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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−, Cl−, and AlCl4− 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. La0.9Ba0.1F2.9 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−1 has been obtained for CuF2 
electrode, but this value was limited to high temperature (150 °C) and low current 
density (10 µA·cm−2), 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 µA·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 Ba1−xSbxF2+x (x ≤ 0.4) fluoride ion conductor was 
synthesized by mechanical milling. In addition, testing of Ba0.7Sb0.3F2.3 as high capacity 
cathode material for rechargeable solid-state FIBs is discussed, by using La0.9Ba0.1F2.9 as 
a solid electrolyte, and Ce as an anode (I). The thesis presents successful demonstration 
of the rechargeable solid-state FIB systems, which are working at ambient temperature, 
by employing BaSnF4 as fluoride ion electrolyte, BiF3 as a cathode, and Zn and Sn as 
anodes (II). The concept of interlayer electrolytes for FIBs using La0.9Ba0.1F2.9 and BaSnF4 
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 La0.9Ba0.1F2.9 (90 µm)/BaSnF4 (650 µm) as 
electrolyte, Ce as anode, and BiF3 as cathode (III). The feasibility of using Mg as anode 
for rechargeable RT-FIBs is reported, by investigating the electrochemical performance 
of BiF3/Mg+MgF2 and SnF2/Mg+MgF2 electrochemical couples using LiPF6 as fluoride ion 
transporting in EC and DMC organic solvents (IV). 

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 SbF3-doped BaF2 compounds synthesized by ball milling method. Section 3.2 synopsis 
the results of demonstration of RT rechargeable solid-state FIBs using BaSnF4. Results 
on interlayer electrolytes concept for solid-state FIBs are outlined in section 3.3.  
The outcomes on Mg as an anode against BiF3 and SnF2 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]. 
 

 
 

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: 
 

                                     E° = − ΔG
z F

                                                                                        (1.1) 
 

where E° is standard half-cell potential (V), ΔG is standard Gibbs free energy in 
“kJ·mol−1”, z is number of electrons transferred, and F is Faraday constant in “C·mol−1”.  
The overall standard potential ΔE° 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: 
 

                                 ΔE° = E°(+)− E°(-)                                                                                    (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 = E° −  RT
zF

ln aRed

aox
                                                                               (1.3) 

 
where, E is potential, E° is standard potential, R is  ideal gas constant in “mol−1·K−1”,  
T stands for absolute temperature in “K−1”, 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 q in “mA·h·g−1” is calculated by Faraday’s law (Equation 1.4): 
 

                                   q =    z F
3600M

                                                                                        (1.4) 
                                        

where q is the capacity, M is molecular weight of active material in the unit of 
“kg·mol−1”, 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−1” can 
be calculated by following equation (Equation 1.5): 
 

                    practical, specific capacity = j  × A × tcutoff
3600𝑀𝑀

                                                      (1.5) 
                                     

where j is the current density in “A·m−2”, A is the area in “m2”, and tcutoff 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−1” of battery material can be derived as follows (Equation 1.6): 

 

                         Specific energy = ∫  V(t )× j × a × dttcutoff
0

3600 × M
                                                        (1.6) 

 
where V is a voltage of the battery in volts, j is in “A·m−2”, A is in “m2”, 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): 
 

                        Specific power = ∫  V(t) × j × A × dttcutoff
0

M ×∫ dttcutoff
0

                                                          (1.7) 

 
V is in volts, j is in “A·m−2”, A is in “m2”, and tcutoff 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+, Ca2+, and Mg2+ 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−1), 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 (LiPF6) 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. 
LiCoO2), 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].  
 

 
 
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: 

                  LiCoO2 ⇄ Li1−xCoO2 + xLi+ + xe−  
 

Anode:      
                Cy + xLi+ + xe− ⇄ LixCy 
 

Overall:  
               LiCoO2 + Cy ⇄ LixCy + Li1−xCoO2. 
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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 LiC6 which causes only about a 10% increase of the distance between the 
graphite layers [31]. Later, batteries with lithium titanate (Li4Ti5O12 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 LiMeO2 (Me=Ni, Co, Mn, etc.), and manganese spinel 
LiMn2O4 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−1), 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 α−NaFeO2 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−1), 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 Li1−xNi1+xO2, after high temperature treatment [40]. Thereafter, 
LiMnO2 has been investigated as alternatives to LCO and LiNiO2 in addition to low cost 
and toxicity. However, during the electrochemical cycling, LiMnO2 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 LiNixCoyMnzO2 (NCM) 
compound [44]. NCM is one of the best materials which offers a relatively high 
theoretical capacity of 160 mA·h·g−1, 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, LiMn2O4, 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−1 providing the specific capacity 
about 100 to 120 mA·h·g−1by charging up to 4.10−4.20 V against Li/Li+. 

 

 
 
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 Cl− 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−1 for some selected electrodes combination [47]. The first 
proof of principle of chloride ion system was presented using a mixture of ionic  
liquids-based electrolyte, carbon composite of simple chloride salts such as CoCl2, VCl3, 
and BiCl3 as cathodes and Li as the anode [47]. The cell with BiCl3 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−1, whereas CuF2/C as cathode-based cell 
yielded the discharge capacity of around 150 mA·h·g−1 at a constant current of 10 µA 
[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]. 



19 

 
 
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 MFx 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 MFx 
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’Fx, 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−1 [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 BiF3, 
CuF2, and FeF3 are estimated to 302, 528, and 712 mA·h·g−1, 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-CaF2 as a solid 
electrolyte, metal fluorides (NiF2 or CuF2) 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 β-PbF2 as a solid electrolyte, Pb as anode and BiF3 as cathode 
[58]. J. Schoonman tried with BiO0.09F2.82 as cathode instead of BiF3 and found similar 
outcomes [59]. Better results were reported by Potanin using doped LaF3 and CeF3 as 
solid electrolytes, doped PbF2 and BiF3 as cathodes, and La and Ce as anodes [60].  
The PbF2 based cell delivered a discharge capacity of 130 mA·h·g−1, whereas  the BiF3 
based cell exhibited a discharge capacity of 200 mA·h·g−1 [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 La0.9Ba0.1F2.9 as a solid electrolyte, several metal fluorides such as BiF3, 
CuF2, SnF2, and KBiF4 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−1 with an average discharge voltage of 2.5 V 
was obtained for Ce/CuF2 couple, however no charge capacity was presented [1].  
The Ce/BiF3 system delivered a first discharge capacity of 190 mA·h·g−1 at an average 
voltage of 2.15 V, and it showed a first recharge capacity of 131 mA h g−1, 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−1 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-MgF2 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 BiF3 as a cathode. The cell 
displayed high discharge capacity of 250 mA·h·g−1, when applying current 10 µA [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, PbF2 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, BiF3 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 LaSrMnO4, La2CoO4, and BaFeO2.5 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 PbSnF4), and tin-based fluorides 
(BaSnF4 or SrSnF4) 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. LaF3) 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 (RF3, R = La, 
Ce, Pr) crystallize into a tysonite-type structure (space group, P-3c1). 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 (La0.9Ba0.1F2.9) 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 (Ba1−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 
Ca1-xRxF2+x and Ba1-xRxF2+x (R = rare-earth elements) compounds by doping of CaF2 and 
BaF2 with rare-earth metal fluorides (RF3), 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  10−4 S·cm−1 and 1.9  10−4 S·cm−1 was 
obtained for Ca0.65Dy0.35F2.35 and Ba0.6La0.4F2.4 at 500 K, respectively [70, 85]. Sorokin’s 
group further studied the ionic conductivity of doped fluorite-type materials in single 
crystal (Sr1-xRxF2+x, Ba1-xRxF2+x and Ca1-xRxF2+x) at temperatures range of 300–1100 K, and 
found similar results [71, 73]. Recently, Rongeat et al. have prepared nanocrystalline 
fluorite-type Ba1−xLaxF2+x (0 ≤ x ≤ 0.55) solid solutions and they also obtained similar 

conductivity [82]. The maximum ionic conductivity of 1.9  10−4 S·cm−1 was obtained for 

nanocrystalline Ba0.6La0.4F2.4 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+, Sr2+, and Ca2+) [86-88]. Takahashi et al. synthesized 
CeF3 based solid solutions by doping with different alkali metal fluorides such as CaF2, 
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 
ThF4. 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 LaF3 single crystals is around 10−6 S·cm−1 at 298 K, but after doping 
with a little amount of BaF2 the conductivity of La0.95Ba0.05F2.95 single crystals increased 
to around 10-4 S·cm−1 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 La1−xBaxF3−x (0 ≤ x ≤ 0.15) 

compounds [84]. They found the highest ionic conductivity of 2.8  10−4 S·cm−1 at 160 C 
for nanocrystalline La0.9Ba0.1F2.9 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, Düvel et al. and other’s investigated nanocrystalline tysonite-type compounds 
and obtained similar results [89].  

 

 
 
Figure 1.5. Layered structure of tetragonal BaSnF4 displaying different cation layers and fluoride 
ions. (b) Sn coordination environment of BaSnF4 showing lone pairs on Sn2+ pointing in the  
c-direction [90]. 

 
In contrast to tysonite-type fluorides, lead or tin-based compounds (PbSnF4, BaSnF4) 

show high ionic conductivity also as polycrystalline materials, [90-95]. The ionic 
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conductivity of PbSnF4 is about 10−3 S·cm−1, whereas the ionic conductivity of BaSnF4 
and SrSnF4 is about 10−4 S·cm−1, respectively, at 298K [93, 95]. The high ionic 
conductivity in tin containing compound is due to effect of lone pair of electrons on 
Sn2+ atom, which strongly influences the fluoride sub-lattice and contributes to the high 
ionic conductivity in BaSnF4 [90]. The crystal structure of tetragonal BaSnF4 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 
(BaSnF4 and PbSnF4) 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: 
 
                                                σ = d

AR
                                                                                         (1.8) 

 
where σ 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): 
 

                                        σ × T = σ0 × e−(Ea/kT)                                                                  (1.9) 
 

where Ea, k, and σ0 correspond to activation energy, Boltzmann constant, and  
pre-exponential factor, respectively. After simplification of equation 1.8, −Ea/k and 
ln(σ0) 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 LiCoO2, LiNiCoAlO2, 
LiFePO4, and LiNixMnyCozO2 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+, Mg2+, Ca2+, Zn2+, Al3+, 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 La0.9Ba0.1F2.9 and 
Ce0.975Sr0.025F2.975 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 PbSnF4 and BaSnF4 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 (BaSnF4 or SrSnF4) possess 
high ionic conductivity at RT due to the effect of lone pair electrons of Sn2+. Besides 
Sn2+, there are other cations containing lone pair of electrons such as Sb3+, Bi3+, and 
Tl3+, 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 BaF2. Also, SbF3 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 BaSnF4 was chosen as a solid electrolyte for 
demonstrating RT-FIB due to its high ionic conductivity. Although the ionic 
conductivity of polycrystalline PbSnF4 is 1 order of magnitude higher compared to 
the BaSnF4, it was decided to work with BaSnF4 as Pb-free electrolyte.  
For constructing FIB cells, Sn and Zn were selected as anodes, considering their 
predicted electrochemical stability with BaSnF4. BiF3 as a cathode was chosen for 
FIBs due to its high ion conductivity and good electrochemical stability. 
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3. The feasibility of RT-FIBs could be demonstrated using BaSnF4 as an electrolyte, Sn 
and Zn as anode, and BiF3 as cathode, but at the cost of low cell voltage due to the 
low voltage redox couples (Sn/BiF3 and Zn/BiF3). 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 BaSnF4. 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 La0.9Ba0.1F2.9 and thick layer of BaSnF4.  
The electrochemical stability of BaSnF4 can be enhanced by placing La0.9Ba0.1F2.9 in 
contact with high electropositive anodes. 

4. 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/BiF3 and Mg/SnF2 
have been investigated here. In this work, FIB cells were constructed using LiPF6 as 
electrolyte. 

 
Therefore, the aims of this thesis are as follows: 

1. To synthesize the fluorite-type Ba1−xSbxF2+x (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.  

2. To demonstrate the room-temperature rechargeable solid-state fluoride ion 
batteries using BaSnF4 as solid electrolyte, Sn and Zn as anodes, and BiF3 as 
cathode, and investigate the mechanism of electrochemical reaction by ex-situ 
XRD, and SEM studies. 

3. To introduce interlayer electrolytes (La0.9Ba0.1F2.9/BaSnF4) concept for building high 
potential solid-state RT-FIBs, optimize the total ionic conductivity of the interlayer 
electrolyte by altering the thickness of the La0.9Ba0.1F2.9 layer, and validate the 
compatibility of this electrolyte with high electropositive metals like Ce in FIB, 
while using optimized cathodes, in particular fluorite-type Ba1−xSbxF2+x as studied in 
aim 1.  

4. To demonstrate Mg as reversible anode material of rechargeable fluoride ion 
batteries employing LiPF6 as liquid electrolyte, when SnF2 and BiF3 are used as 
cathodes, and investigate Mg/BiF3 and Mg/SnF2 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 Formula Purity Supplier 
Barium fluoride BaF2 99.9% Sigma-Aldrich 
Antimony fluoride SbF3 99.6% Alfa-Aesar 
Calcium fluoride CaF2 99.9% Sigma-Aldrich 
Potassium fluoride KF 99.97% Sigma-Aldrich 
Silver fluoride AgF 99% Sigma-Aldrich 
Cerium fluoride CeF3 99.9% Alfa-Aesar 
Strontium fluoride SrF2 99.995% Sigma-Aldrich 
Lead fluoride PbF2 99.6% Alfa-Aesar 
Cobalt fluoride CoF3 99% Alfa-Aesar 
Copper fluoride CuF2 99.5% Alfa-Aesar 
Lanthanum fluoride LaF3 anhydrous, 99.9% Sigma-Aldrich 
Carbon nanotubes  CNT 95% Sigma-Aldrich 
Cerium powder Ce 99.9% Alfa-Aesar 
Zinc powder Zn 99.9% Sigma-Aldrich 
Tin fluoride SnF2 99% Alfa-Aesar 

 BiF3 anhydrous, 98% Alfa-Aesar 
Tin powder Sn 99% Sigma-Aldrich 
Bismuth powder Bi 99.9% Sigma-Aldrich 
Mg powder Mg 99.8% Sigma-Aldrich 
Mn powder Mn 99.3% Alfa-Aesar 
Fe powder Fe 99% Alfa-Aesar 
Yttrium powder Y 99.5% Sigma-Aldrich 
Calcium granular Ca 99% Sigma-Aldrich 
Titanium Ti 99 % (metal basis) Alfa-Aesar 
Misch metal powder Ce:La 75:25 

wt% 
99% Alfa-Aesar 

Magnesium fluoride MgF2 99.99% Sigma-Aldrich 
Lithium 
hexafluorophosphate 

LiPF6 1.0 M LiPF6 in 
EC/DMC = 50/50 
(v/v) 

Sigma-Aldrich 
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2.2 Synthesis 
Mechanical milling was used for mixing and synthesis of electrode and electrolytes 
samples, respectively. Ba1−xSbxF2+x (0.1 ≤ x ≤ 0.5) compounds were prepared by ball 
milling of a mixture of stoichiometric amounts of BaF2 and SbF3 for 18 h at 600 rpm 
under argon atmosphere [I]. Ba0.7La0.3F2.3 was produced according to the previous 
report [82] by ball milling of a mixture of appropriate amounts of BaF2 and LaF3 for 18 h 
at 600 rpm [I]. La0.9Ba0.1F2.9 was obtained in relation to the earlier study [84] by milling 
stoichiometric amounts of BaF2 and LaF3 for 12 h at 600 rpm under an Ar atmosphere 
[I, III]. 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 BaSnF4 was synthesized by the same way as described in the 
past [92]. First, the cubic phase of BaSnF4 was synthesized by ball milling the 
stoichiometric ratios of BaF2 and SnF2 for 12 h at 600 rpm [II, III]. And then, as-milled 
BaSnF4 was annealed at 300 °C for 2 h under vacuum to obtain its tetragonal phase  
[II, III]. The mixing of electrode composites and synthesis of BaSnF4 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 
short name 

Composition (weight %) Milling time and 
speed 

Ref. 

Ba0.7Sb0.3F2.3 

(cathode) 
90% Ba0.7Sb0.3F2.3+ 10% CNTs  6 h and 100 rpm [I] 

Ce (anode) 90% Zn + 10% CNTs  3 h and 200 rpm [I] 
Zn (anode) 40% Zn + 50% La0.9Ba0.1F2.9 +10% CNTs 12 h and 200 rpm [I] 
BiF3 (cathode) 40% BiF3 + 50% BaSnF4+ 10% CNTs  6 h and 100 rpm [II, III] 
Sn (anode) Step 1→ 84% Sn + 16% CNTs (C-Sn)  6 h and 300 rpm [II] 

Step 2→ 60% C-Sn + 40% BaSnF4  6 h and 100 rpm 
Zn (anode) 

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

Ce (anode) Step 1→ 84% Ce + 16% CNTs (C-Ce)  2 h and 200 rpm [III] 
Step 2→ 60% C-Ce + 40% La0.9Ba0.1F2.9  2 h and 100 rpm 

BiF3 (cathode) 90% BiF3 + 10% Carbon black  6 h and 600 rpm [IV] 
SnF2 

(cathode) 
90% SnF2 + 10% Carbon black  6 h and 600 rpm [IV] 

Mg (anode) 50% Mg + 40% MgF2 + 10% Carbon 
black 

 6 h and 600 rpm [IV] 

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-III].  

Figure 2.1. Schematic sketch of the modified Swagelok cell. 

In paper [I], the galvanostatic charge-discharge profiles of solid-state FIB cells were 

obtained at temperatures of 150 C. In paper [III], electrochemical investigation on FIB 

cells was carried out at 25 and 150 C. In the case of paper [II], 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-III]. 
The cyclic voltammetry measurement of cells was performed using a Biologic 
instrument [II]. The cells of paper [I] and [III] were cycled at current densities of 
10 µA·cm−2, whereas the cells of paper [II] were cycled at different current densities 
such as 10, 20, and 40 µA·cm−2. 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 
anode/electrolyte/cathode 

Current density 
(µA·cm−2) 

Temperature 

(C) 

Ref. 

1 Ce/La0.9Ba0.1F2.9/Ba0.7Sb0.3F2.3          10  150 [I] 

2 Zn/La0.9Ba0.1F2.9/Ba0.7Sb0.3F2.3          10  150 [I] 

3 Sn/BaSnF4/BiF3       10, 20 25, 60, 100,150 [II] 

4 Zn/BaSnF4/BiF3       10, 40     25, 60, 150 [II] 

5 Ce/La0.9Ba0.1F2.9/BaSnF4/BiF3          10    25 [III] 

6 Ce/BaSnF4/BiF3          10    25 [III] 

7 Mg+MgF2/LiPF6/BiF3          38    25 [IV] 

8 Mg+MgF2/LiPF6/SnF2          38    25 [IV] 
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2.4 Electrochemical impedance spectroscopy (EIS) 
Ionic 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-III]. 
The electronic conductivity of Ba0.6Sb0.4F2.4 composition was measured by 
chronoamperometry at a constant voltage of 2.0 V using a Bio-Logic VMP 3 instrument [I]. 

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 
method 

Apparatus Ref. 

phase composition, cell 
parameter, crystallite size 

   XRD STOE STADI P 
instrument with 
Mo Kα source 

[I-III] 

phase composition of both sides 
of battery pellet before and after 
discharge  

 ex-situ XRD Bruker D8 Advance 
diffractometer Cu 
Kα radiation   

[II, III] 

Surface morphology, cross-
sectional view, the average 
thickness of FIB and interlayer 
components,  

  SEM ZEISS LEO 1530VP 
SEM 

[I-III] 

Surface morphology of cathode 
and anode sides of a battery pellet 
before and after discharge 

     ex-situ SEM ZEISS LEO 1530VP 
field SEM 

  [II] 

Elemental composition   EDX LEO 1530VP SEM 
with field emission 
electron gun 
(Tungsten) 

[II, III] 

phase composition of cathode side 
of battery pellet before and after 
discharge 

    ex-situ XRD AXS Bruker D5005 
Advance 
instrument with Cu 
Kα radiation  

[IV] 

The XRD measurements were performed to identify the phase composition of 
synthesized electrode composites and electrolytes [I-III]. The cell parameters and 
average crystallite sizes were determined by performing Profile Matching refinements 
of the XRD patterns [I-III]. The refinement was done using Le Bail method with the 
FullProf software [96]. Instrumental broadening was taken into consideration using 
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LaB6 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 [II, III]. 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 [II]. 
The average thickness of each component of FIB was determined by SEM analysis of a 
cross section of the battery pellet [II, III]. The EDX mapping analysis was carried on Sn 
and Zn composites to observe the distribution of active material, electrolyte, and CNT 
[II]. The SEM and corresponding EDX analysis of a cross section of the inter-layer 
electrolyte pellet [La0.9Ba0.1F2.9 (20 mg)/BaSnF4 (120 mg)] was performed to measure the 
average thickness of each component of pellet and to monitor the distribution of 
BaSnF4 and La0.9Ba0.1F2.9, respectively [III]. Similar to the interlayer electrolyte, SEM and 
corresponding EDX was also performed for the interlayer electrolyte-based FIB pellet 
[III]. Like ex situ XRD, ex situ SEM measurements were carried out on charged and 
discharged pellets [II]. 
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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], [II], [III], 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 SbF3-doped BaF2 solid 
solutions [I] 
3.1.1 Synthesis and structure of Ba1−xSbxF2+x (0 ≤ x ≤ 0.5) compounds    
Ba1−xSbxF2+x (0 ≤ x ≤ 0.5) samples were synthesized by mechanical milling of 
stoichiometric mixtures of BaF2 and SbF3. 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 Ba0.5Sb0.5F2.5, confirming the 
formation of solid solution (Figure 3.1a). The XRD pattern of Ba0.5Sb0.5F2.5 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 Ba0.7Sb0.3F2.3 and Ba0.6Sb0.4F2.4 samples in comparison to the BaF2 
crystal structure (Figure 3.1c). This decrease can be attributed to the insertion of the 
relatively smaller sized Sb3+ (ion radius of 0.76 Å in  VI coordination in SbF3) into the 
BaF2 crystal network, where sizes of Ba2+ are 1.35 and 1.42 Å in VI  and VIII 
coordination, respectively [99][93]. In contrast, Ba0.9Sb0.1F2.1 and Ba0.8Sb0.2F2.2 
compositions show an increase in cell dimension (compared to BaF2), which was 
unexpected. The increase in cell dimension is associated with the size of Sb3+ 
substituent and existing lone pair electrons on Sb3+. 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 Ba1−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 Å in VI 
coordination) as comparted to La3+ cation (1.02 Å in VI coordination) which should 
allow a higher doping. This means even with smaller amount of SbF3 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 Ba1-xSbxF2+x (0 ≤ x ≤ 0.5) compounds (b) zooming of the reflection 
between 21.4 and 22.3 2θ values (c) cell parameter vs. crystallite size value plots of  
Ba1-xSbxF2+x (0 ≤ x ≤ 0.4). (A modified version of Figure 1 from paper [I].)  

3.1.2 Ionic conductivity study of Ba1−xSbxF2+x (0 ≤ x ≤ 0.4) compounds 
Ionic conductivity and the total resistance of Ba1−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 Ba0.7Sb0.3F2.3 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 
Ba1−xSbxF2+x compound was calculated from its total resistance using Equation 1.8.  
The values of ionic conductivity and equivalent circuit parameters for Ba1-xSbxF2+x 
compounds are given in below Table 3.1. 
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Figure 3.2. EIS spectra of Ba0.7Sb0.3F2.3 compound obtained at different temperatures (symbols) 
and the corresponding equivalent circuit used for fitting (lines). (A modified version of Figure 4 in 
paper [I].) 

 
Figure 3.3 displays the Arrhenius plots for the ionic conductivities of Ba1-xSbxF2+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 Ba1-xSbxF2+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 Ba0.6Sb0.4F2.4 sample is lower than that of Ba0.7Sb0.3F2.3 and 
Ba0.8Sb0.2F2.2 at lower temperatures. Whereas, at high temperature, the conductivity of 
Ba0.8Sb0.2F2.2 is lower than that of Ba0.7Sb0.3F2.3 and Ba0.6Sb0.4F2.4. 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 Ba0.7Sb0.3F2.3 composition, which 

was 4.4  10−4 S·cm−1 at 160 C (Table 3.1). In comparison to isostructural Ba0.7La0.3F2.3 

(σ160 C = 1.55  10−4 S·cm−1) [82], the ionic conductivity of Ba0.7Sb0.3F2.3 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 10−10 F, and capacitance value (CPE2) 
corresponding to the straight line was in the range of 10−6−10−5 F (Table 3.1).  
As expected for polycrystalline fluorite-like compound, the CPE1 value was consistent 
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with grain boundaries phenomena (10−11−10−8 F), and CPE2 value was consistent with 
sample−electrode interfaces phenomena (10−7−10−5 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 Ba1−xSbxF2+x 
compounds is proceeded by diffusion of vacancies along the grain boundaries.  
 

 
Figure 3.3. Arrhenius plots of ionic conductivity of Ba1−xSbxF2+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 
Ba1−xSbxF2+x (deviation of 0 to 2). 
 

Sample                                           Ba1−xSbxF2+x 

x 0 0.1 0.2 0.3 0.4 
R1160 °C (102 Ω) 5393.68 72.9 12.33 4.61 5.97 
σ160 °C (10−4 S·cm−1)   0.0039 0.333 1.98 4.41 3.89 
Ea     0.45 0.63 0.61 0.66 0.73 

CPE1160 °C (10−10 F·sa−1) 3.52 7.85 2.91 10.78 3.05 
CPE2160 °C (10−10 F·sa−1) 1.95 4.62 5.83 10.14 31.89 
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Since the Ba0.7Sb0.3F2.3 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−1 (based on SbF3), which is relatively high in comparison 
to previously reported cathode compositions  like BiF3 (302 mA·h·g−1) [1]. A FIB cell was 
constructed using Ba0.7Sb0.3F2.3 as a cathode, La0.9Ba0.1F2.9 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 µA·cm−2 at a temperature of 
150 °C. The cell delivered a first discharge capacity of 301 mA·h·g−1 at an average 
voltage of 1.7 V. This capacity value reaches 66% of the theoretical specific capacity of 
SbF3 (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−1, 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−1.  
This considerable capacity fading is probably due to large volume and structural 
changes in the electrode materials [105]. 

 
Figure 3.4. Voltage-composition profiles of Ba0.7Sb0.3F2.3/La0.9Ba0.1F2.9/Ce cell obtained at 150 °C 
with a current density of 10 µA·cm−2. (A modified version of Figure 7 in paper [I].) 
 
     In summary, SbF3-doped BaF2 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 Ba1−xSbxF2+x (0 ≤ x ≤ 0.4) 
solid solutions were studied by EIS. Comparable ionic conductivities were observed for 
Ba0.7Sb0.3F2.3 and Ba0.6Sb0.4F2.4 compositions. The Ba0.7Sb0.3F2.3 compound shows the 
highest conductivity of 4.4 × 10−4 S·cm−1 at 160 °C. This value is a double of the 
Ba0.7La0.3F2.3 electrolyte. This enhanced ionic conductivity might be due to the effect of 
lone pair electrons introduced by Sb3+. Ba0.7Sb0.3F2.3 was demonstrated as a principally 
well working cathode material for FIB using La0.9Ba0.1F2.9 as solid electrolyte and Ce as 
anode. The FIB cell exhibited a first discharge and charge capacity of 301 and  
170 mA·h·g−1, respectively at 160 °C.   



36 

3.2 Demonstration of room temperature rechargeable solid-state FIBs 
[II] 

3.2.1 Structure and ionic conductivity study of BaSnF4 electrolyte 
The synthesis of tetragonal (t)-BaSnF4 electrolyte was done by milling BaF2 and SnF2, 

followed up by annealing the composition. After treatment at 300 C for 2h, the cubic 
phase (as-milled BaSnF4) 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-BaSnF4 was evaluated by impedance spectroscopy.  
The complex spectra are displayed as Nyquist plots in Figure 3.5b.  The ionic 
conductivity of the t-BaSnF4 electrolyte was calculated from its total resistance 

determined by fitting the spectra. The ionic conductivity of t-BaSnF4 was 3.5  10−4 S·cm−1 
at RT, which is consistent with reported value, and is sufficient to apply in RT fluoride 
ion batteries [92]. Hence, t-BaSnF4 was chosen as solid electrolyte for fabricating solid-
state FIBs.  

 

 
 
Figure 3.5. (a) XRD pattern of tetragonal BaSnF4, and (b) Nyquist plot of t-BaSnF4 

obtained at 25 C. (A modified version of Figure 2 in paper [II].) 
 
3.2.2  XRD and SEM characterizations of BiF3, Sn, and Zn composites 
BiF3 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 BaSnF4 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 (BiF3, Sn and 
Zn). For each composite, XRD pattern contains reflexes of t-BaSnF4 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 BiF3, 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 BiF3 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 BiF3 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 μm, 
for cathode, electrolyte and anode respectively. 
 

 
 
Figure 3.6. XRD patterns of BaSnF4 and electrode composites: (a) Sn, (b) Zn, and (c) BiF3. (A 
modified version of Figure 3 in paper [II]). 
 

 
 
Figure 3.7. SEM images of electrode composites (a) BiF3, (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)/BaSnF4/BiF3 are 
presented here. The cyclic voltammograms (CVs) of the Sn/BaSnF4/BiF3 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 BiF3 to Bi metal, whereas the anodic peak represents the oxidation of Bi 
metal to BiF3. 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/BaSnF4/BiF3 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−1 (Figure 3.8b). This value is 40% of the theoretical 
specific capacity of BiF3 (302 mA h g−1), indicating incomplete reaction occurred at the 
cathode. The first charge capacity was 80 mA·h·g−1, which is 66% of initial discharge 
capacity (120 mA·h·g−1) and the following discharge/charge cycles capacities faded 
quickly. After 4 cycles, the discharge capacity reduced to 30 mA·h·g−1. 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.  
 

 
 
Figure 3.8. Electrochemical analysis of Sn/BaSnF4/BiF3 cells. (a) Cyclic voltammogram profiles 

obtained at 25 C. 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 [II].) 
 



39 

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/BaSnF4/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−1 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·g−1, 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. 

 

 
 
Figure 3.9. Electrochemical analysis of Zn/BaSnF4/BiF3 cells. (a) Cyclic voltammogram profiles 

obtained at 25 C. 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 [II].) 

 
The electrochemical results on the second system, Zn/BaSnF4/BiF3 cell are displayed 

in Figure 3.9. Similar to the Sn based FIB system, the CV profile of Zn/BaSnF4/BiF3 
consists of cathodic and anodic peak confirming the reduction of BiF3 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/BiF3 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−1, respectively (Figure 3.9b). Here, the discharge 
capacity was considerably less than the theoretical capacity of BiF3 (302 mA·h·g−1), 
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−1. 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−1, 
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/BaSnF4/BiF3 and Zn/BaSnF4/BiF3 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/BaSnF4/BiF3 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, BiF3 and t-BaSnF4 phases were clearly observed. After 
discharge, BiF3 peaks vanished, indicating a complete reaction. In the pattern, new 
peaks appeared which can be attributed to Bi metal verifying the reduction of BiF3 to Bi 
(Figure 3.10a). XRD patterns of anode side (Zn) of the pellet (Zn/BaSnF4/BiF3) before 
and after discharge are shown in Figure 3.10b. Before discharge, peaks corresponding 
to Zn and t-BaSnF4 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.  
      

 
Figure 3.10. XRD patterns of Zn/BaSnF4/BiF3 battery pellet before and after discharge (a) BiF3 side 
and (b) Zn side (A modified version of Figure 8 in paper [II]). 

 
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/BiF3 and Zn/BaSnF4/BiF3 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). Afte -shaped particles 
were observed at the surface which can be attributed to the formation of SnF2  
(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 ZnF2 particles are not as large as in the case of 
Sn-SnF2, which could be the reason for better reversibility of Zn/BaSnF4/BiF3 as 
compared to the Sn/BaSnF4/BiF3 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/BaSnF4/BiF3 battery pellet (a) pristine state, (b) after 

ge, (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 BaSnF4 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-BaSnF4 enabled the demonstration of RT-FIBs.  
Two types of FIB systems such as Sn/BaSnF4/BiF3 and Zn/BaSnF4/BiF3 were fabricated 
and their electrochemical properties investigated at different temperatures ranging 

from 25 to 150 C. Mostly, the current density of 10 µA·cm−2 was applied on FIB cells to 
perform discharge and charge process. At RT, the Sn/BaSnF4/BiF3 cell delivered a first 
discharge capacity of 120 mA·h·g−1, whereas Zn/BiSnF4/BiF3 cell exhibited a first 
discharge capacity of 56 mA·h·g−1. The cells delivered low average voltage due to the 
low voltage redox couples (Sn/BiF3 and Zn/BiF3). 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 [III] 

3.3.1 Structure and ionic conductivity study of La0.9Ba0.1F2.9 and BaSnF4  
XRD patterns with corresponding refinements of poly crystalline La0.9Ba0.1F2.9 and 
BaSnF4 compound are shown in Figure 3.12. For La0.9Ba0.1F2.9, 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 BaSnF4, reflections corresponding to the tetragonal 
phase were observed (Figure 3.12b). This indicates that cubic BaSnF4 was fully 
transformed into its tetragonal phase by annealing. The average crystallite size of 
La0.9Ba0.1F2.9 and t-BaSnF4 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 La0.9Ba0.1F2.9 and t-BaSnF4 were measured using EIS. The ionic 

conductivity of La0.9Ba0.1F2.9 and t-BaSnF4 was 4  10−7 and 3.5  10−4 S·cm−1 at 25 C, 
respectively. The activation energy (Ea) calculated for La0.9Ba0.1F2.9 and BaSnF4 was 0.48 
and 0.34 eV, respectively. These values for both compounds were close to reported 
values [84, 92]. 
 

 
 
Figure 3.12. Profile matched XRD patterns of (a) La0.9Ba0.1F2.9 and (b) tetragonal BaSnF4  
(A modified version of Figure 1 in paper [III]). 
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3.3.2 SEM and EDX analysis of Interlayer Electrolytes 
Interlayer electrolyte pellets were prepared by uniaxial pressing La0.9Ba0.1F2.9 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 (La0.9Ba0.1F2.9  

(20 mg)/BaSnF4 (120 mg)). The cross-sectional SEM image measured the thickness of 
each layer of interlayer electrolytes. The thickness of 90 μm and 650 μm was obtained 
for the La0.9Ba0.1F2.9 and BaSnF4 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 La0.9Ba0.1F2.9 and BaSnF4 layers did not 
intermix while preparing the pellet by pressing. 

 

 
 
Figure 3.13. Cross-sectional SEM image (a) of La0.9Ba0.1F2.9 (20 mg)/BaSnF4 (120 mg) pellet and its 
EDX maps (b–d) of F, Sn, and La. 
 
3.3.3 Ionic 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 
La0.9Ba0.1F2.9 component such as 70, 20, and 10 mg. Figure 3.14a,b show the Nyquist 
plots of La0.9Ba0.1F2.9 (70 mg)/BaSnF4 (70 mg), La0.9Ba0.1F2.9 (20 mg)/BaSnF4 (120 mg),  and 
La0.9Ba0.1F2.9 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 BaSnF4 and La0.9Ba0.1F2.9 layers. Also, no semicircle was observed for the interface of 
BaSnF4 and La0.9Ba0.1F2.9 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) La0.9Ba0.1F2.9  

(70 mg)/BaSnF4 (70 mg) and La0.9Ba0.1F2.9, and (b) La0.9Ba0.1F2.9 (20 mg)/BaSnF4 (120 mg) and 
La0.9Ba0.1F2.9 are shown. In (c) the equivalent circuit used to fit the EIS spectra is depicted  
(A modified version of Figure 4 in paper [III]). 
 
Table 3.2. Values of Ionic conductivity and fitting parameters of the Nyquist plots obtained at  

25 C for La0.9Ba0.1F2.9, and La0.9Ba0.1F2.9 (70 or 20 mg)/BaSnF4 (70 or 120 mg) (deviation 0 to 2). 

 

      Sample La0.9Ba0.1F2.9 
 

La0.9Ba0.1F2.9 (70 
mg)/BaSnF4 (70 mg) 

La0.9Ba0.1F2.9 (20 
mg)/BaSnF4 (120 mg) 

R2 (103 )  75.91    244.54     57.79 

σ (104 S·cm1)  0.004     0.008     0.035 

Q2 (109 F·sa1)    5.62     0.283     63.39 

Q3 (106 F·sa1)    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 

La0.9Ba0.1F2.9 (70 mg)/BaSnF4 (70 mg) electrolyte is smaller than that of pure La0.9Ba0.1F2.9 
electrolyte (Figure 3.14a). In the case of La0.9Ba0.1F2.9 (20 mg)/BaSnF4 (120 mg),  
the diameter of semicircle becomes much smaller compared to pure La0.9Ba0.1F2.9 
(Figure 3.14b). This correlates resistance with La0.9Ba0.1F2.9-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 Ionic 
conductivity and fitting parameters of the Nyquist plots for interlayer and La0.9Ba0.1F2.9 
electrolytes are given in the above Table 3.2. The ionic conductivity of the La0.9Ba0.1F2.9 

(70 mg)/BaSnF4 (70 mg) was found to be 0.8  10−6 S·cm−1 at 25 C, which is twice than 

that of pure La0.9Ba0.1F2.9 (0.4  10−6 S·cm−1). The calculated ionic conductivity of 

La0.9Ba0.1F2.9 (20 mg)/BaSnF4 (120 mg) was 0.35  10−5 S·cm−1 at 25 C, which is about  
10 times better than compared to that of pure La0.9Ba0.1F2.9. On fitting the Nyquist plot, 



45 

the capacitances associated with Q2 and Q3 were in the range of 10-8−10−10 and 10−6 F, 
respectively (Table 3.2). Based on these values, the semicircle (high frequency) can be 
attributed to the grain boundaries phenomena (10−11−10−8 F), whereas the straight line 
corresponds to the electrolyte−electrode interface phenomena (10−7−10−5 F) [104].  
     To further enhance the ionic conductivity of the interlayer electrolyte, La0.9Ba0.1F2.9 

amount was reduced to 10 mg. Figure 3.15a-c illustrates the Nyquist plots of 
La0.9Ba0.1F2.9 (10 mg)/BaSnF4 (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 La0.9Ba0.1F2.9 (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 La0.9Ba0.1F2.9  

(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 
La0.9Ba0.1F2.9 (10 mg)/BaSnF4 (130 mg) electrolyte was found to be 0.89  10−5 S·cm−1 at 
25 C, which is approximately 22 times higher compared to La0.9Ba0.1F2.9 (4  10−7 S·cm−1 
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  10−4 S·cm−1, which is close to the 
room temperature conductivity of pure BaSnF4 (3.5  10−4 S·cm−1). 
 

 
Figure 3.15. Nyquist plots (symbols) and corresponding fit (line) for La0.9Ba0.1F2.9 (10 mg)/BaSnF4 

(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 [III]). 
 

From data fitting, the capacitances associated with Q2 and Q3 were in the range of 
10−9 and 10−6 F, respectively, and the capacitance related to Q4 was in the range of 10−6 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 La0.9Ba0.1F2.9 
(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 La0.9Ba0.1F2.9 electrolyte is reduced. 

Table 3.3. Values of ionic conductivity and fitting parameters of Nyquist plots for La0.9Ba0.1F2.9 

(10 mg)/BaSnF4 (130 mg) are given (deviation 0 to 2). 

 Sample        La0.9Ba0.1F2.9 (10 mg)/BaSnF4 (130 mg) 
Temperature  25 °C     60 °C         100 °C        150 °C 
R2+R3 (103 Ω)         23.38          1.16  0.51          0.09 
σ (10−4 S·cm−1)         0.089          1.80  4.00         23.90 
Q2 (10−9 F·sa−1)          0.98          1.01  1.31          2.10 
Q3 (10−6 F·sa−1)  0.72          0.44  1.44          2.22 
Q4 (10−6 F·sa−1)  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 La0.9Ba0.1F2.9 (20 mg)/BaSnF4 (120 mg) as an 
electrolyte, BiF3 as a cathode, and Ce as an anode. Battery pellet was fabricated by 
pressing Ce, La0.9Ba0.1F2.9, BaSnF4, and BiF3 layer together using a desktop press. 
The voltage-composition profiles of Ce/La0.9Ba0.1F2.9/BaSnF4/BiF3 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−1 at an average voltage of 1.4 V.  
The first charge capacity amounts to 23 mA·h·g−1 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−1 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/BiF3 cell obtained 
at RT. The OCV of Ce/BaSnF4/BiF3 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 BaSnF4. The interfacial reaction between 
Ce and BaSnF4 would result into formation of CeF3, BaF2, and Sn at Ce/BaSnF4 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 La0.9Ba0.1F2.9 or BaSnF4 electrolyte This is due 
to the low ionic conductivity (RT) of La0.9Ba0.1F2.9 electrolyte or limited electrochemical 
stability of BaSnF4 electrolyte. The low ionic conductivity and electrochemical stability 
issues were resolved by combining La0.9Ba0.1F2.9 and BaSnF4 electrolytes. 
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Figure 3.16. Voltage-composition profiles of (a) Ce/La0.9Ba0.1F2.9/BaSnF4/BiF3 and (b) Ce/ 

BaSnF4/BiF3 cells obtained at 25 C with a current density of ±10 µA·cm−2 (A modified version of 
Figure 7 in paper [III]). 

     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 
La0.9Ba0.1F2.9 and thick layer of BaSnF4 electrolyte. The interlayer electrolyte was 
achieved by pressing thin La0.9Ba0.1F2.9 and thick BaSnF4 layers together using desktop 
pellet press. Applying a very thin layer of La0.9Ba0.1F2.9, 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 
La0.9Ba0.1F2.9 layer. The interlayer electrolyte containing thinner La0.9Ba0.1F2.9 layer (45 µm) 

shows high ionic conductivity of 0.89  10−5 S·cm−1 at RT, which is more than one order 

of magnitude higher compared to the pure La0.9Ba0.1F2.9 (0.4  10−6 S·cm−1). 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 BiF3 and SnF2 cathodes for RT-FIBs 
[IV]. 

3.4.1 Electrochemical investigation of FIB cells employing LiPF6 electrolyte 
Two types of FIB cells such as Mg+MgF2/LiPF6/BiF3 and Mg+MgF2/LiPF6/SnF2 were 
constructed. Cyclic voltammogram (CV) profiles of Mg+MgF2/LiPF6/BiF3 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 BiF3 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 3 V,  
the anodic peak was observed at around 2.5 V, corresponds to the oxidation of Bi metal 
into BiF3. 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 BiF3 in Mg+MgF2/LiPF6/BiF3 cell. 
Figure 3.17b shows galvanostatic discharge−charge curves of Mg+MgF2/LiPF6/BiF3 cell 

obtained at 25 C with current density of 38 µA·cm−2. The first discharge capacity 
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amounts to 142 mA·h·g−1, which is 47% of the theoretical capacity of BiF3 (302 mA·h·g−1), 
indicating partial conversion of BiF3 to Bi. The first charge capacity was 80 mA·h·g−1, 
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−1 after 10 cycles.  
 

 
 
Figure 3.17. (a) Cyclic voltammogram and (b) galvanostatic discharge-charge profiles of 
Mg+MgF2/LiPF6/BiF3 cell. (c) galvanostatic discharge-charge profiles and (d) cyclic performance of 
Mg+MgF2/LiPF6/SnF2 cell (A modified version of Figure 1 and 2 in paper [IV]).  

 
Electrochemical analysis and cyclic performance of Mg+MgF2/LiPF6/SnF2 cell 

obtained at 25 C with current density of 38 µA·cm−2 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−1, 
respectively (Figure 3.17c). The discharge capacity was 46% of the theoretical capacity 

(342 mAhg−1), suggesting incomplete reaction occurred at cathode. The charge 
capacity was 53% of the first discharge capacity, indicating partial conversion of Sn to 
SnF2. 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−1 
(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 
BiF3 and SnF2 cathodes was demonstrated using LiPF6 as electrolyte.  
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3.4.2 XRD patterns of BiF3 and SnF2 cathodes before and after discharge 
 

 
 
Figure 3.18. XRD patterns of (a) BiF3 and (b) SnF2 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 BiF3 composite before and after discharge. Before 
discharge, peaks corresponding to nano crystalline phase of BiF3 were observed. After 
full discharge, BiF3 peaks vanished completely, demonstrating the complete reduction 
of BiF3. In the pattern, reflections corresponding to Bi metal (reduced product of BiF3) 
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 Bi2O3 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 2θ value of 30°) was 
observed. The broad signal was assigned to amorphous SnF2, 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 SnF2 at cathode (Figure 3.18). 

In summary, the reversible discharge and charge behavior of Mg as anode was 
demonstrated in FIBs employing LiPF6 as electrolyte. In addition, relatively high 
potential rechargeable RT-FIBs was presented. The FIB cells were constructed using 
Mg+MgF2 as anode, LiPF6 as fluoride transporting electrolyte, and BiF3 and SnF2 as 
cathodes. Cyclic voltammogram profiles showed the reversible oxidation and reduction 
of BiF3 in the Mg+MgF2/LiPF6/BiF3 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 La0.9Ba0.1F2.9 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 Sn2+. To introduce the benefit of both 
tysonite structure and lone pair of electrons in single compound, doping of tysonite 
type fluorides (LaF3 and CeF3) with SnF2 or PbF2 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 PbF2 in the LaF3 or CeF3 compound. To further 
enhance the ionic conductivity of BaSnF4, doping with KF and CaF2 was tried by ball 
milling. In addition, SbF3 doping with CaF2 and SrF2 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 
(rpm) 

Ball milling time 
(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−xKxSnF4−x (0.1 ≤ x ≤ 0.3)            600            18 
CaSnF4             600            18 
Ba0.9La0.1SnF4.1            600            18 
Ca1−xSbxF2+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 BaSnF4 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 BiF3 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 BaSnF4 constructed by usage of various redox 
couples. 

Cell 
No. 

Anode 
composite 

Electrolyte Cathode 
composite 

OCV (V) Emf (V) 

1 Zn BaSnF4 SbF3 0.6 0.78 
2 Sn BaSnF4 SbF3 0.5 0.23 
3 Zn BaSnF4 CuF2 0.58 1.3 
4 Sn BaSnF4 CuF2 0.5 1.2 
5 Zn BaSnF4 AgF 1 1.49 
6 Sn BaSnF4 AgF 0.9 1.53 
7 Mn BaSnF4 BiF3 0.6 1.2 
8 Fe BaSnF4 BiF3 0.3 0.51 

     
3. To build high potential RT-FIBs, high electropositive metal like Ce as anode was 

tested against BiF3. Two types of FIB cells such as Ce/BaSnF4/BiF3 and  
Ce/ La0.9Ba0.1F2.9/BiF3 were constructed. The cell utilizing BaSnF4 showed less OCV 
(1.2 V) and nearly zero capacity due to chemical reaction between Ce and BaSnF4. 
The direct contact of Ce with BaSnF4 would result to formation of CeF3, BaF2, and 
Sn metal at the interface.  On other hand, cell utilizing La0.9Ba0.1F2.9 showed an OCV 
of 2.5 V which is close to the theoretical emf of Ce/BiF3 couple (2.83 V), but voltage 
immediately dropped to zero when applying any current between −1 to −4 µA.  
This immediate fading was due to poor ionic conductivity of La0.9Ba0.1F2.9 at RT  
(4 × 10−7 S·cm−1). One way to enhance the electrochemical stability of BaSnF4 layer 
may be by placing BaF2-doped LaF3 in contact with electrodes. Applying low ionic 
conductive La0.9Ba0.1F2.9 layer on BaSnF4 would increase the ionic conductivity of 
whole pellet as compared to pure La0.9Ba0.1F2.9. After optimizing the thickness of 
La0.9Ba0.1F2.9 layer, La0.9Ba0.1F2.9 (˂45 µm)/BaSnF4 (˂700 µm) electrolyte exhibited 
an ionic conductivity of 0.89·10−5 S·cm−1 at RT, which is sufficient to demonstrate 
the RT-FIB. To validate the interlayer electrolyte approach, a FIB cell was 
assembled using La0.9Ba0.1F2.9 (˂ 45 µm)/BaSnF4 (˂700 µm) 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/BiF3 couple, and it dropped immediately to 0 V on 
cycling. This indicates that Ce particles might have penetrated the La0.9Ba0.1F2.9  
(˂45 µm) layer during pressing the pellet and they have chemically reacted with 
less stable BaSnF4. Another high electropositive metal like Mg was tested as anode 
against BiF3 cathode using La0.9Ba0.1F2.9 (90 µm)/BaSnF4 (650 µm) as electrolye.  
The Mg based cell showed an OCV of 2.5 V which is close to the theoretical emf of 
Mg/BiF3 couple. However, the cell delivered a very low discharge capacity  
(0.3 mA·h·g−1), meaning that only a very thin layer of Mg might have reacted to 
form its discharge product: MgF2. The formation of MgF2 on the surface might 
block the further conversion of Mg to MgF2 (at RT) as MgF2 itself is a poor fluoride 
ion conductor. The FIB cells constructed by usage of high electropositive metals as 
anodes against BiF3 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 BiF3 
cathode. 

Cell 
No. 

Anode  Electrolyte Cathode  OCV 
(V) 

Emf 
(V) 

1 Ce BaSnF4 BiF3 1.2 2.83 
Ce La0.9Ba0.1F2.9 BiF3 2.5 2.83 

2 Ce La0.9Ba0.1F2.9 (45 µm)/BaSnF4 (700 µm) BiF3 1.5 2.83 
3 Mg La0.9Ba0.1F2.9 (90 µm)/BaSnF4 (650 µm) BiF3 2.5 2.67 
4 Ti La0.9Ba0.1F2.9 (90 µm)/BaSnF4 (650 µm) BiF3 0.9 1.12 
5 Ce-La La0.9Ba0.1F2.9 (90 µm)/BaSnF4 (650 µm) BiF3 0.3 2.83 
6 Ca La0.9Ba0.1F2.9 (90 µm)/BaSnF4 (650 µm) BiF3 2.3 2.6 
7 Y La0.9Ba0.1F2.9 (90 µm)/BaSnF4 (650 µm) BiF3 1.3 2.79 

4. Mg anode was also tested against CuF2 and CoF3 cathodes for RT-FIB using LiPF6 as
electrolyte. Both Mg/CuF2 and Mg/CoF3 couples showed similar OCV and discharge
capacity of around 0.9 V and 50 mA·h·g−1, respectively. However, the charge
capacity was not observed in either case. In contrast to Mg/BiF3 and Mg/SnF2

systems, the electrochemical performance of Mg/CuF2 and Mg/CoF3 was very poor.
The very low ionic conductivity of CuF2 and CoF3 cathodes might be responsible for
their poor performance. A FIB cell in discharged state was also assembled using
LiPF6 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 SbF3-doped BaF2 fluoride ion conductor was investigated. Ba1−xSbxF2+x  

(0 ≤ x ≤ 0.5) compounds were synthesized by doping of BaF2 with SbF3 via ball 
milling process. All compounds were crystallized into single phase fluorite type 
crystal structure (except x = 0.5). The solubility limit of SbF3 into BaF2 crystal was 
found to be x ˂ 0.5, beyond this concentration an impure phase was observed.  
All compositions (except Ba0.9Sb0.1F2.1) exhibit similar ionic conductivity at higher 
temperatures. The conduction phenomena in polycrystalline Ba1−xSbxF2+x was found 
to arise from migration of vacancies through grain boundaries. The highest ionic 
conductivity was obtained for sample Ba0.7Sb0.3F2.3, which amounts to 4.4 × 10−4 
S·cm−1 at 160 °C. Despite of similar crystal structures, the ionic conductivity of 
Ba0.7Sb0.3F2.3 was higher than that of Ba0.7La0.3F2.3. This enhancement in the 
conductivity of Ba1−xSbxF2+x seems to be the effect of the lone pair of electrons of 
the Sb3+ ion. The Ba0.7Sb0.3F2.3 composition was tested as cathode material for 
fluoride ion batteries using La0.9Ba0.1F2.9 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. 
 

2. Highly conductive tetragonal structured BaSnF4 enabled the demonstration of 
room temperature rechargeable FIBs. Two types of FIB cells were fabricated using 
BaSnF4 as electrolyte, BiF3 as cathode, and Sn and Zn as anodes. At 25 °C,  
the Sn/BaSnF4/BiF3 cell delivered a first discharge and charge capacity of 120 and 
80 mA⋅h⋅g−1, respectively. In the subsequent cycle’s capacity faded and reduced to 
30 mA⋅h⋅g−1 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−1 at RT.  
In contrast to Sn based cell, capacity increased to 61 mA⋅h⋅g−1 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. 
 

3. 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 
La0.9Ba0.1F2.9, about 3 order of magnitude less conductive that BaSnF4. La0.9Ba0.1F2.9 
(˂45 µm)/BaSnF4 (˂700 µm) electrolyte exhibited an ionic conductivity of  
0.89 ×10−5 S·cm−1 at RT, which is approximately 22 times higher than pure 
La0.9Ba0.1F2.9 (4 × 10−7 S·cm−1) but about 39 times smaller compared to pure  
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BaSnF4 (3.5 × 10−4 S·cm−1). This interlayer electrolyte concept enabled the 
demonstration of relatively high potential FIBs at RT, not possible either with 
La0.9Ba0.1F2.9 or BaSnF4 electrolyte alone. The actual FIB cell was constructed using 
La0.9Ba0.1F2.9 (90 µm)/BaSnF4 (650 µm). 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−1 during first cycle, 
respectively, capacity faded to 3 mA⋅h⋅g−1 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 La0.9Ba0.1F2.9 layer (≈100 nm or less) will be applied on BaSnF4 by improved 
coating methods to achieve high ionic conductivities similar to that of pure BaSnF4.  
 

4. The electrochemical performance of Mg as anode against BiF3 and SnF2 cathodes 
was investigated using a principally different electrolyte class-LiPF6. In addition,  
RT-FIBs with relatively high voltage of around 1 V was demonstrated. CV analysis 
showed the reversible oxidation and reduction behavior of BiF3 cathode in LiPF6 
electrolyte. The Mg+MgF2/LiPF6/BiF3 cell delivered a first discharge capacity of  
142 mA⋅h⋅g−1, whereas the Mg+MgF2/LiPF6/SnF2 exhibited even higher first 
discharge capacity of 160 mA⋅h⋅g−1 and relatively high current density of  
38 µA·cm−2. Both cells showed rapid cyclic fading, resulting the discharge capacities 
of BiF3 and SnF2 based cell reduced to 25 and 26 mA⋅h⋅g−1 after 10 cycles. 
Nevertheless, this thesis study demonstrated a feasibility of reducing need for rare 
earth elements in FIBs and deployment of PF6− 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 PF6− systems as electrolytes. 

 
5. 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−xSbxF2+x compound, where ionic radii of Sb3+ (0.76 Å) is much smaller than Ba2+ 
(1.42 Å). 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 BaSnF4 as an electrolyte was not compatible with high electropositive 
metals like Ce as anode due to its limited electrochemical stability. Despite the 
compatibility of La0.9Ba0.1F2.9 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 Ion 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 Ba1−xSbxF2+x (0.1 ≤ x ≤ 0.4) compound. SbF3-doped BaF2 
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 BaF2 compounds, 
Ba0.7Sb0.3F2.3 showed highest conductivity of 4.4 × 10−4 S·cm−1 at 160 °C. This value 
turned out to be higher than that of isostructural Ba0.7La0.3F2.3. The enhanced 
conductivity in the SnF2-doped BaF2 compound might be an effect of the lone pair of 
electrons of Sb3+. Additionally, electrochemical testing was carried out for the FIB cell 
using Ba0.7Sb0.3F2.3 as cathode, Ce as anode and La0.9Ba0.1F2.9 as the solid electrolyte 
separator. 

Rechargeable solid-state FIBs working at room temperature was demonstrated using 
BaSnF4 electrolyte which is described in the second section. Tetragonal BaSnF4 was 
obtained by annealing of ball milled BaSnF4 at 300 °C, and its ionic conductivity was 
investigated by impedance spectroscopy. BaSnF4 provided an ionic conductivity of  
3.5 × 10−4 S·cm−1 at RT, which is sufficient for RT FIB performance. Fluoride ion batteries 
were built using BiF3 as cathode, and Zn and Sn as anodes. Two types of FIB systems 
such as Sn/BaSnF4/BiF3 and Zn/BaSnF4/BiF3 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 μA·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 
La0.9Ba0.1F2.9 and thick layer of BaSnF4. Previously, FIBs were built utilizing BaSnF4 as 
solid electrolyte, and Sn and Zn metals (low electropositive metals) as anodes due to 
limited electrochemical stability of BaSnF4, 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 La0.9Ba0.1F2.9, 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 
La0.9Ba0.1F2.9 as thin layer enhances the total conductivity of the pellet (compared to 



64 

pure La0.9Ba0.1F2.9) while it physically isolates the less stable and highly conductive 
electrolyte (BaSnF4) 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 BaSnF4 or La0.9Ba0.1F2.9 electrolytes alone. The total 
conductivity of interlayer electrolyte was optimized by varying the thickness of 
La0.9Ba0.1F2.9 layer. La0.9Ba0.1F2.9 (<50 μm)/BaSnF4 (<700 μm) which gave an ionic 
conductivity of 0.89·10−5 S·cm−1 at RT, which is more than 1 order of magnitude higher 
compared to pure La0.9Ba0.1F2.9 (0.4 × 10−6 S·cm−1). Furthermore, a relatively high 
potential solid-state FIB working at RT was demonstrated using La0.9Ba0.1F2.9 (90 μm)/ 
BaSnF4 (650 μm) as electrolyte, Ce as anode, and BiF3 as cathode. 

In the final section, the demonstration of Mg as reversible anode for rechargeable 
FIBs by using LiPF6 as electrolyte is illustrated. The discharge and charge behavior  
of Mg was investigated in Mg/BiF3 and Mg/SnF2 electrode systems. Further,  
the electrochemical analyses of Mg+MgF2/LiPF6/BiF3 and Mg+MgF2/LiPF6/SnF2 cells 
were carried out and performed at a current density of 38 μA·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 PF6− electrolyte 
systems. 
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Kokkuvõte 

Toatemperatuuriliste fluoriidioon akude väljaarendamine 
 
Tahkefaasilised fluoriidioon akud kerkisid esile liitiumijärgses ajastus kui ühed sobivad 
energiasalvestuse seadmete kandidaadid. Fluorioon akud (FIBs) võimaldavad kõrget 
erienergiat, temperatuurilist stabiilsust ning ohutust ja seda võimalikult madala 
hinnaga. Praegusel ajal on FIBs alane uurimistöö kasvufaasi alguses ning terve rida 
teemasid, mis puudutavad elektrolüütide ja elektroodide võimekuse parandamist, 
vajavad jätkuvalt edasiarendamist. Käesoleva väitekirja eesmärgiks oli välja arendada 
toatemperatuuril töötavad fluoriidioon akud. Lisaks keskenduti fluoriidioon akude 
elektroodide ja elektrolüütide uute materjalide väljatöötamisele. 

 Uurimistöö esimeses peatükis kirjeldatakse uut tüüpi nanokristallilise fluoriiti 
Ba1−xSbxF2+x (0.1 ≤ x ≤ 0.4) tüüpi ainesegude sünteesi ja iseloomustamist.  
SbF3-legeeritud BaF2 tahke lahus sünteesiti mehhaanilise jahvatamisega ja selle 
kristallstruktuuri uuriti XRD mõõtmistega. Tahkete lahuste ioonset juhtivust hinnati 
impedants-spektroskoopia abil. Kõikidest legeeritud BaF2 ainesegudest oli Ba0.7Sb0.3F2.3 
suurima juhtivusega 4.4 × 10−4 S⋅cm−1, mis mõõdeti 160 °C juures. See juhtivuse väärtus 
on kõrgem isegi kui isostruktuursel Ba0.7La0.3F2.3. SnF2-legeeritud BaF2 ainesegu 
suurenenud juhtivus võib olla tingitud Sb3+ üksiku elektronpaari efektist. Lisaks viidi läbi 
FIB elektrokeemilised testimised kasutades katoodina Ba0.7Sb0.3F2.3, anoodina Ce ning 
tahke elektrolüüdina La0.9Ba0.1F2.9.  

Tahkefaasilise FIB töötamise demonstreerimist toatemperatuuril kasutades BaSnF4 

elektrolüüti on kirjeldatud teises peatükis. Tetragonaalne BaSnF4 saadi kuubilise BaSnF4 
lõõmutamisel 300 °C juures (kuulveskis jahvatamisel) ning selle ioonset juhtivust uuriti 
impedants-spektroskoopia abil. BaSnF4 ioonseks juhtivuseks mõõdeti 3.5 × 10−4 S⋅cm−1 
toatemperatuuril, mis on piisav, et ehitada toatemperatuuril töötav FIB. Ehitati 
fluorioon akud kasutades katoodina BiF3 ning anoodina Zn ja Sn. Uuriti kahte tüüpi FIB 
süsteeme: Sn/BaSnF4/BiF3 ning Zn/BaSnF4/BiF3. FIB rakkude elektrokeemiline analüüs 
viidi läbi erinevatel temperatuuridel (25, 60, 100, ning 150 °C) ja voolu tihedustel  
(10, 20 ning 40 μA⋅cm−2). 25 °C juures ilmnes Sn anoodiga FIB rakkudel kõrge mahtuvus 
samal ajal kui Zn anoodiga FIB rakkudel oli parem tsükliline stabiilsus. Ex situ XRD, SEM 
ja analüüsid viidi läbi selleks, et uurida redoks reaktsiooni mehhanismi.  

Kolmandas peatükis on toodud arutlus vahekihtide elektrolüütide disainimisest 
javäljatöötamisest kõrge potentsiaaliga FIBs jaoks. Vahekihi elektrolüüt koosneb 
õhukesest La0.9Ba0.1F2.9 kihist ja paksust BaSnF4 kihist. Enne seda ehitati FIBs kasutades 
tahke elektrolüüdina BaSnF4 ning anoodina metallilisi Sn ja Zn (madala 
elektropositiivsusega metallid) piiratud BaSnF4 elektrokeemilise stabiilsuse tõttu, mis 
põhjustas madala tööpinge. Kõrge tööpingega FIB ehitamiseks tuleb anoodina kasutada 
kõrge elektropositiivsusega metalle (Ce, Mg, and La), mis sobiksid elektrolüütidega 
nagu La0.9Ba0.1F2.9 kuid nende elektrolüütide ioonjuhtivus on liiga madal, et neid oleks 
võimalik kuidagi rakendada toatemperatuurilistes FIAdes. Et vältida nii madalat 
elektrokeemilist stabiilsust kui ka madalat ioonjuhtivust võeti kasutusele vahekihi 
elektrolüüdi kontseptsioon. Kasutades madala juhtivusega La0.9Ba0.1F2.9   õhukese kihina 
suurendas kogu pelleti juhtivust (võrrelduna puhta La0.9Ba0.1F2.9-ga) kuna see samal ajal 
füüsiliselt isoleeris anoodist vähem stabiilse ja hästi juhtiva elektrolüüdi (BaSnF4). Idee 
kasutada vahekihi elektrolüüti võimaldas demonstreerida suhteliselt kõrge pingega FIBs 
töötamist toatemperatuuril, mis ei oleks võimalik ainult eraldi elektrolüütidega BaSnF4 
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ega La0.9Ba0.1F2.9 korral. Vahekihi elektrolüüdi summaarset juhtivust optimeeriti 
varieerides La0.9Ba0.1F2.9 kihi paksust. La0.9Ba0.1F2.9 (<50 μm)/BaSnF4 (<700 μm) 
ioonjuhtivus toatemperatuuril oli 0.89 × 10−5 S⋅cm−1, mis on rohkem kui suurusjärk 
suurem kui puhtal La0.9Ba0.1F2.9 (0.4 × 10−6 S⋅cm−1). Enamgi veel, demonstreeriti 
suhteliselt kõrge potentsiaaliga tahkefaasilise FIB töötamist toatemperatuuril kasutades 
elektrolüüdina La0.9Ba0.1F2.9 (90 μm)/ BaSnF4 (650 μm), anoodiks Ce ning katoodiks BiF3. 

Viimases peatükis demonstreeritakse Mg kasutamist pööratava anoodina 
taaslaetavates FIBs kasutades illustratsiooniks elektrolüüdina LiPF6. Mg käitumist 
tühjenemisel ja laadimisel uuriti Mg/BiF3 ning Mg/SnF2 elektroodide süsteemis. Seejärel 
viidi läbi Mg+MgF2/LiPF6/BiF3 ja Mg+MgF2/LiPF6/SnF2 rakkude analüüs voolutihedusel 
38 μA⋅cm−2. Mõlemad rakud näitasid üles sarnast mahtuvuslikku ja tsüklilist võimekust. 
Tühjenemise-laadimise testimised, CV ja XRD tulemused tõendasid 
fluorineerumise/defluorineerumise toimumist Mg anoodil. 
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Publication I 
 
Mohammad, I.; Chable, J.; Witter, R.; Fichtner, M.; Reddy, M. A., Synthesis of Fast 
Fluoride-Ion-Conductive Fluorite-Type Ba1–xSbxF2+x (0.1 ≤ x ≤ 0.4): A Potential Solid 
Electrolyte for Fluoride-Ion Batteries. ACS Appl. Mater. Interfaces 2018, 10,  
17249-17256. 
https://pubs.acs.org/doi/pdf/10.1021/acsami.8b04108 
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\��u�̀�ẁ d�n���
�	���
��̂	�	�����������
��	�������
����	�����	����	������
�����	��

� ������	m����n��
�����������
���o��	\���
o��

�m������	��������	���	����
�����	�����������
���������
�̂��n���	\��
�m����������������o����	��b	�	�������
�̂������	�	�	��
�����	����	�	�
����̀��n��������
�����\�����	����

�������m	���� ���p��m���q����
̂��� ��r��� ������
�̂���n�������̂�����	���	�����m��o	����
����	���	���̂����
���m�	�����r���������
�̂�����	�	�	��
���	��h��	�	�
���̀u�n�
o�\���	���������	���	�����m���	���̂ �
o ������
�
����\����	��	�	�	�
���������������
o 
���	����\
��	���n��	��	��������
�����m���o�����\�����	���������
�̂p���̂������̂�
�qphj�q�	����
��
���	���r���������
�̂�����	�	�	�
���	�����	�	�	��m
��������\���������̂
����o	��
�	����\���̀a�n�������������������ss�
�n
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