly depressed semicircles (at high and intermediate
frequencies) and a tilted straight line at lower frequencies
(Figure Sa). From these, we have estimated the capacitances
associated with Q2 and Q3: 10™ F and 107° F, respectively
(Table S3).*' The total ionic conductivity of LaggBagF, 4 (10
mg)/BaSnF, (130 mg) is 0.89 X 10™° S cm™ at RT, which is
roughly 22 times higher compared to pure LaggBag F,o (4 X
10~ S cm™") but around 39 times smaller than pure BaSnF,
(3.5 x 107* S cm™). The total ionic conductivity increased
with rising temperature. At 60 °C, the total ionic conductivity
of LaggBay ,F,» (10 mg)/BaSnF, (130 mg) increased to 2.8 X
107" S cm™', approaching that of pure BaSnF, at RT (Table
S3). On the basis of capacitance values, the first semicircle at
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high frequencies was attributed to the combined contribution
of resistance from bulk and grain boundaries of the interlayer
(LagoBag F,p). The second highly depressed semicircle at
intermediate frequencies corresponds to the resistance of the
interface of the two layers. The appearance of this second
semicircle indicates that the interfacial resistance contribution
was not suppressed as for the LaygBay,F,o (20 or 70 mg)/
BaSnF, (120 or 70 mg) systems. On the basis of the
capacitance values, it becomes evident that the contribution
from interfacial resistance becomes higher as the thickness of
the LagoBag F, g electrolyte layer is reduced.

Full Cell Assembly and Testing. To validate the
compatibility of the interlayer electrolyte with high electro-
positive metals like Ce, we assembled FIB cells utilizing
LagoBay,F,, (20 mg)/BaSnF, (120 mg) as an electrolyte, BiF,
composite as cathode and Ce composite as an anode. The
cathode composite consisted of BiF;, BaSnF,, and MWCNT.
The anode composite was made from Ce, LBF, and MWCNT.
The pellets were fabricated by pressing the anode composite,
LagoBayF, o, BaSnF,, and cathode composite (BiF;) together
using a desktop press. Though the ionic conductivity of
LagoBay,F, (10 mg)/BaSnF, (130 mg) electrolyte is higher
compared to LayoBag,F, ¢ (20 mg)/BaSnF, (120 mg), we used
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(interface), and the blocking electrodes, respectively.

the later composition to avoid the possibility of physical
contact between the anode and BaSnF, electrolyte. Figure 6
shows the cross-sectional SEM image of the pellet and
corresponding EDX mapping. The average thickness for the
anode, Lagg¢Bay,F,5 BaSnF,, and cathode layers was
determined to be 80, 90, 670, and 45 um, respectively. EDX
analysis was carried out to map the elemental distribution.
Fluoride was distributed homogeneously across the pellet. Sn
was detected in the cathode and BaSnF, layers. La was
distributed in LajgBa,;F,¢ and in the anode layers. Ce was
found in the electrolyte layer as well in addition to the anode
layer. To investigate the cross sections of the pellet, we cut the
pellet using an ultrasonic knife. Ce might have spread over the
electrolyte layer during the cutting process of the pellet.

The open circuit voltage (OCV) of Ce/LaggBag F,o—
BaSnF,/BiF; cell turned out to be 2.6 V. The voltage-capacity
profiles of Ce/LayBay,F,¢/BaSnF,/BiF; cell is shown in
Figure 7a. The cell was operated at 25 °C with a current
density of 10 pA cm™ The first discharge and charge
capacities are 27 and 23 mA h g™' respectively. The average
first discharge and charge voltages were 1.4 and 3.2 V resulting
in a large hysteresis of 1.6 V during the first cycle. Second and
subsequent discharges show different behavior with an average
discharge and charge voltage plateau of 2.2 and 3.0 V, with an
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hysteresis of 0.8 V, which is much less compared to first
discharge and charge. During the second or subsequent cycles,
capacity faded gradually and decreased to 3.0 mA h g™' after
five cycles (Figure 7a). The reason for obtaining low capacity
and poor electrochemical performance is due to the low ionic
conductivity of LagoBag,F, ¢ (20 mg)/BaSnF, (120 mg) at RT
(35 x107°S em™).

Despite low capacity, we were able to cycle Ce/
LaggBa, F, g—BaSnF,/BiF; cell at RT, which was not feasible
either using LaygBa, F, 9 or BaSnF, as electrolytes. While we
were not able to pass or withdraw any current from Ce/
LagoBay,F,o/BiF; cell at RT because of the low ionic
conductivity of LaggBay;F,5 Ce/BaSnF,/BiF; cell showed
an OCV of 1.2 V, which could be due to the direct interfacial
reaction between Ce and BaSnF, and discharging of the cell
resulted in an immediate voltage drop to 0 V (Figure 7b).

To verify the advantage of the interlayer electrolyte at higher
temperatures, we have cycled the cell at 150 °C. Figure 7c
shows voltage-capacity profiles of Ce/LaygBa, F,o—BaSnF,/
BiF; cell cycled at 150 °C for the first five cycles. The cell was
cycled between 1.8 and 3.5 V. The first discharge capacity
corresponds to 251 mA h g™, which is 83% of the theoretical
specific capacity (302 mA h g™'). The first discharge curve
exhibits an average voltage of 2.5 V. The first charge capacity
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(c)

Figure 6. (a) Cross-sectional SEM view of a battery pellet (Ce/LagoBay,F,, (20 mg)-BaSnF, (120 mg)/BiF;. Also, cross-sectional views with EDX
mapping images (b—e) of F, Sn, Ce, and La are shown.
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Figure 7. Voltage—capacity profiles obtained at 25 °C with a current density of 10 yA cm™ for the (a) Ce/LaggBay F,9—BaSnF,/BiF; and (b) Ce/
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amounts to 228 mA h g~', which is 93% of initial discharge
capacity. The first charge profile exhibits an average voltage of
2.8 V, resulting in a low hysteresis of 0.3 V during the first
cycle. In the following cycles, capacity faded gradually and
reached 119 mA h g™" after S cycles. The possible reason for
quick fading is due to the weakening of electrode/electrolyte
interfacial contact or loss of interparticle contacts caused by
reversible volume changes at BiF; electrode during discharge
and charge process. Despite capacity fading, the interlayer
electrolyte based cell shows high capacity and lower hysteresis
voltage. The FIB using interlayer electrolyte shows the first
discharge capacity of 61 mA h g™" higher than that of reported
FIB based on pure as-milled LajoBay F, electrolyte.* In
contrast to previously reported FIB, our cell showed 0.35 V
higher discharge voltage.

The cathode side of cycled pellets was examined using ex
situ XRD: cells were discharged at 150 °C to achieve the
maximum conversion of BiF; to Bi. At RT only 10% of the
theoretical capacity was observed with Ce anode. Ex situ XRD
patterns are shown in Figure S2. Before discharge, the peaks of
active material (BiF;) and electrolyte (BaSnF,) (Figure S2,
bottom layer) can be observed, indicating no chemical reaction
occurred between BiF; and BaSnF,. After first discharge, the
BiF; phase was converted entirely to Bi (Figure S2, top layer).
This indicates a complete defluorination of BiF; at 150 °C
indicating fluoride transfer across the electrolyte layers and
interfaces. The electrochemical performance of the Ce/
LayoBag F, o—BaSnF,/BiF; cells is not significant, which is
mainly due to the low ionic conductivity of the interlayer
electrolyte (0.35 X 107 S cm™ at RT). Synthesis of the
interlayer electrolyte with even high fluoride ion conductivity is
possible by reducing the thickness of LajgBay,F, ¢ via chemical
methods or atomic layer deposition (ALD). Earlier we have
demonstrated that high reversible capacities can be achieved if
the i?4r1ic conductivity of the solid electrolyte is significantly
high.”

H CONCLUSION

We have developed a new interlayer electrolyte with high
fluoride ion conductivity of 0.89 X 107> S cm™" at RT, which is
compatible with high electropositive metals like Ce. The
interlayer electrolyte consists of a thin layer (<S50 pm) of
LagoBag Fyo and a thick layer (<700 pm) of BaSnF,
electrolytes. Applying low conductive LaygBa,,F,y as thin
layer enhanced the total conductivity of the pellet by an order
of magnitude (compared to pure LagoBay,F,o), while it
physically isolated the less stable and highly conductive
electrolyte (BaSnF,) from the anode. This approach allows
the demonstration of relatively high voltage FIBs at RT
otherwise not feasible to operate either with BaSnF, or
LaggBag F, electrolytes alone. We demonstrated the feasi-
bility of operating FIB at RT utilizing the interlayer pellet as an
electrolyte, BiF; as a cathode and Ce as anode material.
Although the electrochemical performance of the Ce/
Lay¢Ba ,F, g—BaSnF,/BiF; cells is not good enough for a
practical application, the approach described here would pave
the way to design and development of advanced electrolytes
with existing electrolytes. Further, with improved coating
methods, it might be possible to achieve high ionic
conductivities similar (or even higher) to that of BaSnF,
while extending its electrochemical stability window.
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Bl EXPERIMENTAL SECTION

Calculation of Open Circuit Voltage. Enthalpy of formation of
metal fluorides, which was used to calculate the open circuit voltage
was extracted from materials project.””

Sample Preparation. Materials synthesis, characterization,
battery assembly, and testing of cells, were carried out under argon
atmosphere. Electrolyte and electrode materials were prepared by ball
milling. LayoBay,F,, and BaSnF, were synthesized according to the
previous reports.””>> LaggBay,F,o was synthesized by milling the
stoichiometric amounts of BaF, (Sigma-Aldrich, 99.9%) and LaF;
(Sigma-Aldrich, 99.9%, anhydrous) for 12 h at 600 rpm under an Ar
atmosphere. Milling was performed using silicon nitride vial (80 mL)
and balls (10 mm in diameter) with a ball to powder weight ratio of
12:1. Tetragonal BaSnF, was synthesized in two steps: first, cubic
BaSnF, was obtained by milling stoichiometric amounts of BaF, and
SnF, (Alfa Aesar, 99.99%) for 12 h at 600 rpm using ZrO, vial (80
mL) and balls (10 mm in diameter), and in the second step, the
tetragonal phase was achieved by heating cubic BaSnF, at 300 °C for
2 h under Ar atmosphere. The BiF; (Sigma-Aldrich, 99.99%) cathode
composite was prepared by mixing active material BiF; (40 wt %),
BaSnF, (50 wt %), and MWCNT (10 wt %) together at 300 rpm for
12 h. Ce anode composite was synthesized by milling stoichiometric
amounts of Ce powder (Alfa Aesar, 99.9% (REO)) and multiwalled
carbon nanotubes (MWCNT) (Sigma-Aldrich, 95%) gently at 200
rpm for 2 h. In the second step, Ce—C composite was added to the
LagoBag F,o electrolyte in an appropriate weight ratio (Ce:
LagoBag Fro: MWCNT = 50:40:10) and milled further for 2 h at
100 rpm. The MWCNT and electrolyte were added to ensure the
ionic and electronic conductivity of electrodes.

Characterization. X-ray Diffraction (XRD). X-ray diffraction
(XRD) analysis of the electrolyte and electrode composites was
performed using a STOE STADI-P instrument with Mo—Ka source.
Ex situ XRD was performed using a Bruker D8 Advance
diffractometer operating with Cu Ko radiation (4 = 0.154 nm) in
the 26 range of 20—60°. Pellets after electrochemical testing were
loaded into dome-type sample holders (Bruker AXS Inc.) equipped
with a knife edge beam stop for low background and sealed inside an
Ar-filled glovebox. Profile matching refinements were performed on
the XRD patterns for cell average crystallite size calculation, using
Langford’s method with the FullProf software.*

Scanning Electron Microscopy (SEM) and Energy Dispersive X-
ray (EDX) Spectroscopy. The morphology of samples was
investigated using high-resolution scanning electron microscopy
(LEO 1SS0VP Field Emission SEM, Zeiss) equipped with an
energy-dispersive spectrometer. To avoid contact with the external
environment, samples were prepared in the glovebox and transferred
into SEM chamber using inert atmosphere transfer box.

Electrochemical Impedance Spectroscopy (EIS). Ionic conductiv-
ity was evaluated from EIS spectra recorded on pellets (7 mm
diameter and ~0.88 mm thickness) pressed at 2 tons for 1 min and
sputtered with gold metal on both sides as an ion blocking electrodes.
EIS spectra were recorded using Zahner/IM6 device at temperatures
ranging from 25 to 200 °C under Ar atmosphere. Measurements were
carried out over a wide range frequency range from 8 MHz to 1 Hz
with a voltage amplitude of 10 mV. The EIS data were fitted using
EC-Lab software by applying an equivalent circuit.

Battery Fabrication and Electrochemical Testing. All solid-state
fluoride ion battery pellets were fabricated by pressing anode
composite (Ce), thin-layer LagoBag,F,o, BaSnF, electrolytes, and
cathode composite (BiF;) together using a desktop press (Specac)
inside an argon-filled glovebox with water and oxygen contents below
0.1 ppm. The pellet was then transferred to a modified Swagelok type
cell. Stainless steel discs were used as current collectors. Electro-
chemical testing of cells was performed at 25 and 150 °C using an
Arbin battery tester (BT-2000) in galvanostatic mode. The high
temperature (150 °C) cells were cycled between the voltage of 1.8
and 3.5 V at a current density of 10 A cm™?, while the RT cells were
operated between 1.0 to 3.5 V at this current density. The specific
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capacities were calculated referring to the weight of the active material
(BiF;) in the cathode since anode was used in excess.
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In the attempt of developing post-lithium technologies for electrochemical energy storage devices,
rechargeable batteries based on fluoride shuttle have recently attracted attention due to the perspective
of achieving high energy densities. In this study, we present relatively high voltage room temperature
rechargeable fluoride ion batteries (FIBs) using a liquid electrolyte. FIBs were built using LiPFs as an
electrolyte, Mg + MgF, as an anode, and BiF; and SnF, as cathodes. We have investigated two types of
FIB systems such as Mg+MgF,/LiPFg/BiF;, and Mg+MgF,/LiPFg/SnF, at room temperature. The electro-

ﬁ?’(‘)’:?ggsi"on patteries chemical analyzes were performed on sealed steel case coin cells containing a FIB pellet. A current
LiPF, density of 38 A cm~2 was applied. First discharge capacities of 160 and 185 mA-h-g~' were obtained

for the Mg+MgF,/LiPFs/BiF; and Mg+MgF,/LiPFs/SnF, electrochemical systems, respectively. The reaction

Mg + MgF, anode v - k ) X - !
mechanisms of these FIBs were investigated by X-ray diffraction, impedance measurements, cyclic

BiF5; and SnF, cathodes

Energy storage devices

1. Introduction

The usage of batteries and supercapacitors has become a daily
life routine due to usage in all kinds of portable and mobile electric
devices. Nowadays, supercapacitors are being used to increase the
efficiency of hybrid electric vehicles. Recently, two prototypes of
supercapacitors were developed [1]. On the other hand, batteries
are increasingly demanded to store energy generated by various
renewable sources. Until now, several types of batteries based on
cation chemistries such as Li*, Na*, K*, Mg?*, AI>** have been widely
investigated [2—6]. Apart from this, alternative battery technolo-
gies based on anions as charge carriers such as CI~ and F~ have
been reported [7,8]. The chloride ion battery (CIB) was recently
demonstrated by Fichtner’s group using ionic liquid or organic
solvent-based electrolytes [7,9]. Since then, development of the
chloride system has significantly progressed [10—12]. Whereas
the fluoride ion battery (FIB) concept was introduced a long time
ago, it was largely overlooked until Anji and Fichtner demonstrated
the reversibility of solid state fluoride ion batteries [8]. FIBs offer
high theoretical energy densities more than 5000 Wh-L~!, when
an appropriate combination of electrodes is used. The high energy
density is due to the large change in free energy during the
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voltammetry and constant current battery cycling.
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formation of the different metal fluorides, resulting in high
theoretical voltages. Further, more than one electron can be rever-
sibly stored when bivalent or trivalent metals react with several
fluorides, yielding high theoretical specific capacities. Apart from
high theoretical energy promises, fluoride ion batteries provide
high thermal stability and better safety due to low-toxicity of
metal fluorides. Currently, FIB systems are in an early stage of
development and large improvements are needed regarding the
performance of electrodes and electrolytes.

Fluoride ion batteries have been investigated mostly using solid
electrolytes, however, they were operated at a temperature of
150 °C or above [8,13-16]. Up to date, only a handful number of
papers demonstrated that FIBs are performing at room tempera-
ture. In our recent report, we have shown room-temperature
rechargeable solid state FIBs using solid electrolyte. We have con-
structed these FIBs with BaSnF, as an electrolyte, BiFs as a cathode,
Sn and Zn as anodes [17]. Other reports investigated room temper-
ature FIBs (RT-FIBs) employing liquid electrolytes. Recently,
rechargeable RT-FIB was demonstrated applying ionic-based liquid
electrolyte, Bi as a cathode, and PbF, as anode [18]. However, all
the rechargeable RT-FIBs apply low electropositive metals as an
anode, resulting in low operating voltages. In an earlier report,
RT-FIBs were investigated using poly(ethylene glycol) (PEG) based
compound as liquid electrolyte, Mg as an anode, and BiF3 as a cath-
ode, but reversibility of FIBs was not achieved [19]. In this present
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Fig. 1. Cyclic voltammogram profiles of Mg+MgF,/LiPFs/BiF; obtained at a scan rate
of 5mV/s.

study, we have shown the reversibility of RT-FIBs using Mg + MgF,
composite as an anode. It was reported in an earlier patent that
LiPFg as a liquid electrolyte can be used for FIBs, because it has
the ability to conduct both Li* and PFg ions, delivering via charge
transfer also F~ without decomposition [20]. Here, we test the
usage of LiPFg as fluoride ion transport electrolyte to build the FIBs.
We have discharged BiF; and SnF, as cathodes against Mg + MgF,
as the anode using LiPFg electrolyte.
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2. Experimental

All materials preparations were carried out in an Ar-filled glove
box. Bismuth trifluoride (BiFs) (anhydrous, 98%), SnF, (99%) and
carbon black (C.B.) were obtained from Alfa Aesar. Mg powder
(99.8%) was obtained from Sigma Aldrich. The 1 M LiPFg in organic
solvents and Whatman GF/D glass microfiber sheets (675 pm
thickness) were purchased from Sigma Aldrich. Electrodes compos-
ites such as Mg + MgF,, BiF;, and SnF, were prepared by mechani-
cal milling. Prior to making electrode composites, BiFs, SnF,, and
MgF, were ball milled for 12 h at 600 rpm under vacuum. The
milling was done by balls and jar made of silicon nitride using a
planetary-type mill (Tencan). The ball to powder ratio was 16:1,
and the sizes of balls were 10, 5 and 2 mm in diameters. To prepare
anode composite, Mg and C.B. was first ball milled at 300 rpm for
6 h, following by adding as-milled MgF, in an appropriate weight
ratio (Mg:MgF,:C.B.=50:40:10) and milled further for 6h at
300 rpm. The cathode composites were prepared by ball milling
as-milled BiF; or SnF, (90% by weight) and C.B. (10% by weight)
together for 6 h at 300 rpm. Before assembling the batteries, the
electrode composites were first pressed into 10 mm pellets. The
pellets were pressed with a pressure of 1 ton, and the pressure
was maintained for 1 min using a pellet pressing tool (Across inter-
national). The thickness of anode pellet was approximately 1 mm,
whereas the thickness of cathode pellets was approximately
0.5 mm. For electrochemical analysis, the anode(pellet)/separator
(soaked with LiPFg)/cathode(pellet)-layers were assembled
together in sealed coin cell CR2032 cases. The Galvanostatic
charge-discharge tests were performed using a Keysight DC power
analyzer (N6705B). The specific capacities were calculated on the
basis of the weight of active material in cathodes since the anode
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Fig. 2. Electrochemical studies of the Mg+MgF,/LiPFs/BiF;-cell: (a) first two charge-discharge curves, (b) cycling behaviour; and the Mg+MgF,/LiPFs/SnF,-cell: (c) first two

charge-discharge curves, (d) cycling behaviour are given.
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Fig. 3. Nyquist plots of Mg+MgF,/LiPFs/BiF5-cell obtained at 25 °C before and after
5 cycles.

material was used in excess. X-ray diffraction (XRD) measurements
were performed using an AXS Bruker D5005 Advance instrument
with Cu Ko radiation (11-1.54056 A, 22-1.544390 A) with variable
slit.

3. Results and discussion

BiF3 and SnF, were selected as cathode materials due to the fact
that they possess high fluoride ion conductivity at room tempera-
ture. Also, these materials provided as cathodes for FIBs good
reversibility, as reported earlier. Here, both cathodes were cycled
against Mg/MgF, anode using LiPFg as fluoride conducting elec-
trolyte. The cyclic voltammograms (CVs) of the Mg+MgF,/LiPFg/
BiF;-cell scanned in the potential range of 0-3 V at 25 °C are shown
in Fig. 1. The CV profile of the cell consists of a cathodic and anodic
peak. The cathode peak corresponds to the reduction of BiF; to Bi-
metal, whereas the anodic peak represents the oxidation of Bi
metal to BiFs. During the first cycle, cathodic and anodic peaks
appeared around 1 and 2.5V, respectively. In the following cycle,
both peak currents were gradually decreased, and their potentials
shifted to the positive direction. The peak shift and decrease of
anodic current could be attributed to loss of active material.
However, the appearance of cathode and anode peaks indicates
that bismuth fluoride is reversibly reduced and oxidized in the
Mg+MgF,/LiPFg/BiF; cell.
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Galvanostatic charge-discharge profiles and cycling behavior of
Mg+MgF,/LiPFs/BiFs-cell are given in Fig. 2a and b. The cell deliv-
ered as first discharge capacity 142 mA-h-g~! at a current density
of 38 uA cm 2 (Fig. 2a). This value is 47 % of the theoretical capacity
of BiFs (302 mA-h-g7"), suggesting partial conversion of BiFs to Bi.
The first charge capacity was 80 mA-h-g~!, meaning 56 % of capac-
ity could be recovered from initial discharge. This demonstrates
the reversibility of Mg + MgF, anode against BiF; cathode in FIB
using liquid LiPFs. However, in the following cycles capacity faded
rapidly, after 10 cycles the discharge capacity reached 24 mA-h-g~!
(Fig. 2b).

Capacity fading with cycling is a well-known phenomenon in
conversion type electrodes. It can be attributed to the volume
changes in the electrode materials during charge and discharge
processes. Volume changes may result in physical segregation of
active material from electronic and ionic additives, which would
result in capacity fading. Notable, we did not observe any decom-
position into PFs. Fig. 1c and d display galvanostatic charge-
discharge curves and cyclic performance of Mg+MgF,/LiPFs/SnF,-
cell cycled at a current density of 38 pA cm~2. The first discharge
capacity amounts to 160 mA-h g~!, which is 46 % of the theoretical
specific capacity of SnF, (342 mA-h-g~"), indicating that an incom-
plete reaction occurred at electrodes (Fig. 2c). The first charge
capacity was 85 mA-h-g~" and in the subsequent cycles capacity
rapidly declined, reaching after 10 cycles a discharge capacity of
27 mA-h-g~! (Fig. 2d). The volume changes at electrodes during
the charge-discharge process might be a possible reason for capac-
ity fading. Further investigations are needed. Possibly, the passiva-
tion layer of MgF, at the anode might also contribute to that. In
SEM and EDX studies of the Mg anode, the formation of white
flakes of MgF, on the anode surface after discharge was observed
[19]. These white flakes were considered as passivation layers,
which resist the F~ ions migration at the anode. Similar perfor-
mances were observed for both FIB cells. Nevertheless, both cells
demonstrated the reversibility of Mg+ MgF, anode material for
RT-FIBs.

In the attempt to obtain insight into the capacity fading
mechanism, impedance measurements were carried out on the
Mg+MgF,/LiPFgs/BiFs-cell before and after cycling. Fig. 3 displays
the Nyquist plots of the cell obtained before and after 5 cycles.
According to literature, impedance spectra of cells using liquid
electrolytes show two semicircles at high frequency and a tilted
straight line at low-frequency region [21]. The first semicircle at
high-frequency region would correspond to bulk resistance, and
the second semicircle would correspond to charge transfer resis-
tance of the electrodes. However, our impedance spectra do not
show full semicircles due to overlapping of each other. After five
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Fig. 4. XRD patterns of (a) BiF; and (b) SnF, cathodes before and after discharge.
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discharge-charge cycles, the resistance of cell decreased slightly,
confirming that internal resistance was not responsible for capac-
ity fading. In addition to the passivation layer of MgF,, electronic
and ionic segregation of active material within the electrode could
be the reason for fading which possibly came from volume changes
of the electrode.

In order to understand the proposed mechanism of the electro-
chemical reaction, we recorded XRD patterns of the BiF; composite
pellet before and after discharge, shown in Fig. 4a. Before dis-
charge, diffraction peaks corresponding to BiF; were observed. This
BiFs-phase exhibits broad diffraction lines due to the presence of
small crystallite sizes, which is common for ball-milled samples.
After discharge, the peaks associated with BiF3 disappeared, sug-
gesting a complete conversion of BiF; at the cathode. In the XRD
pattern, no peaks corresponding to the Bi-phase were seen, mean-
ing, metallic Bi might be present in amorphous form. Further, new
reflections above the noise level were observed, which were
assigned to Bi,O3 and BiO,. These oxides might have resulted from
the chemical reaction of Bi with impurities. However, further stud-
ies are required to understand the full reaction mechanism. Fig. 4b
shows the XRD pattern of SnF, pellet before and after discharge.
Before discharge, few sharp peaks corresponding to carbon black
were observed. In the XRD pattern, a broad peak centered at a 20
value of 30 ° was obtained, corresponding to amorphous SnF,
which was synthesized by ball milling. After discharge, new reflec-
tions appeared, which had been attributed to Sn, confirming the
reduction of SnF, to the pure metal at the cathode.

4. Conclusion

In this study, we have demonstrated the reversibility of
Mg + MgF, as anode against BiF; and SnF, cathodes using LiPFg
as the electrolyte. We have investigated two types of FIB systems
with BiF; and SnF, as cathodes, while Mg+ MgF, was used as
anode material. XRD measurements were carried out to investigate
the electrochemical mechanism during the charge/discharge pro-
cess. The BiF; based cell delivered as first discharge capacity
142 mAzh-g’l, where the SnF, based cell exhibited a first discharge
capacity of 160 mA-h-g~! at room temperature. These capacities
were obtained at a high current density of 38 pA-cm~2. Capacity
fading over cycling was observed in both cells. The fading upon
cycling might be due to volume changes at electrodes and forma-
tion of a MgF, passivation layer at the anode. Nevertheless, this
study opens a route to investigate new electrodes for FIBs applying
the PFg electrolyte systems.
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