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Chapter 1 General introduction  

1.1  Background  

Since primitive humans first used fire, energy has been a necessary resource for 

human survival. From the 17th century to the present, mankind has undergone two 

major transitions in the choice of energy sources: wood to coal, and coal to petroleum, 

each of which has been an increase in energy density. From the age of steam to the age 

of electrification, the switch in energy sources has been made throughout the three 

recent industrial revolutions, but with them came serious environmental problems such 

as the London smog incident.1  

With the development of society and the advancement of globalization, the 

increasing carbon emissions have caused serious global environmental problems. 

International Energy Agency (IEA) data shows that the global transportation industry 

is the second largest emitting industry in the world, accounting for 25% of CO2 

emissions, increasing year by year.1 Specifically, within the transport sector, road 

transport accounts for 75% of the industry's carbon emissions, shipping and water 

transport for 11%, and railroads for 3%. The world's energy development is entering a 

new historical period, and the third major shift from traditional fossil energy sources to 

new and clean energy sources has become inevitable in order to achieve sustainable 

social development. On December 12, 2015, 195 member states of the United Nations 

adopted the Paris Agreement at the 2015 United Nations Climate Change Conference2, 

expecting to work together to curb global warming trends. According to the Paris 

Agreement, the concord countries will make finance flows consistent with a pathway 

towards low greenhouse gas emissions and climate-resilient development, including the 

introduction of policies to limit the growth of fuel vehicles and accelerate the transition 

to electrification, which has greatly contributed to the development of electric vehicles 

(EVs) and their related industries.2 
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At the present stage, EVs are mainly driven by lithium-ion secondary batteries.3 

Although Toyota Motor Corporation and other companies have introduced fuel cell 

electric vehicles (FCEVs), the current market share is small due to the production and 

storage of hydrogen resource. Lithium-ion batteries (LIBs) were first successfully 

commercialized by Sony in 1991.4 Compared with lead-acid and nickel-hydrogen 

secondary batteries, which were widely used in the past, lithium-ion batteries have 

higher operating voltage, charging and discharging capacity and cycle life, and are 

currently the most suitable energy supply system for electric vehicles. As electric 

vehicle production surges, LIBs production also grows from about 64 GWh in 2016 to 

631 GWh in 2022, and by 2030, global production will approach 3,000 GWh (Figure 

1).5 

Figure 1.1 Battery cell production capacity, GWh annually.5 

Although LIBs virtually rule the power battery market now, it still has some pain 

points that are difficult to solve. First of all, the energy density of the existing cathode 

material under working conditions is not ideal, and the energy density of most package 

batteries lands in the range of 220 ~ 250Wh kg‒1, causing mileage anxiety as a power 

battery for EVs.3 This leads to the current EVs temporarily dominated by personal 

consumption, and the share in production and transportation is almost negligible. 

Although many new LIBs cathode materials are continuously developed (such as 
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lithium-excess cathode materials), they still cannot meet the demand for energy density 

of EVs. Second, commercial LIBs also face a series of safety problems.6 Since the 

organic electrolyte used is flammable, there is a risk of explosion after overcharging 

and collision. And the lithium dendrites generated during the charging and discharging 

process can also lead to a short circuit in the battery, resulting in thermal runaway 

problem. Finally, due to the uneven distribution of lithium, cobalt and nickel mines, 

prices and supply are probably affected by geopolitics.7 Therefore, limited by the 

above-mentioned points, LIBs may be difficult to support the sustainable development 

of power batteries. 

In recent years, researchers have tried to improve the energy density of packed 

LIBs by making them all-solid state, and the use of solid-state electrolytes can also 

solve the flammability problem caused by organic electrolytes, however, the problem 

of lithium dendrites still exists in all-solid-state LIBs.8, 9 Therefore, other researchers 

have introduced a new battery concept based on the operating principle of LIBs using 

ions other than Li-ion as carriers, including cations such as Na+, K+, Ca2+, Mg2+, Zn2+, 

Al3+, and even anions such as F‒, Cl‒.10-20 Among them, fluoride ion batteries (FIBs) 

show great potential for applications in terms of energy/power density and safety.12 Due 

to the highest electronegativity of fluorine and the high redox potential of F‒/F2, fluoride 

ion exhibits high electrochemical stability, which allows the utilization of cathode 

materials with higher potentials for FIBs. Through the multi-electron reaction during 

charge and discharge, fluorine ion batteries can achieve higher energy density than 

traditional LIBs. Furthermore, it means that metal anodes can be used because the 

movable ions are anions and dendrite growth does not occur. A challenge that must be 

solved for current FIBs is the development of high-capacity cathodes. 

In this thesis, we systematically investigated the cathode materials having high-

capacities for all-solid-state FIBs: from the basic metal/metal fluoride conversion-type 

electrodes to the intercalation-type electrodes with layered structure, and studied their 

reaction mechanisms such as charge compensation, crystal changes, etc. during the 

(de)fluorination process. Since FIBs are developed based on the operating principle of 
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LIBs, in the remainder of this chapter, the operating principle of LIBs will first be 

discussed. This will be followed by an introduction to the concept of the FIBs, their 

development to date, and issues for continued improvement. Finally, the other chapters 

of the thesis will be outlined and the motivation for starting each work will also be 

briefly introduced. 

1.2  Lithium-ion batteries  

In order to design materials for FIBs, it is demanding to know the working principle 

of lithium-ion batteries, which are currently the most energy dense batteries. The 

technology to use LIBs was proposed in 1976 by Professor M. S. Whittingham, then a 

technician at Exxon.21 Using TiS2 as the cathode material and Li as the anode material, 

a chemical to electrical energy conversion was achieved by the single-phase reaction 

(Equation 1-1).21  

𝑥Li + TiS2 → Li𝑥TiS2                                           (1-1) 

In 1980, Professor J. B. Goodenough expanded on Professor M. S. Whittingham’s 

previous research and proposed the use of LiCoO2 as the cathode material22, and the 

following year, in collaboration with Professor A. Yoshino, proposed the combination 

of LiCoO2 cathode and polyacetylene cathode, laying the foundation for the 

commercialization of LIBs as secondary batteries23. For their outstanding contributions 

to the field of lithium-ion batteries, the three professors were awarded the Nobel Prize 

in Chemistry in 2019. 

1.2.1 Working principle of lithium-ion batteries 

LIBs, also known as rocking chair batteries, are charged and discharged by 

shuttling lithium ions (charge carrier) between the cathode and anode.24 When a LIB is 

located in an external circuit containing a load, the Li+ are driven by the potential 

difference between the cathode and anode to detach from the cathode active material 

and travel through the electrolyte to the anode. Simultaneously, as the Li+ are detached 
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from the positive active material, the electrons are also released from the cathode active 

material to maintain the electrical neutrality. Because the electron conductivity of the 

electrolyte is extremely low, the electrons released from the cathode active material do 

not pass through the electrolyte but arrive at the anode via an external circuit, providing 

electrical energy to the load of the external load (Figure 1.2).25 

Figure 1.2 A schematic illustration of the working principles of a LixC6/ Li1‒xCoO2 

LIBs. During discharge, lithium ions diffuse from a lithiated graphite (LixC6) structure 

(the anode) into a delithiated Li1‒xCoO2 structure (the cathode) with concomitant 

oxidation and reduction of the two electrodes, respectively. The reverse process 

occurs during charge.25 

When evaluating the performance of a LIB, we usually focus on the following 

parameters: voltage, capacity, energy density, rate performance and cycle stability. 
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Voltage and capacity are the two most basic parameters of a LIB. The open circuit 

voltage of the battery is the voltage difference between the cathode and anode materials, 

but when the battery is connected to an external load and current pass through, the 

working voltage will deviate from the open circuit voltage due to the existence of the 

internal resistance of the battery, which we call the voltage polarization. Regarding the 

capacity of the battery, it is mainly determined by the type of cathode material because 

the capacity of the anode is much higher than that of the cathode. Take a typical LiCoO2 

as an example, its theoretical capacity is provided by Li ion fully detaching. However, 

due to the limitation of thermodynamics and other factors, the utilization rate of Li ion 

usually does not reach 100%, which leads to the working capacity of most materials is 

lower than their theoretical capacity. Usually, the capacity can also be subdivided into 

gravimetric capacity and volumetric capacity. 

The energy density of a battery can be defined by equation (1-2),  

𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 × 𝑣𝑜𝑙𝑡𝑎𝑔𝑒                            (1-2) 

this parameter is mainly influenced by the capacity and voltage mentioned above. The 

energy density of current lithium-ion batteries mainly falls in the range of 220 ~ 250 

Wh kg-1.3 Under the circumstance that the volume and mass of electric vehicle power 

batteries are strictly limited, the energy density of batteries determines the maximum 

driving range of electric vehicles in a single trip, so it becomes crucial to improve the 

energy density of power batteries for the development of electric vehicles. 

In the case of rate performance, this indicator affects the continuous current, peak 

current and charge/discharge time of the battery, the unit is generally C (abbreviation 

of c rate).26 For a battery with a calibrated charge rate of xC, it takes 1/x hour to fully 

charge it at the calibrated current. For example, if the capacity of a battery is 10Ah, and 

the calibrated rate is 1C, it means that the battery can be fully charged and discharged 

with 10A current within 1 hour. 

Finally, about the cycle stability of the battery, it is affected by all parts of the whole 

battery. In the cathode material, as the lithium ions are detached and re-inserted, the 
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structural change upon this process is one of the important reasons for the performance 

decay of the cathode material.27 Irreversible phase transition can lead to capacity and 

voltage fade of the cathode material28-30, and excessive volume changes will lead to the 

stripping of the cathode material from the electrode.31-33 Therefore, it is crucial to 

consider the structural stability during cycling when designing and developing new 

cathode materials. 

1.2.2 Cathode materials for LIBs 

Cathode materials for commercial LIBs  

The cathode materials for commercial LIBs can be basically divided into three 

categories: 

(1) lithium transition-metal oxides (LiTmO2, Tm: Transition-metal) 

The most representative cathode material in this category is LiCoO2, which was 

synthesized and applied to LIBs by Prof. Goodenough's group in 1980, is the first 

cathode material to be commercialized.22 LiCoO2 has an α-NaFeO2-type layered 

structure (space group: R3̅m) based on the cubic sphere packing of oxygen atoms, with 

Li+ and Co3+ each located at alternating [CoO6] and [LiO6] octahedral center, and is a 

typical cathode material with two-dimensional Li+ channels (Fig. 1.3).34  
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Figure 1.3 Crystal structure of LiCoO2.
34  

LiCoO2 has the advantages of high and smooth operating voltage (over 3.5 V vs. 

Li/Li+), ideal specific energy, and good cycling performance; however, LiCoO2 cannot 

withstand over-voltage charging, and its crystal structure will change irreversibly after 

charging to 4.2 V, which will cause a decrease in cycling stability and capacity decay. 

Moreover, due to the high cost and low utilization rate of Co (about 50% in unmodified 

LiCoO2), other transition metals and even aluminum are used to substitute for cobalt in 

view of future application prospects.35, 36 By optimizing the species and ratio of 

elements, several ternary-type materials have been designed successfully, such as NMC, 

NCA, which have the advantages of LiCoO2 in high operating voltage and increase the 

working capacity to 200 mAh g-1, and are popular choices for commercial Li-ion battery 

cathodes.  

(2) Spinel LiMn2O4 

LiMn2O4 was first proposed by Prof. Goodenough's group in 1984 and has a 

theoretical capacity of 148 mAh g-1.37 The oxygen in the spinel LiMn2O4 structure is 

arranged in a cubic sphere packing, where Li+ occupies 1/8 of the oxygen tetrahedra at 

8a site and Mn atoms occupy 1/2 of the oxygen octahedra at 16d site. There are two 

valence states of manganese in LiMn2O4, Mn3+ and Mn4+, each accounting for 50%, 

and the material structure is shown in Fig. 1.4. 

The LiMn2O4 structure has face-shared empty oxygen tetrahedra and edge-shard 

oxygen octahedra, and these empty sites constitute three-dimensional (3D) Li+ diffusion 

channels, thus the material has good lithium conductivity. The most crucial problem of 

spinel LiMn2O4 material is the capacity decay upon cycling, the main reasons are：(1) 

LiMn2O4 is converted to Li2Mn2O4 in tetragonal phase during deep discharging or high-

rate charge/discharge, and Mn in the material is reduced to trivalent. This valence 

change will lead to distortion of the material caused by the Jahn-Teller effect, which 

will destroy the Lattice structure and cause capacity decay. (2) During cycling, Mn3+ 

will disproportionate to form Mn4+ and Mn2+, and the Mn2+ will dissolve into the 
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electrolyte, resulting in the loss of active material.38-40 

Figure 1.4 Crystal structure of LiMn2O4.
37 

(3) lithium Olivine-structured orthophosphates (LiTmPO4) 

The most representative material in this category is LiFePO4 (space group: Pnma), 

which was first synthesized and applied to LIBs by Prof. Goodenough's group in 1997, 

with a theoretical capacity of 170 mAh g-1.41 The oxygen atoms form the basic skeleton 

of the lattice in a slightly distorted hexagonal sphere packing, and the FeO6 octahedra 

are connected by a corner-shared geometry (Fig. 1.5).42 All oxygen ions are combined 

with pentavalent phosphorus atoms through covalent bonding.43 Due to the strong P-O 

bonding, P plays a role in stabilizing the overall lattice and the material has very good 

thermal stability and high overcharge tolerance. Nevertheless, in practice, the operating 

capacity and rate property of LiFePO4 materials are much lower than the theoretical 

values, mainly due to the fact that in LiFePO4 materials, the diffusion pathway of Li+ 

is one-dimensional and lithium ions can only diffuse along the c-axis direction 

(corresponding to the [010] direction of the lattice).44-47 Besides, since the FeO6 

octahedra are only connected to each other by a corner-shared geometry but not edge-

shared or face-shared, there is no continuous net structure formed, resulting in a low 
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electronic conductivity of the material.48, 49  

 

Figure 1.5 (A) Crystal structure of LiFePO4 illustrating 1D Li+ diffusion channels 

along the [010] direction; (B) Illustration of Li+ diffusion impeded by immobile points 

defects in the channels.42 

Cathode materials for next-generation LIBs 

Because the theoretical capacity of conventional cathode materials is limited by the 

intrinsic stoichiometry of lithium-ion in host lattice, and lithium-ion utilization is 

usually less than 100%. Li-excess cathode materials, described as Li1+xTm1‒xO2, have 

attracted much attention as a promising alternative toward high-capacity cathode 

materials for LIBs. By introducing Li2MnO3, a Li-excess phase which can also be 

written as Li[Li1/3Mn2/3]O2, into the LiTmO2 host phase, two types of Li-excess 

cathodes can be formed, namely, layered Li-excess oxides (LLOs) and cation-

disordered Li-excess rocksalt (DRXs) (Fig. 1.6).50, 51 These cathodes can deliver a large 

reversible capacity of > 250 mAh g‒1 through the charge compensation of transition 

metals and oxygen. And due to its three-dimensional (3D) percolation Li+ diffusion 

pathway, the DRX cathode ensures more ideal kinetic performances and maintains a 

higher structural integrity after delithiation then LLOs cathodes.55-57 However, the 

development of Li-excess materials is still in the experimental stage, and capacity and 
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voltage fade issues still need to be addressed before commercial deployment. 

Figure 1.6 Comparison of schematic illustrations of the crystal structures for 

stoichiometric and Li-excess oxides (oxyfluorides) with cation-ordered layered and 

cation-disordered rock salt structures.50  

Normally, the cathode of LIBs is compensated by the charge of the transition metal 

(Tm) that forms the crystal skeleton, and when the Tm is oxidized to a higher valence 

state, it can no longer provide electrons. In the past few years, reversible oxygen redox 

in LIBs has become a hot research topic.50,51,58-63 The results of these studies show that 

oxygen redox at high potentials is a common phenomenon in LIBs and sodium-ion 

batteries (NIBs), and that reversible oxygen redox can be obtained by modulating the 

coordination state of Tm and oxygen (more toward covalent or ionic bonding).58,59,64-66 

Even in the latest study results, reversible molecular oxygen generation in the crystal 

cell were observed by various means. trapped molecular O2 in a charged Li-rich cathode. 

In 2020, House et al. observed vibrational signals of molecular oxygen in 

Na0.6[Li0.2Mn0.8]O2 and Li1.2Ni0.13Co0.13Mn0.54O2 electrodes, respectively, by means of 

resonant inelastic X-ray scattering (RIXS).52-54 In 2022, House et al. trapped molecular 

O2 in a charged Li-rich cathode was also confirmed by neutron pair distribution function 

(PDF) characterization.67 

1.3  All-solid-state Fluoride-ion Batteries  

Before liquid fluoride ion conductors were purposefully designed, good fluoride 
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ion conductors were in solid state. Therefore, unlike LIBs, the evolution of FIBs did 

not undergo a transition to a liquid system but emerged directly in an all-solid-state. As 

early as 1976, J. Schoonman experimentally demonstrated that BiO0.09F2.82 and β-

PbF2:AgF could be used as solid-state fluoride ion electrolytes in chemical batteries, 

and in 1981, he first proposed the concept of ‘solid-state fluoride-ion battery’.68-71 

Subsequently, the study of all-solid-state FIBs stalled until Fichtner et al. constructed 

tysonite-type La1‒xBaxF3‒x electrolytes and the first reversibly operated prototype of all-

solid-state FIBs.12 In the following part of this chapter, the research progress of FIBs, 

the problems to be solved and the future prospects will be described in detail.  

1.3.1 Research progress of all-solid-state FIBs 

Solid electrolyte 

The exploration of fluoride ion conductor laid the groundwork for the research of 

all-solid-state FIBs. The fluorite-type difluoride MF2 (M = Ca, Sr, Ba) and tysonite-

type trifluoride MF3 (M = La, Ce) are known to offer good fluoride ion conductivity at 

elevated temperatures (usually above 150 ℃).72-79 It has reported that single-crystal 

LaF3 exhibits a fluoride ion conductivity of 110‒6 S cm‒1 at room temperature77, but 

the single-crystal material is complicated to prepare and difficult to apply to all-solid-

state batteries. Further studies revealed that by performing partial substitution of 

aliovalent fluorides into the tysonite-type fluoride, the resulting anionic defect can 

significantly improve the ionic conductivity of the material. Moreover, nanocrystals 

exhibit higher ionic conductivity than microcrystals. Based on these previous 

experiences, the landmark electrolyte for FIBs, La1‒xBaxF3‒x (LBF), was proposed by 

Fichtner et al., its lattice structure is shown in Fig. 1.7.80 A series of tysonite-type solid 

solutions can be produced using mechanical ball milling by a tuned La/Ba ratio. 

Compared to pure LaF3, the La1‒xBaxF3‒x compounds improved the ionic conductivity 

by more than two orders of magnitude (210‒4 S cm‒1) at 160 ℃ with superior thermal 

stability80, are widely used in the research of all-solid-state FIBs. 
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On the other hand, the La1‒xBaxF3‒x compounds have a theoretically wide 

electrochemical window. The decomposition reactions of electrolytes are as follows： 

MF𝑥(𝑠) → M(𝑠) +  
𝑥

2
F2(𝑔)                                         (1-3) 

The theoretical potential of the above reaction can be calculated using the following 

equation: 

∆𝑟𝐺⊖ = −𝑛𝐹∆𝐸⊖ = ∆𝑓𝐻⊖ − 𝑇∆𝑆⊖                                 (1-4) 

with n the number of moles of electrons exchanged upon reaction, F the Faraday 

constant (96485 C.mol−1), T the absolute temperature (K), and ∆𝑓𝐻⊖ (kJ mol−1) and 

∆𝑆⊖ (kJ mol−1 K−1) are the standard enthalpy and entropy, respectively. The theoretical 

decomposition potentials of LaF3 and BaF2 were calculated to be 5.73 and 6.0 V at 293 

K, respectively. The experimental data shows that La0.95Ba0.05F2.95 has an 

electrochemical window over 5 V, which is consistent with the results obtained from 

theoretical calculations.81  

Figure 1.7 Lattice structure of La1‒xBaxF3‒x.
80 

Moreover, based on the forementioned fluorite-to-tysonite design principle, 

Dieudonné et al. reported Sm1‒xCaxF3‒x and Ce1‒xSrxF3‒x compounds.82,83 The 
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introduction of aliovalent metals (Sr to Ce, and Ca to Sm) creates local distortions 

around them (Sr and Ca), that will hamper the mobility of fluoride ions in the tysonite 

network and thus achieve high fluorine ion conductivity of 10‒4 S cm‒1 at room 

temperature. 

Another type of electrolyte commonly used in the study of all-solid-state FIBs is 

MxSn2‒xF4 (M = Pb, Ba, Sr), of which the most representative is PbSnF4.
84-89 PbSnF4 

has 4 configurations: o-, α-, β-, and γ-; among them, β-PbSnF4 exhibits the highest room 

temperature ionic conductivity of 2-3 mS cm‒1, which is much higher than LBF. Fig. 

1.8 shows the crystal structure of β- PbSnF4, the lattice is constructed by modulated [-

Pb-Pb-Sn-Sn-Pb-Pb-] slabs and fluoride ions are located in the Pb-Sn and Pb-Pb slabs.90 

The Sn(II) lone pairs of electrons lead to local distortion and partially occupancy, create 

a zigzag two-dimensional fluoride-ion diffusion pathway on the a-b plane between Pb-

Sn layers, while the fluoride ions between Pb-Pb layers are considered immovable. 

However, the relatively narrow electrochemical window of MxSn2‒xF4 compounds due 

to the high formation potential of Sn, hinders the operation of high potential electrodes 

in the study of all-solid-state FIBs.90 

Figure 1.8 Lattice structure of β- PbSnF4.
90 

Anode 

When evaluating the electrochemical performance of a LIBs electrode material, 
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lithium metal half-cells are widely used because the redox of lithium ions can be plated 

directly on the lithium metal and the Li/Li+ redox couple has the lowest potential (‒3.04 

V) against the standard hydrogen electrode among all solid-state redox couples. 

However, in FIBs, the redox of fluoride ions generates the release of F2, so metal 

fluorides were firstly applied as a stable and readily available fluoride ion donor for the 

studies of electrode materials for FIBs. The M/MFx transformation is typically 

accompanied by a large change in free energy, leading to high theoretical voltages in 

chemical batteries.12 The relative potentials of each M/MFx redox couples are 

summarized in Table 1.1. Li/LiF has the lowest redox potential of all M/MFx and is the 

most ideal candidate for anode of FIBs. Nevertheless, due to its contact toxicity and 

flammability, Li/LiF has not been applied to FIBs. The first anode system to be used in 

FIBs was Ce/CeF2. Subsequent studies have shown that Pb/PbF2 is considered to be the 

most reliable anode system in terms of ionic conductivity, capacity, cycling stability 

and safety.91 

Table 1.1 Theoretical capacities* and of various M/MFx couples and their relative 

potential vs. Pb/PbF2. 

M/MFx 

Couples 

Gravimetric 

capacity (mAh g-1) 

Volumetric capacity 

 (mAh cm-3) 

E vs. Pb/PbF2 

(V) 

Li/LiF 3861 2062 -2.89 

Ca/CaF2 1337 2073 -2.85 

Ba/BaF2 390 1402 -2.80 

Sr/SrF2 612 1554 -2.78 

Na/NaF 1166 1132 -2.44 

La/LaF3 579 3560 -2.41 

K/KF 685 591 -2.38 

Ce/CeF3 574 3885 -2.37 



16 
 

Mg/MgF2 2205 3832 -2.35 

Al/AlF3 2980 8052 -1.73 

Ti/TiF4 2240 10167 -0.84 

Cr/CrF3 1546 11117 -0.56 

Zn/ZnF2 820 5847 -0.50 

Mn/MnF3 1463 10874 -0.26 

V/VF4 2105 12859 -0.20 

Fe/FeF3 1440 3301 -0.16 

Sn/SnF2 452 2936 -0.07 

Pb/PbF2 259 8129 0.00 

Ni/NiF2 913 3751 0.07 

Bi/BiF3 385 14275 0.32 

Mo/MoF5 1397 8095 0.54 

Co/CoF3 1364 7558 0.64 

Cu/CuF2 843 2608 0.64 

Ag/AgF 248 7887 1.26 

Au/AuF3 408 11336 2.19 

*The capacities are calculated based on metal mass. 

Cathode  

(1) Conversion-type cathodes 

The first to be used in FIBs cathodes are M/MFx (Bi/BiF3, Sn/SnF2, and Cu/CuF2) 

systems with high potentials.12 Difluorides and trifluorides benefit from their multi-

electron reactions during defluorination, can provide energy densities far exceeding 

those of LIBs and are considered promising alternatives for FIBs. Table 1.1 summarizes 
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the theoretical capacities of each M/MFx system. However, it is difficult to achieve 100% 

utilization of the cathode active material in an all-solid-state system; Thieu et al. 

reported that 68% of the theoretical capacity was obtained in the first cycle by a setting 

of CuF2|LBF|La, but only 10% of capacity remained after 23 cycles.92  

Figure 1.9 The crystallographic models of Cu, Co, Ni and their fluorides. The 

volumetric changes are listed under each model.93 

Zhang et al. achieved nearly 100% utilization of the active material in the first cycle 

using a thin-film electrode with 3d-transition metal (Cu, Co, Ni) cathode generated on 

a LaF3 single-crystal substrate by radio-frequency magnetron sputtering.93 Further 

analysis of the reaction mechanism shows that the (de)fluorination of M/MFx is 
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achieved by a two-phase reaction without the presence of a stable intermediate phase.94 

This observation is also supported by other experimental as well as theoretical density 

functional theory calculations.95 It is noteworthy that the two-phase transition of M/MFx 

is accompanied by a huge volume change of lattice; for instance, the phase transition 

of Cu and CuF2 has to undergo a volume change of approximately 200% (Fig. 1.9). 

Additionally, this process generates a two-phase mismatch as well as a phase with low 

fluoride-ion conductivity, which explains the low utilization of the cathode active 

material and the poor cycling stability in the all-solid-state system. Although thin film 

electrode using Cu-Pb nanocomposite can provide an additional fluoride ion diffusion 

pathway during the fluorination process, this concept cannot be realized in an all-solid-

state system.96 

(2) Intercalation-type cathodes 

Prior to the reversible (de)intercalation of fluoride ions into a host lattice via 

electrochemical means, there have been reports on topotactic fluorination that does not 

change the fundamental framework of the host lattice.97-104 A variety of layered 

oxyfluorides with perovskite-related structure have been synthesized through various 

fluorination agents (metal fluorides with strong oxidizing properties: e.g., AgF2; 

polyvinylidene difluoride (PVDF); XeF2; F2 gas, etc.). 97-104 Some of these fluorinations 

can result in fluoride ions not only occupying the interstitial sites but also replacing 

some of the original oxygen in the host lattice; for example, Sr2CuO2F2+δ (prepared 

using Sr2CuO3 and gaseous F2) and Sr2TiO3F2 (produced by Sr2TiO4 and PVDF or 

NH4F). Whether the fluoride ion is directly bonded to the metal ion or not might affect 
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its mobility under electrochemistry. 

Figure 1.10 Structure of LaSrMnO4F showing the unit cell.109 

 As mentioned above, the huge volume expansion/shrink of M/MFx conversion-

type cathodes during (de)fluorination hinders their application as cathode materials for 

all-solid-state FIBs.105-107 Therefore, intercalation-type materials like LiCoO2 with a 

rigid metal oxide framework have attracted the attention of researchers. The first 

application of BaFeO2.5 as an intercalation-type cathode for all-solid-state FIBs was 

reported by Clements et al.; Perovskite-type BaFeO2.5F0.5 was synthesized by 

electrochemical fluorination and a three-cycle reversible electrochemical 

(de)fluorination behavior was achieved.108 However, it is not a material that can be used 

in practical batteries due to its lack of reversibility and low capacity. 

Aikens et al. reported that, LaSrMnO4, a perovskite-related material with layered 

Ruddlesden-Popper (R-P) phase can topotactically accommodate fluoride ions in its 

rocksalt blocks (Fig. 1.10).109, 110 R-P phase are a type of perovskite compound that 

consists of alternate perovskite and rocksalt slabs, the general R-P phase can be written 

as An+1BnX3n+1, in which A is a rare earth or alkaline earth element and B is a transition 
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metal, X is an anion, n is the number of octahedral layers in the perovskite stack.111 

Nowroozi et al. experimentally revealed that LaSrMnO4 has the ability to reversibly 

(de)insert fluoride ions into rocksalt layers by electrochemical. After the two rocksalt 

layers are fully occupied by fluoride ions, the lattice produced significant expansion 

only in the c-axis due to the Coulomb repulsion, and the fluorinated LaSrMnO4F2 

produced only 16% volume expansion than LaSrMnO4.
112 This topotactical fluoride-

ion (de) insertion behavior suppressed the volume change issue that accompany 

(de)fluorination in the M/MFx conversion-type cathodes. Subsequently, a series of n = 

1 R-P-phase materials were proposed one after another.113-115 Although they succeeded 

in suppressing the volume expansion, the fact that these materials have heavier and 

more complex host lattices, resulting in their energy density lower than that of M/MFx 

conversion-type cathodes. 

1.3.2 Challenges and Prospects for Fluoride-ion Batteries 

From the time the first all-solid-state FIBs prototype was proposed in 2011, 

research on it has made considerable progress in the last 10 years. However, the 

performance of all-solid-state FIBs to date is not sufficient to allow it as a challenger to 

the position of LIBs.  

In terms of cathode materials, the proposed intercalation-type cathode material is 

of great significance because it solves the problem of volume expansion that cannot be 

avoided with M/MFx cathodes. We strongly believe that the intercalation-type cathode 

material is the ultimate solution for the cathode of all-solid-state FIBs, but a further 

increase in charge/discharge capacity has become an essential issue. To further improve 

charge and discharge capacity, there are major issues such as the application of anion 

redox as described for LIBs. Finally, the volume change upon charging/discharging of 

the current intercalation-type cathodes is still larger than that of LIBs; for example, the 

volume change of LaSrMnO4/ LaSrMnO4F2 is 16%, while the volume change of 

LiCoO2 before and after charging is only 4%.116 Especially for the electrode materials 

of all-solid-state batteries, this volume expansion needs to be further suppressed.  
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With the increasing sophistication of material synthesis and characterization 

techniques, FIBs are expected to become the successor to LIBs in the future through 

proper material design and targeted analytical characterization. 

1.4  Objective  

As previously mentioned, the low capacity and reversibility of the intercalation-

type cathodes in current FIBs has been a problem. Therefore, it becomes particularly 

important to find new solutions for the design of cathodes. 

A mixed-anion compound is a solid-state material containing more than one 

anionic species in a single phase, such as oxyfluorides (oxide-fluoride) and oxynitrides 

(oxidenitride).117 The LaSrMnO4Fx obtained by electrochemical fluorination can then 

be considered as a mixed-anion compound. In a mixed-anion compound, the metal can 

bind to more than one anionic ligand to form a heteroleptic polyhedron, unexpected 

properties can be obtained by modulation of the local structure (Fig. 1.11). As an 

example, MO4X2 octahedra obtained by anion substitution changes its original binding 

energy, which may enhance its anion diffusion.118, 119 A further interesting concept for 

complex anions is the molecular formation shown in Fig. 1.11(h). The introduction of 

a hole into an anion species that occupies an orbital closer to the Fermi level may allow 

for effective anion redox to be utilized through the occurrence of molecular formation. 
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Figure 1.11 What mixed-anion compounds can do.117 

In this thesis, we developed a series iron-based oxyfluoride compounds as cathodes 

for FIBs. These oxyfluoride cathodes show a significant improvement in energy density 

and power density compared to conventional oxide cathodes. Through systematic 

analysis of their local structure changes and the charge compensation mechanism 

during the (de)fluorination, the enhancement of the electrochemical performance by the 

design of the mixed-anion principle is explained. Besides, we also discussed a new 

process of fabricating the composite electrode. We believe that this thesis will bring 

new perspectives to the design of high-performance cathode materials for FIBs. 
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1.5   Outline of the present thesis 

 This thesis consists of 8 chapters, which report the designs and studies of 

oxyfluoride cathodes with layered structure for all-solid-state FIBs and a new 

fabrication process of composite electrode.  

 In Chapter 1, we briefly describe the fundamental principles of batteries, the 

development and design principles of electrode materials, and the encountered 

problems based on the widely used LIBs. Afterwards, we discussed the research 

achievement and urgent problems, and gave an outlook on the design concepts of 

cathode for FIBs based on the experience drawn from the cathodes of LIBs. 

 In Chapter 2, by high-temperature and high-pressure synthesis, we fabricated the 

oxyfluoride Sr2MnO3F with half of the apical site occupied by F, and the introduction 

of F into the apical site reduces the Coulomb repulsion after charging (electrochemical 

insertion of F) compared with the general metal oxide LaSrMnO4. Electrochemical and 

XAS analyses show that the charging and discharging of the oxyfluoride proceeds in a 

smooth solid-solution reaction, effectively avoiding the two-phase transition route of 

the pure oxide, and thus achieving better high-rate performance. 

 In Chapter 3, we demonstrate the first synthesis of layered oxyfluoride Sr3Fe2O5F2 

as an intercalation-type cathode material for FIBs via a Sr3Fe2O5 intermediate. The 

results of electrochemical measurement demonstrate that the F could be reversible 

(de)inserted into the anion vacancies via a solid-solution route, and exhibit excellent 

stable cycle performance.  

 In Chapter 4, SrFeO2 with infinite-layer structure, after undergoing the 

electrochemical activation process, the in-situ generated SrFeO2Fx cathode exhibits a 

high capacity overriding LIBs by accommodating more than the stoichiometric ratio of 

F. The synchrotron XRD results indicate that the SrFeO2Fx cathode exhibit zero-strain 

property (~0.5% volume change) upon charging/discharging, which is essential for all-

solid-state batteries.  
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 In Chapter 5, based on our experience with SrFeO2 cathode, we obtained a series 

of CaySr1‒yFeO2 (0 ≤ y ≤ 1) cathodes with substantially increased capacities by using 

low-cost and lightweight Ca as a substitute for Sr; among them, Ca0.8Sr0.2FeO2 reached 

the highest energy density, about 2.5 times higher than that of LiCoO2. XAS 

measurements reveal that both the cation (Fe2+/Fe3+) as well as the anion (O2-/O0) are 

involved in charge compensation, and that the stably generated oxygen molecules are 

trapped in the lattice and provide space for additional fluoride ion insertion. 

 In Chapter 6, a series of Sr1‒yBayFeO2 cathodes were proposed by modulating the 

local construction of infinite-layer structure; in comparison with SrFeO2, the 

Sr0.7Ba0.3FeO2 cathode successfully increased the high-rate electrochemical 

performance by 20%. The results of extended X-ray absorption fine structure (EXAFS) 

and synchrotron XRD cross-support that the bottle-neck area of fluoride-ion diffusion 

is amplified after the introduction of Ba2+ with larger ionic radius. 

 In Chapter 7, we suggest the HPT deformation as a new approach to the fabrication 

of composite electrode for all-solid-state FIBs. The particle size of the active material 

and solid electrolyte in the treated composites was significantly reduced and a more 

homogeneous distribution was obtained. The electrochemical results reveal that the 

HPT deformation effectively lowers the impedance within the composite electrode, thus 

reducing the voltage polarization during charging/discharging. 

 In Chapter 8, we summarized the above research and provide an outlook on the 

prospects of all-solid-state FIBs. 
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Chapter 2. Anion Substitution at Apical Sites of 

Ruddlesden−Popper-type Cathodes toward High 

Power Density 

All-solid-state fluoride ion 

batteries (FIBs) that use fluoride ions 

as carrier ions offer a new horizon for 

next-generation energy storage 

devices owing to their high specific 

capacities. Materials that utilize 

topochemical insertion and desorption reactions of fluoride ions have been proposed as 

cathodes for FIBs; among them, Ruddlesden–Popper-type perovskite-related 

compounds are promising cathode materials owing to reversible fluoride ion 

(de)intercalations with low volume expansion compared to conversion-type cathode 

materials. Although it is essential to improve the power density of the compounds for 

practical application, the relationship between the structure and power density is still 

not clearly understood. In this study, we synthesized chemically fluorinated 

Ruddlesden–Popper compounds, LaSrMnO4 and apical-site-substituted oxyfluoride 

Sr2MnO3F, and examined the correlations between their structures and electrochemical 

properties; Sr2MnO3F showed better power density. Open-circuit voltage 

measurements, X-ray absorption spectroscopy, and synchrotron X-ray diffraction 

revealed that electrochemical F− insertion into LaSrMnO4 proceeds via a two-phase 

reaction with relatively high volume expansion, whereas that into Sr2MnO3F proceeds 

via a solid-solution reaction with relatively low volume expansion. The substitution of 

oxygen in the apical sites with fluorine suppressed phase transitions with large volume 

changes, resulting in improved power density. 
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2.1  Introduction 

On account of the rapid popularization of wearable electronic devices and electric 

vehicles, the demands for batteries with higher energy densities and that are safer 

compared to commercial Li-ion batteries have become increasingly urgent. To meet 

these demands, battery systems that use multivalent cations as charge carriers, such as 

Mg2+, Ca2+, and Al3+, are attracting attention, and battery systems that use anions (e.g., 

Cl−, F−) as charge carriers are being actively studied to address the low mobility of 

multivalent cations.1–8 Among these battery systems, all-solid-state fluoride ion 

batteries (FIBs) with fluoride ions as carriers and without a flammable organic 

electrolyte are highly promising with respect to theoretical high energy densities and 

safety.9–11 Conversion-type metal/metal fluorides (Me/MeFx) have undergone extensive 

development as cathode materials for all-solid-state fluoride batteries.9,10 Although 

these cathodes exhibit high theoretical capacities, they suffer from high volume 

expansion and contraction during charging and discharging, resulting in poor cycle and 

rate characteristics.12  

In order to avoid the volume changes, several intercalation cathodes with 

Ruddlesden–Popper An+1BnO3n+1 (n = 1, 2) perovskite structures, in which A is a rare-

earth or alkaline earth element and B is a transition metal, were developed in the 

pioneering work of Clemens et al. to replace conversion-type cathodes for all-solid-

state FIBs.13–16 Interstitial sites in the rock-salt slabs of An+1BnO3n+1 (n = 1, 2) 

compounds are available for fluoride ion intercalation.17–22 It has been reported that the 

volume changes of An+1BnO3n+1 (n = 1, 2) cathodes upon F− intercalation are smaller 

than those of conversion cathodes, allowing reversible charging and discharging.16 

However, owing to the relatively large polarization of An+1BnO3n+1 (n = 1, 2), further 

improvement of the power density is required.  

In order to improve the power density of cathode materials for lithium-ion batteries 

and/or magnesium batteries, it is effective to suppress the volume expansion/shrinkage 

during the insertion and desorption of ion carriers.23,24 That material design should be 
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applicable to cathode material design for FIBs. Because the lattice constant increase 

along the c-axis of An+1BnO3n+1 (n = 1, 2) with F− intercalation is due to the Coulomb 

repulsion between the intercalated F− and the anion at the nearest apical site in the host 

lattice,19,25 suppressing this Coulomb repulsion is an effective strategy for reducing 

lattice expansion. 

In this study, we focused on LaSrMnO4
13 and Sr2MnO3F

26 as model A2BO4 (n = 1) 

compounds; the apical sites of the perovskite interlayer in LaSrMnO4 only contain 

oxygen, and 50% of the oxygen in the apical sites of the perovskite layer in Sr2MnO3F 

is substituted with F. Substitution of the oxide ions in the apical sites with fluoride ions 

may reduce the Coulomb repulsion with inserted fluoride ions between the lattices, thus 

reducing lattice expansion during the insertion and desorption of fluoride ions. We 

examined the electrochemical performances and crystal structure changes with fluoride 

ion (de)intercalation of chemically fluorinated LaSrMnO4 and Sr2MnO3F to clarify the 

effect of anion substitution in the apical sites on the power density and lattice volume 

change. Sr2MnO3F showed significantly higher power density than LaSrMnO4. The 

reason was that the electrochemical intercalation of F− into LaSrMnO4 proceeds via a 

two-phase coexistence reaction with a large volume change, whereas that into 

Sr2MnO3F proceeds via a solid-solution reaction with a small volume change.  

2.2  Experimental  

2.2.1 Material synthesis 

Sr2MnO3F. Sr2MnO3F was synthesized via a high-pressure-assisted solid-state 

reaction.26 SrO was prepared by heating SrCO3 (99.9%, FUJIFILM Wako Pure 

Chemical Corp.) at 800 °C in flowing O2 gas, and Mn2O3 was prepared by heating 

MnCO3 (99.9%, FUJIFILM Wako Pure Chemical Corp.) at 800 °C overnight. SrF2 

(99.9%, Rare Metallic Co., Ltd.), SrO, and Mn2O3 were mixed in a stoichiometric ratio 

in an agate mortar in an Ar-filled glove box. The mixture was transferred into a platinum 

capsule and sealed in a high-pressure cell. Sr2MnO3F was obtained after the cell was 
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maintained at 6 GPa at 1800 °C for 45 min.  

LaSrMnO4. LaSrMnO4 was synthesized through a solid-state reaction as per a 

previous report.13 A stoichiometric ratio of SrCO3 (≥99.9%, FUJIFILM), Mn2O3 (99%, 

Sigma-Aldrich), and La2O3 (99.9%, Alfa Aesar), which was dried at 100 °C under 

vacuum overnight, were ground using a mortar and then pelletized. The mixture of the 

starting materials was heated at 1450 °C for 24 h twice in flowing Ar gas with one 

intermediate re-grinding.  

Solid electrolyte. La0.9Ba0.1F2.9 (LBF) was employed as the electrolyte in this 

study.27 A stoichiometric ratio of LaF3 (99.9%, Kojundo Chemical Laboratory Co., Ltd.) 

and BaF2 (99.9%, Kojundo Chemical Laboratory Co., Ltd.) were thoroughly ground 

using a mortar and the mixture was subsequently sealed into an agate ball milling pot 

and milled at 600 rpm for 10 h. Finally, the ball-milled mixture was pelletized and 

sintered at 1000 °C for 4 h. All of the above operations were completed in an Ar-filled 

glove box.    

Chemical fluorination. Fluorine was inserted into the as-prepared materials via a 

chemical method.13,28 The as-prepared precursors (LaSrMnO4 or Sr2MnO3F) and the 

fluorinating agent, AgF2 (≥98%, Sigma-Aldrich), were ground in a stoichiometric ratio 

using a mortar and pelletized. The pellet was then loaded into a polytetrafluoroethylene 

sleeve and sealed in a steel autoclave. All operations were carried out in an Ar-filled 

glove box. Finally, the reactor was heated at 250 °C for 48 h.  

2.2.2 Electrochemical measurements 

Electrochemical measurements of chemically fluorinated LaSrMnO4 and 

Sr2MnO3F were performed using two-electrode cells. For the cathode composite, 

fluorinated LaSrMnO4 or Sr2MnO3F was mixed with the solid electrolyte, LBF, and 

vapor grown carbon fiber (VGCF, Showa Denko K.K.) at a weight ratio of 3:6:1 by ball 

milling for 10 h. For the anode composite, elemental Pb (99.9%, Kojundo Chemical 

Laboratory Co., Ltd.), PbF2 (99.9%, Kojundo Chemical Laboratory Co., Ltd.), LBF, 

and VGCF were ball-milled at a weight ratio of 3:2:4:1. The powders of the cathode 
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composite, solid electrolyte, and anode composite were pressed into a pellet under 360 

MPa for 5 min, holding by two pieces of gold foil as current collectors.  

The electrochemical performances of chemically fluorinated Sr2MnO3F and 

LaSrMnO4 were examined using an HJ1010SD8 (Hokuto Denko Corporation) 

electrochemical workstation. For galvanostatic charge/discharge tests, a current density 

of 5 mA g−1 was employed to evaluate the cycling stabilities; current densities up to 

100 mA g−1 were used for rate capabilities. The cutoff voltage was set to −1.5 to 0.6 V 

vs. Pb/PbF2. The open-circuit voltages (OCVs) at various states of charge (SOCs) were 

examined through galvanostatic measurements; the cell was relaxed for 12 h after each 

5 mA g−1 current pulse.  

2.2.3 Characterization 

Synchrotron X-ray diffraction (XRD) measurements were performed at room temperature at 

synchrotron radiation facility SPring-8 (BL02B2), Japan. Ex situ samples upon 

charging/discharging were peeled off the cathode side and sealed in a capillary tube. The 

synchrotron radiation X-rays were monochromatized to a wavelength of 0.41373 Å, which was 

calibrated using a CeO2 standard sample. Rietveld refinements were performed using the 

JANA2006 package29 to obtain a detailed information on the structural changes during charging and 

discharging. The crystal structure models for chemically fluorinated Sr2MnO3F and LaSrMnO4F 

were drawn using the program VESTA.30 X-ray absorption spectroscopy (XAS) measurements for 

Mn K and L-edge were performed at beamlines BL14B2 and BL27SU in SPring-8, Japan. All 

spectra were collected in the partial fluorescence mode. The morphologies of chemically fluorinated 

LaSrMnO4 and Sr2MnO3F were observed using field emission scanning electron microscope (FE-

SEM, Hitachi SU-8000). 
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2.3  Results and discussion 

2.3.1 Crystal structures of LaSrMnO4F and Sr2MnO3F2 

The crystal structures of as-prepared LaSrMnO4, fluorinated LaSrMnO4, 

Sr2MnO3F, and fluorinated LaSrMnO4 were examined using synchrotron XRD coupled 

with Rietveld refinement (Fig. 2.1, Figure 2.2, and Table 2.1).  

Figure 2.1 Crystal structures of chemically fluorinated LaSrMnO4 and 

Sr2MnO3F. XRD patterns coupled with Rietveld analysis refinement and refined 

crystal structures of (a) LaSrMnO4F and (b) Sr2MnO3F2. 
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Figure 2.2 X-ray diffraction pattern and Rietveld refinement of (a) LaSrMnO4, (b) 

Sr2MnO3F. 

 

Table 2.1 (a) Refined structural data for chemically fluorinated Sr2MnO3F.  

Wavelength = 0.41391 Å; Space group: I4/mmm; Rp = 3.44%; Rwp = 6.54%; a = b = 

3.833910 Å; c = 13.45916 Å.   

Atom Wyckoff 

position 

x y z Occupancy 

Sr 4e 0 0 0.35828 1 

Mn 2a 0 0 0.00000 1 

O1 4c 0  0.5 0.00000 1 

O2 4e 0 0 0.11656 0.5 

F1 4e 0 0 0.11656 0.5 

F2 4d 0 0.5 0.25000 0.5 
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(b) Refined structural data for chemically fluorinated LaSrMnO4. 

Wavelength = 0.41391 Å; Space group: P4/nmm; Rp = 2.90%; Rwp = 5.11 %; a = b = 

3.77962 Å; c = 14.08493 Å.   

(c) Refined structural data for Sr2MnO3F. 

Wavelength = 0.41391 Å; Space group: I4/mmm; Rp = 4.87%; Rwp = 7.11%; a = b = 

3.79955 Å; c = 13.29342 Å.  

(d) Refined structural data for LaSrMnO4.  

Wavelength = 0.41391 Å; Space group: I4/mmm; Rp = 4.77%; Rwp = 6.35%; a = b = 

3.79577 Å; c = 13.14748 Å.  

 

Atom Wyckoff 

position 

x y z Occupancy 

La1 2c 0.5 0 0.59875 0.5 

Sr2 2c 0.5 0 0.59875 0.5 

La2 2c 0.5  0 0.88312 0.5 

Sr2 2c 0.5 0 0.88312 0.5 

Mn1 2c 0 0.5 0.72889 1 

O1 4f 0 0 0.72202 1 

O2 2c 0 0.5 0.58088 1 

O3 2c 0 0.5 0.85491 1 

F1 2a 0 0 0.00000 1 

 

Atom Wyckoff 

position 

x y z Occupancy 

Sr 4e 0 0 0.36045 1 

Mn 2a 0 0 0.00000 1 

O1 4c 0  0.5 0.00000 1 

O2 4e 0 0 0.17150 0.5 

F 4e 0 0.5 0.17150 0.5 

 

Atom Wyckoff 

position 

x y z Occupancy 

La 4e 0 0 0.35651 0.5 

Sr 4e 0 0 0.35651 0.5 

Mn 2a 0  0 0.00000 1 

O1 4c 0 0.5 0.00000 1 

O2 4e 0 0 0.17454 1 
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For LaSrMnO4, all peaks were indexed to a space group of I4/mmm without any 

impurities and the lattice constants were a = 3.79577(99) and c = 13.14748(30) Å. For 

fluorinated LaSrMnO4, the XRD patterns were fitted using LaSrMnO4F with a space 

group of P4/mmm, LaSrMnO4, and Ag. The lattice constants of LaSrMnO4F were a = 

3.77962(36) and c = 14.08493(44) Å. Rietveld refinement showed that the inserted 

fluoride ions occupied every second rock-salt interlayer (Figure 1a and Supplementary 

Table 1), and the c-axis expansion in LaSrMnO4F/LaSrMnO4 was c/c  7.13%. These 

crystal structure changes of LaSrMnO4 with fluoride ions are in agreement with the 

results of previous studies.13,19,25 For SrMnO3F, all peaks were indexed to a space group 

of I4/mmm without any impurities. The lattice constants were a = 3.79955(16) and c = 

13.29342(69) Å, which were consistent with those from a previous study.30 Both 

materials suffer from the Jahn-Teller effect because the valence of Mn is trivalent in 

Sr2MnO3F and LaSrMnO4. As is shown in Table 2.2 and Fig. 2.3, the Mn – (Oap/Fap) 

and Mn – Oeq bond lengths of the Sr2MnO3F are 2.2780 and 1.8998 Å, respectively, and 

the ratio of the apical bond to the equatorial bond is 1.20. The Mn – Oap and Mn – Oeq 

bond lengths of the LaSrMnO4 are 2.295 and 1.898 Å, respectively and the ratio of the 

apical bond to the equatorial bond is 1.21. The ratio of the Mn− Oap/Mn−Oeq bond 

length in Sr2MnO3F is comparable to that of the Mn− Oap/Mn−Oeq bond length in 

LaSrMnO4, implying that the Jahn-Teller effect is not the main reason that why the c-

axis value of Sr2MnO3F is larger than that of LaSrMnO4. Therefore, the difference in 

the initial state lattice constants (LaSrMnO4 and Sr2MnO3F) is due to the difference in 

the ionic radii of the A-site cations (Sr2+: 131, La3+: 121.6 pm).31  
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Table 2.2 Lattice constant and bond length that extracted from the result of Rietveld 

refinement. 

* is the value of bond length in the fluoride ion occupied interlayer. 

Figure 2.3 Crystal structure of (a) Sr2MnO3F, (b)Sr2MnO3F2, (c)LaSrMnO4, and 

LaSrMnO4F viewed along the a axis. 

  Sr2MnO3F LaSrMnO4 Sr2MnO3F2 LaSrMnO4F 

Lattice 

constant / Å 

a axis 3.79955(16) 3.79577(99) 3.83391(41) 3.77962(36) 

c axis 13.29342(69) 13.14748(30) 13.45916(84) 14.08493(44) 

Bond 

length 

/ Å 

Mn-Oap/Fap 2.27982(12) 2.29470(6) 1.56880(9) 
1.77552(0) 

2.14783(0)* 

Mn-Oeq 1.89978(8) 1.89790(5) 1.91950(7) 1.89158(0) 

La/Sr-

Oap/Fap 
2.51179(14) 2.39240(6) 3.25330(17) 

2.46753(0) 

3.70377(0)* 

La/Sr-

Finterlayer 
  1.45736 1.65089 

Oap/Fap- 

Finterlayer 
  1.79599 2.05288 
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For fluorinated Sr2MnO3F, the XRD patterns were fitted using Sr2MnO3F2 with a 

space group of I4/mmm, Sr2MnO3F, and Ag. The lattice constants of Sr2MnO3F2 were 

a = 3.833910(41) and c = 13.45916(84) Å. Rietveld refinement showed that half of the 

accessible sites for F− intercalation in Sr2MnO3F2 were occupied by chemically inserted 

F− and the c-axis expansion in Sr2MnO3F2/Sr2MnO3F was c/c  1.25% (Figure 2.1b 

and Table 2.1), indicating the successful chemical fluorination of Sr2MnO3F. The 

Oap/Fap - Finterlayer bond length in Sr2MnO3F2 (1.79599 Å) is smaller than the Oap- 

Finterlayer bond length in LaSrMnO4 (2.05288 Å) as shown in Table 2.2. The crystal 

structure changes of Sr2MnO3F with chemical fluorination are completely different 

from those of LaSrMnO4.
19,25 The lower c-axis expansion of Sr2MnO3F2/Sr2MnO3F 

compared to that of LaSrMnO4F/LaSrMnO4 is attributed to the weaker electrostatic 

repulsions between inserted F- and apical-site anions because 50% of O2- at apical site 

is substituted to F- in the Sr2MnO3F2, compared to LaSrMnO4.
19,25 The particle sizes of 

LaSrMnO4F and Sr2MnO3F2 were approximately 5–10 µm (Fig. 2.4). 

Figure 2.4 SEM images of (a) LaSrMnO4F, (b) Sr2MnO3F2. 

2.3.2  Electrochemical performance 

The electrochemical properties of LaSrMnO4F and Sr2MnO3F2 obtained through 

chemical fluorination were evaluated. The discharge/charge measurements for 

LaSrMnO4F revealed a capacity of 70 mAh g−1 with a clear plateau at −0.1 V during 

the discharge process, a capacity of 72 mAh g−1 with a flat plateau at 0.2 V during the 

charge process (Fig. 2.5a), and good cyclability (Fig. 2.6a). The clear plateau at around 

0.2 V was also observed in previous study.17 Sr2MnO3F2 gave a capacity of 84 mAh g−1 
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with plateaus at 0.2 and −0.2 V during the discharge process and a capacity of 83 mAh 

g−1 with plateaus at −0.2 and 0.3 V during the charge process (Figure 2.5b). Although 

the cyclability of Sr2MnO3F2 was worse than that of LaSrMnO4F (Fig. 2.6b), it was 

significantly better than those of the conversion-type electrodes.1,9,32,33 Comparing the 

capacity retention at various current densities of LaSrMnO4F and Sr2MnO3F2, the 

Sr2MnO3F2 showed better capacity retention at high current densities to LaSrMnO4F 

(Fig. 2.5c).  

Figure 2.5 Electrochemical performances of LaSrMnO4F and Sr2MnO3F2. 

Discharge/charge profiles of (a) LaSrMnO4F and (b) Sr2MnO3F2. (c) Rate 

performance of discharge capacity retentions of the two active materials; the capacity 

was normalized for more intuitive comparison. (d) OCVs at various F− contents. 

The open-circuit voltage (OCVs) at various F contents during discharge for 

LaSrMnO4F and Sr2MnO3F2 were measured and are shown in Fig. 2.5d and Fig. 2.7 

For LaSrMnO4F, a significantly flat OCV similar to that seen for LiFePO4
34,35 was 

obtained over a wide range of F contents. In contrast, the OCV for Sr2MnO3F2 



51 
 

decreased gradually with increasing amount of inserted F. It is difficult to identify the 

reason of the polarization change observed while x > 0.5 in the LaSrMnO4 at present 

stage because there are many factors that affect polarization such as phase transition of 

LaSrMnO4 with volume change, the associated changes in the diffusion coefficient of 

F- in the host lattice and electronic conductivity occur during charging/discharging 

processes. 

 Figure 2.6 Cycle performance of the LaSrMnO4F and Sr2MnO3F2 at 5 mA g-1 under 

140°C. 

Figure 2.7. The OCV measurements of (a) the LaSrMnO4F and Sr2MnO3F2. 

Discharge process was separated into 25 steps follows by 12 hours of rest. 
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2.3.3  X-ray absorption spectroscopy and reaction mechanism  

The XAS spectra of the Mn K-edge and Mn L-edge for the LaSrMnO4F and 

Sr2MnO3F2 during F− insertion were obtained to examine the charge compensation of 

Mn in these compounds (Fig. 2.8). In the Mn K-edge spectra of LaSrMnO4F (Fig. 2.8a), 

the absorption edge shifted to a higher energy with the insertion of F into the fully 

discharged state (x = 0.05). In the Mn L-edge spectrum of LaSrMnO4F (Fig. 2.9a), the 

spectra also shifted to a higher energy region with the insertion of F into the fully 

discharged state. These results indicate that Mn in LaSrMnO4 is oxidized during F− 

insertion. The X-ray absorption near-edge spectra (XANES) for Mn K-edge of 

LaSrMnO4F showed the isosbestic points at 6557.2 and 6560.5 eV that were also 

observed for LiFePO4,
36,37 indicating that F− insertion into LaSrMnO4F proceeds via a 

typical two-phase reaction comparable to that for LiFePO4.  

Figure 2.8. Mn K-edge spectra of (a) LaSrMnO4Fx and (b) Sr2MnO3F1+x in 

different SOCs. 
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Similar to LaSrMnO4F, the XANES spectra for Mn K-edge and L-edge of 

Sr2MnO3F2 (Fig. 2.8b and Fig. 2.9b) shifted to higher energies with the insertion of F− 

into the fully discharged state (x = 0.01). This indicates that Mn in Sr2MnO3F2 is 

oxidized during F− insertion. However, in contrast to LaSrMnO4F, the XANES spectra 

for Mn K-edge of Sr2MnO3F2 did not show the isosbestic points, indicating that F− 

insertion does not proceed via a typical two-phase reaction similar to that for LiFePO4. 

These XAS results were in agreement with the charge/discharge curves and OCV plots. 

Figure 2.9 Mn L-edge XAS for (a) the LaSrMnO4F and (b) Sr2MnO3F1+x. 
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The crystal structure changes of LaSrMnO4F and Sr2MnO3F2 during the discharge 

and charge processes were analyzed using ex situ synchrotron XRD (Fig 2.10 and Fig. 

2.11 and Fig. 2.12). Although the spectrum of each sample shows strong Bragg peaks 

for LBF, several Bragg peaks for LaSrMnO4F and Sr2MnO3F2 in the discharged and 

charged states can be distinguished from the LBF peaks. 

Figure 2.10. Structural changes with electrochemical fluoride ion extraction and insertion. 

(a) XRD patterns and (b) calculated lattice constants of LaSrMnO4Fx. (c) XRD patterns and (d) 

calculated lattice constants of Sr2MnO3Fx. 

In the LaSrMnO4F, when F was extracted from the pristine state (chemically 

fluorinated LaSrMnO4) to afford the fully discharged state (x = 0.05), the intensities of 

the peaks at 8.11° and 11.1° attributed to the 103 and 114 planes of LaSrMnO4F 

decreased, while peaks at 8.25° and 11.4° attributed to the 103 and 114 planes of 

LaSrMnO4 appeared. When the amount of F was increased from the fully discharged 

state (x = 0.05) to x = 0.25, the intensities of the peaks at 8.25° and 11.4° attributed to 

the 103 and 114 planes of LaSrMnO4 decreased, while peaks at 8.1° and 11.1° attributed 
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to the 103 and 114 planes of LaSrMnO4F appeared. As F− insertion progressed, the 

intensities of the 103 and 114 peaks of LaSrMnO4 decreased, while those of the 103 

and 114 peaks of LaSrMnO4F increased; at full charge (x = 0.98), the 103 and 114 peaks 

of LaSrMnO4 disappeared. The lattice constants and volume of LaSrMnO4F during 

charging were constant regardless of the amount of F− inserted (Fig 2.10b). These 

results indicate that F− insertion/extraction with LaSrMnO4F proceeds via a two-phase 

coexistence reaction such as with LiFePO4/FePO4.
38  

For Sr2MnO3F2, the peaks at 8.1°, 8.7°, and 12.3° attributed to the 103, 110, and 

200 planes of the pristine state (chemically fluorinated Sr2MnO3F) shifted to higher 

angles after full discharge (x = 0.01), and then shifted back to lower angles with F− 

insertion into the fully discharged state without the appearance of new peaks. The lattice 

constants and volume of Sr2MnO3F2 increased continuously with the amount of F, 

according to Vegard's law (Fig. 2.10b). These results indicate that F− 

insertion/extraction with Sr2MnO3F proceeds via a solid-solution reaction, in contrast 

to LaSrMnO4F. 

Figure 2.11. Structural changes with electrochemical fluoride ion insertion. (a) 

LaSrMnO4Fx, (b) Sr2MnO3F1+x. 



56 
 

Figure 2.12. Comparison between chemical and electrochemical fluorination for (a) 

LaSrMnO4Fx and (b) Sr2MnO3F1+x. 

The relationships between the rate performances and phase transitions of 

chemically fluorinated LaSrMnO4 and Sr2MnO3F are summarized in Figure 5, based 

on the results of electrochemical measurements, XAS, and synchrotron XRD. In the 

case of LaSrMnO4, the charging process proceeds via a two-phase reaction with 

LaSrMnO4F with relatively high volume expansion of 6.22%. In contrast, the charging 

process of Sr2MnO3F proceeds via a solid-solution reaction with relatively low volume 

expansion of 3.08%. In the Li4Ti5O12 spinel anode with the Fd3̅m space group for 

lithium-ion batteries, a two-phase reaction between two phases with almost identical 

lattice constants proceeds. In this system, Li+ is inserted into the 16c site, and phase 

transition occurs when the lithium in the 8a site moves to the 16c site because the large 

Li-Li electrostatic repulsion between the Li+ in the 8a site and the Li+ in the 16c site are 

energetically unfavorable.39-41 Similar to Li4Ti5O12 system, in the LaSrMnO4 cathode, 

the strong F-O electrostatic repulsion between the F- inserted in the interlayer and the 

oxygen at the apical site would cause the phase transition, as the process of Li+ insertion 

into Li4Ti5O12 electrode. On the other hand, in the Sr2MnO3F system, because 50% of 

the apical site is replaced by F-, the electrostatic repulsion between the F- inserted in the 

interlayer and the anion in the apical position is relatively small, suppressing a phase 

transition. The smaller volume change of Sr2MnO3F compared to that of LaSrMnO4 

during the charging process leads to better power density. 
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Figure 2.13. Schematic illustration of the volume changes and phase transition 

models during the charge processes for (a) LaSrMnO4F and (b) Sr2MnO3F2. 

2.4  Conclusions 

In this study, chemically fluorinated Ruddlesden–Popper compounds, LaSrMnO4 

(LaSrMnO4F) and apical-site-substituted oxyfluoride Sr2MnO3F (Sr2MnO3F2), were 

synthesized and the correlations between their structures and electrochemical properties 

were examined. LaSrMnO4F and Sr2MnO3F2 showed highly reversible 

charge/discharge capacities, compared to those of conversion-type metal/metal fluoride 

cathode materials, and Sr2MnO3F2 showed better power density than LaSrMnO4F. OCV 

measurements, XAS, and synchrotron XRD revealed that electrochemical F− insertion 

into LaSrMnO4 proceeds via a two-phase reaction with relatively high volume 

expansion of 6.22%, whereas that into Sr2MnO3F proceeds via a solid-solution reaction 

with relatively low volume expansion of 3.08%. Anion substitution from O to F in the 

apical sites of Sr2MnO3F reduced the volume expansion caused by Coulomb repulsion 

with the intercalated F−, resulting in the higher power density. The smaller volume 
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change of Sr2MnO3F compared to that of LaSrMnO4 during the charging process, which 

is comparably small to typical cathodes in all-solid-state lithium-ion batteries, are 

benefit for suppressing increase the interfacial resistance between cathode and 

electrolyte,42 leading to better power density. These findings will be useful for designing 

intercalation-type cathode materials with high power densities for all-solid-state FIBs. 
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Chapter 3. Oxyfluoride Cathode with Small 

Volume Change Using Three-dimensional 

Diffusion Paths  

All-solid-state fluoride-ion 

batteries (FIBs) are expected to 

become the next generation of 

battery systems owing to their 

outstanding energy storage 

characteristics. However, the 

volume expansion of the cathode that accompanies the insertion of fluoride ions 

remains an urgent issue to be addressed. Even if an intercalation-type cathode is applied 

in FIBs, fluoride-ion insertion into the interstitial sites of two-dimensional materials 

such as LaSrMnO4 still leads to non-negligible volume expansion. Here, we report a 

novel intercalation-type material, Sr3Fe2O5F2, possessing the Ruddlesden–Popper 

structure as a cathode material for FIBs that features not only interstitial sites but also 

anion vacancies as three-dimensional (3D) percolation sites to accommodate fluoride 

ions. This material exhibits a relatively high capacity of 118 mAh g−1 and good cycling 

stability over 70 cycles. Fe2+/Fe3+ redox reactions are responsible for charge 

compensation during the charging and discharging processes. The crystal structure 

during the charging process changes from Sr3Fe2O5F0.46 to Sr3Fe2O5F2 by using the 3D 

percolation sites with an extremely small volume change of approximately 0.17% and 

thereafter changes to Sr3Fe2O5F3 with P4/mmm symmetry by using interstitial sites with 

a large volume change of approximately 11%. Our findings should pave the way for 

the design of new cathodes with excellent cycling stability and minimal volume 

expansion based on the percolation mechanism. 
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3.1  Introduction 

Growing demands for reducing global carbon dioxide emissions are driving a shift 

from internal-combustion-engine-based mobility to electric vehicles. One of the most 

important requirements for improving the performance of electric vehicles is increasing 

the cruising range, which necessitates the development of storage batteries with high 

volumetric energy density.1, 2 Lithium-ion batteries (LIBs) have dominated the market 

as a stable commercial energy storage system for over 30 years, but it is desirable to 

develop new battery systems with higher energy densities.3 Recently, all-solid-state 

fluoride-ion batteries (FIBs) that use F− as the charge carrier have attracted a great deal 

of attention as a next-generation energy storage technology.4-10 Owing to the high 

electronegativity of fluorine, fluoride ions can be transferred between the electrodes in 

an electrochemically stable manner, and a high theoretical capacity is ensured by 

multiple electron transfer. Early FIB studies reported that conversion cathodes such as 

Bi/BiF3 and Cu/CuF2 exhibited large discharge capacities at 150 °C. However, our 

recent studies have clarified that the reaction in these metal/metal fluoride cathode 

materials proceeds through a two-phase mechanism.9 We found that the inherent large 

volume expansion and contraction during (de)fluorination associated with charging and 

discharging makes the cycling and rate performance of these materials impractical.6, 9, 

11 Therefore, as with LIBs, the development of materials in which charging and 

discharging proceed by topochemical reactions is crucial for FIBs.12-16 

To explore more potential cathode active materials for FIBs, perovskite-related 

oxides An+1BnO3n+1 (A: rare-earth or alkaline-earth element; B: transition metal) 

possessing the Ruddlesden–Popper structure were actively investigated in previous 

studies.12, 13, 17-19 In this structure, the rigid void space between two octahedral layers 

(so-called interstitial site) provides several sites for the insertion of fluoride ions and 

their substitution fors oxide ions. By using oxidative (e.g., F2 gas) or non-oxidative (e.g., 

polyvinylidene difluoride) fluorination agents, topochemical fluorination reactions can 

be realized, leading to the formation of oxyfluorides An+1BnO3n+1Fx (x ≤ 2) with fluoride 
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ions occupying the interstitial sites.15, 20-22 These insertion/extraction reactions of 

fluoride ions into the interstitial sites are electrochemically feasible and have been 

proposed as the basis of cathode materials for FIBs.12 Because this material system uses 

heavy elements such as La at the A site, the theoretical weight capacity is inferior to 

that of LIB cathodes, but the theoretical volumetric capacity is comparable 

(LaSrMnO4F1.7: 755 mAh cm−3; LiFePO4: 611.4 mAh cm−3).12 The volume expansion 

ratio of such Ruddlesden–Popper intercalation-type cathodes (e.g., 

LaSrMnO4/LaSrMnO4F: 6.22%)15 is much smaller than that of two-phase reaction-type 

cathodes (e.g., Cu/CuF2: 195.6%).9 However, the former value resulting from the 

insertion of fluoride ions into interstitial sites still exceeds that of layered rock-salt-

structured cathode materials for LIBs (e.g., LiCoO2/Li0.3CoO2: 3.63%),23 which is 

undesirable for application as an all-solid-state battery cathode. Therefore, it is 

necessary to develop material systems that undergo less volume expansion to serve as 

cathode materials for all-solid-state FIBs, but fewer examples of such materials have 

been reported than for lithium-ion secondary batteries, and the material design 

guidelines have yet to be established. In the case of LIB cathodes, the volume expansion 

has been reported to be more suppressed in disordered rock-salt-structured cathodes, in 

which the reaction proceeds by a percolation mechanism, than in layered rock-salt-

structured cathodes.24-26 We have focused on the previously unexplored volume 

expansion of FIB cathodes during the insertion and extraction of fluoride ions and 

attempted to clarify the relationship between the volume expansion and insertion sites 

using a model cathode material containing both two-dimensional (2D) interstitial sites 

and three-dimensional (3D) percolation sites. 

In this study, we demonstrate the first synthesis of Sr3Fe2O5F2 as an intercalation-

type cathode material for FIBs via a Sr3Fe2O5 intermediate, which is obtained by 

introducing oxygen vacancies into Sr3Fe2O7. Analysis of the experimental data 

indicates that Sr3Fe2O5F2 accommodates fluoride ions into both the oxygen vacancies 

at the apical sites of the perovskite slabs (3D diffusion sites) and the interstitial sites 

(2D diffusion sites). Furthermore, synchrotron X-ray diffraction (XRD) data suggest 
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that the volume expansion upon fluoride-ion insertion into the oxygen vacancies at the 

apical sites is significantly smaller than that upon fluoride-ion insertion into the 

interstitial sites. 

3.2  Experimental 

3.2.1 Material synthesis 

Sr3Fe2O7. Sr3Fe2O7 was synthesized via a typical solid-state reaction method.27 A 

stoichiometric mixture of pre-dried Sr2CO3 (Fujifilm, ≥99.9%) and Fe2O3 (Fujifilm, 

≥99.9%) was finely ground using a mortar and pestle and the resulting powder was 

pressed into one pellet. The pellet was heated at 1000 °C under air for 24 h and then 

ground, pelletized again, and sintered for 48 h with one intermediate re-grinding. 

Sr3Fe2O5. Sr3Fe2O5 was synthesized via a conventional CaH2 reduction method.27 

Sr3Fe2O7 was thoroughly ground with CaH2 (Sigma-Aldrich, 99.9% trace metals basis), 

and sealed in an evacuated Pyrex glass tube, which was then heated at 350 °C for 72 h. 

The product was washed with 0.1 M NH4Cl in dry methanol to remove the by-product 

CaO and residual CaH2 impurities. 

Chemical fluorination. XeF2 (Sigma-Aldrich, 99.99% trace metals basis) was 

selected as a fluorination agent for synthesizing Sr3Fe2O5F2. Sr3Fe2O5 and XeF2 were 

separately sealed in a polytetrafluoroethylene reactor under an argon atmosphere and 

reacted at 150 °C for 48 h. 

La0.9Ba0.1F2.9 solid electrolyte. La0.9Ba0.1F2.9 solid electrolyte was prepared 

according to our previous study.28 LaF3 (Kojundo Chemical Lab. Co. Ltd., 99.9%) and 

BaF2 (Kojundo Chemical Lab. Co. Ltd., 99.9%) were mixed in a molar ratio of 9:1 and 

thoroughly ground using a mortar and pestle. The resulting powder was sealed in an 

agate ball milling jar and milled at 600 rpm for 10 h. Finally, the ball-milled mixture 

was pelletized and sintered at 1000 °C for 4 h. All operations were performed in an Ar-

filled glovebox and the starting powders were stored under a water/oxygen-free 
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atmosphere. 

3.2.2 Characterization and electrochemical measurement  

A cathode composite was prepared by mixing Sr3Fe2O5F2, the La0.9Ba0.1F2.9 solid 

electrolyte, and vapor-grown carbon fiber (VGCF, Showa Denko K.K.) in a weight ratio 

of 3:6:1 followed by ball milling for 10 h. An anode composite was obtained by mixing 

Pb powder (Kojundo Chemical Lab. Co. Ltd., 99.9%), PbF2 (Kojundo Chemical Lab. 

Co. Ltd., 99.9%), La0.9Ba0.1F2.9, and VGCF in a weight ratio of 3:2:4:1 followed by ball 

milling for 10 h. An electrochemical cell was then assembled by pressing the cathode 

composite, solid electrolyte, and anode composite (excess amount relative to the 

cathode) into a pellet with two pieces of gold foil as the current collectors. The cell was 

tested at 140 °C to ensure sufficient fluoride-ion conductivity of La0.9Ba0.1F2.9. 

The electrochemical performance of Sr3Fe2O5F2 was examined using an 

HJ1010SD8 electrochemical workstation (Hokuto Denko Corporation) with a lower 

cut-off voltage of −1.5 V vs. Pb/PbF2 and a limited charge capacity of 118 mAh g−1. 

Galvanostatic charge/discharge tests at a current density of 5 mA g−1 were employed to 

evaluate the cycling stability. 

The average valence of iron ions was determined by iodometric titration, and 

nitrogen was continuously introduced into the sample solution throughout the 

experiment to prevent exposure of the sample to air.29 Inductively coupled plasma (ICP) 

spectroscopy was performed using an ICPE-9820 instrument (Shimadzu Corporation). 

Information on the morphology of Sr3Fe2O5F2 was collected using an ultrahigh-

resolution field-emission scanning electron microscope (SEM, Hitachi SU-8000). 

Energy-dispersive spectroscopy (EDS) mapping was also performed to confirm the 

uniform distributions of the elements. Synchrotron XRD measurements were conducted 

at room temperature on beamline BL02B2 of the synchrotron radiation facility SPring-

8, Japan. The Sr3Fe2O5F2 composites after charging/discharging were peeled off from 

the cathode side and sealed in quartz glass capillary tubes. The synchrotron X-rays were 

monochromatized to a wavelength of 0.41337 Å, which was calibrated using a CeO2 
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standard sample. Rietveld refinements were performed using the JANA2006 package 

to obtain detailed information on the structural changes during charge and discharge.30 

The crystal structure models presented in this paper were prepared using the VESTA 

program.31 Soft X-ray absorption spectroscopy (XAS) measurements for the iron L3-

edge and oxygen K-edge were performed on beamline BL27SU of SPring-8. All spectra 

were collected in the partial fluorescence mode. 

3.2.3 Density functional theory (DFT) calculations 

First-principles calculations were performed using the FLAPW-Fourier program 

(WIEN 2k). Brillouin-zone integration was conducted on a 10 × 10 × 10 mesh with k-

point sampling. The convergence condition was defined as a total energy of less than 

0.0001 Ry. The calculation methods are reported in detail elsewhere.32 

3.3  Result and discussion 

3.3.1 Material characterization  

Figure 3.1a shows the synchrotron XRD and Rietveld refinement patterns for 

Sr3Fe2O6.7. All of the Bragg peaks were well fitted using the space group I4/mmm, and 

the lattice constants and oxygen vacancies at the 2a site estimated from the refinement 

were a = b = 3.874 Å, c = 20.199 Å, and δ = 0.3 (corresponding to Sr3Fe2O6.7) (Table 

3.1). Sr3Fe2O6.7 synthesized by this method is likely to contain oxygen defects, and the 

amount of oxygen defects is in good agreement with previously reported values.27 

Figure 3.1b shows the synchrotron XRD and Rietveld refinement patterns for Sr3Fe2O5, 

which was prepared by subjecting Sr3Fe2O6.7 to reduction with CaH2. All of the Bragg 

peaks were indexed to the tetragonal unit cell crystallizing in space group Immm and 

the lattice constants estimated from the refinement were a = 3.515 Å, b = 3.954 Å, and 

c = 20.921 Å (Table 3.2), which are consistent with the previous study.27 
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Figure 3.1 Crystal structure of (a) Sr3Fe2O6.7, (b) Sr3Fe2O5. 

 

Table 3.1 Refined crystal parameters, space group, lattice parameters, reliability 

factor and agreement factor for Sr3Fe2O6.7 at room temperature. Here, the reliability 

factor RWP is the weighted profile. 

 

 Table 3.2 Refined crystal parameters, space group, lattice parameters, reliability 

factor and agreement factor for Sr3Fe2O5 at room temperature. Here, the reliability 

factor RWP is the weighted profile. 



71 
 

Next, Sr3Fe2O5 with oxygen vacancies at the equatorial sites was subjected to 

chemical fluorination using XeF2. SEM-EDS mapping revealed that the particle size of 

the chemically fluorinated Sr3Fe2O5 was approximately 5 µm. The Fe, O, and F atoms 

were homogeneously distributed in the particles (Figure 3.2). The results of iodometric 

titration indicated that the average valence of the iron ions in the chemically fluorinated 

Sr3Fe2O5 was +3, and ICP spectroscopy afforded a molar mass of 492 g/mol. By 

combining these two elemental analysis techniques, we deduced that the chemical 

composition of the synthesized material was Sr3Fe2O5F2. The crystal structure of 

Sr3Fe2O5F2 was examined by synchrotron XRD and Rietveld analysis (Figure 3.3 and 

Table 3.3). All of the Bragg peaks were indexed to an orthorhombic unit cell with the 

space group Immm (the fluoride ions occupy the generated vacancies) or I4/mmm (the 

fluoride ions occupy the apical sites of the FeO6 slabs).33 However, XRD with Rietveld 

analysis alone was unsuitable for unambiguously determining the space group of 

Sr3Fe2O5F2 because the small difference in atomic scattering factors between oxygen 

and fluorine made it difficult to assign these anion sites exactly. 

Figure 3 . 2  EDX mapping of Sr3Fe2O5F2. 
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Therefore, we performed theoretical calculations for the final determination of the 

space group. Figure 3.4 shows the densities of states calculated by DFT for both of the 

possible space groups of Sr3Fe2O5F2. The total energy was found to be 4.6 eV lower for 

the I4/mmm space group than for the Immm space group, indicating that the chemical 

fluorination leads to the rearrangement of O, and F occupies the apical site rather than 

vacancy. Such structural rearrangements accompanied with fluorination were also 

reported by Case et al. experimentally.34 

Figure 3.3 Crystal structure of chemical fluorinated Sr3Fe2O5F2 with space group of 

(a) I4/mmm, (b). Immm 

 

Table 3.3 Refined crystal parameters, space group, lattice parameters, reliability 

factor and agreement factor for Sr3Fe2O5F2 at room temperature. Rietveld 

refinements were performed based on (a) Immm and (b) I4/mmm space group. Here, 

the reliability factor RWP is the weighted profile. 

(a) Immm 
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(b) I4/mmm 

 

 

Figure 3.4 Calculated density of states for Sr3Fe2O5F2 with (a) the Immm symmetry 

and (b) the I4/mmm symmetry. 

3.3.2 Electrochemical performance  

In order to accurately study the properties of the cathode material, the Pb/PbF2 

anode was used in this study. The Pb/PbF2 is one of most popular anode materials with 

ideal non-polarizing electrode behavior: the potential is always constant because the 

reaction proceeds in a two-phase routine,35-37 and the potential does not change even 

when a small current flows due to the large exchange current density. Therefore, the 

Pb/PbF2 anode helps to examine accurate electrochemical behavior on the chemically 

fluorinated Sr3Fe2O5F2; but Pb/PbF2 has relatively high potential, which plays a role 

more like reference electrode. In some cases of employing Pb/PbF2 as anode, the 

discharging cut-off voltage can be even minus, which was also called “forced discharge” 

by O. Clemens et al.12 In terms of practical applications, the anodes with lower 



74 
 

potentials such as La/LaF3 (-2.41 V vs. Pb/PbF2) have be utilized.7-11  

After considering the reduction potential window of the La0.9Ba0.1F2.9 solid 

electrolyte, the lower potential limit of the chemically fluorinated Sr3Fe2O5F2 active 

material was fixed at −1.5 V for the discharge (defluorination) step.38 As shown in 

Figure 3.5a, Sr3Fe2O5F2 exhibited an initial discharge capacity of 91 mAh g−1, which 

corresponds to the extraction of 1.54 fluoride ions. The molecular formula of the 

cathode material after the first discharge step was thus assumed to be Sr3Fe2O5F0.46 

based on Faraday’s law. If we continuously decrease the lower potential below −1.5 V, 

fluoride ions may be completely removed. However, owing to the electrochemical 

window of solid electrolyte La0.9Ba0.1F2.9, discharging below −1.5 V vs. Pb/PbF2 will 

fall into electrolyte decomposition (Figure 3.6).  

Figure 3.5 Electrochemical performance of Sr3Fe2O5F2. (a) Charge/discharge profiles 

for the first two cycles. (b) Capacity retention upon cycling under a current density of 

5 mA g−1, where the charge capacity was limited to 118 mAh g−1. 

In the following cycles, the charge capacities were set to 118 mAh g−1 to ensure the 

intercalation of two fluoride ions. Figure 2a clearly shows that the charging voltage 

increased gradually with fluoride intercalation until the charge capacity reached 58 

mAh g−1 (equivalent to the insertion of 1.0 fluoride ions) and then increased greatly 

with fluoride intercalation until the charge capacity reached 94.4 mAh g−1 (equivalent 

to the insertion of 1.6 fluoride ions), whereas it increased slowly during the subsequent 

charging process. Sr3Fe2O5F2 shows the highly symmetrical charge/discharge profile in 
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the subsequent cycle, indicating highly reversible fluoride ion (de)insertion behavior 

during cycling. Furthermore, the Sr3Fe2O5F2 cathode also displayed excellent cycling 

stability. A discharge capacity of 116.7 mAh g−1 was obtained after 70 cycles without 

any capacity decay (Figure 3.5b), and the average coulombic efficiency over these 

cycles was 98%. The charge/discharge profiles of 70 cycles are showed in Figure 3.7 

Some changes in the curves may be due to some structural changes such as fluoride-

ion occupation of interlayer sites and/or the insertion site itself during the 

charge/discharge process. The volumetric capacity estimated from the discharge 

capacity of 116.7 mAh g−1 was 595 mAh cm−3, which is comparable to those of 

commercial LIB cathode materials such as LiCoO2 (514 mAh cm−3) and LiFePO4 (589 

mAh cm−3).39 

Figure 3 . 6  Electrochemical window of solid electrolyte L0.9Ba0.1F2.9. 

Figure 3 . 7  Charge/discharge profiles of 70 cycles. 
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We also evaluated the rate capability of Sr3Fe2O5F2 during discharging under the 

current densities from 5 mA g‒1 to 200 mA g‒1, in which the charge capacity was set to 

118 mAh g‒1 (Figure 3.8). At a current density of 200 mA g‒1, Sr3Fe2O5F2 achieved a 

discharge capacity of 51 mAh g‒1, which is equivalent to 43% of the discharge capacity 

with 5 mA g‒1. 

Figure 3 . 8  Rate performance of Sr3Fe2O5F2. (a) Discharge profiles with varying the 

current density. (b) Discharge capacity retention as a function of current density. 

3.3.3 Charge compensation mechanism 

The charge compensation mechanism during the cycle after the first discharge was 

analyzed by soft XAS for the iron L3-edge and oxygen K-edge, as presented in Figure 

3.9. Soft XAS is a powerful technique for examining the oxidation states of transition-

metal 3d ions through dipole-allowed transitions.40,41 The initially discharged 

Sr3Fe2O5F2 (Sr3Fe2O5F0.46) cathode and the Sr3Fe2O5F0.46+x cathode at various states of 

charge during the subsequent cycle were prepared by regulating the fluoride-ion content 

x as shown in Figure 3.9a, and their iron L3-edge XAS spectra are plotted in Figure 3.9b. 

After the first discharge to −1.5 V (Sr3Fe2O5F0.46, x = 0), the peak observed at 

approximately 708 eV shifted toward the lower-energy side, but it did not reach the 

energy for Sr3Fe2O5. This result indicates that iron ions were reduced alongside the 

fluoride-ion extraction, but not all of the fluoride ions were extracted from the pristine 

state corresponding to the initial discharge capacity in Figure 3.5a. In the subsequent 
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charging process, the peak energy continuously shifted toward higher energy with 

fluoride-ion insertion until reaching a composition of Sr3Fe2O5F2 (x = 1.5). Finally, the 

peak energy remained almost constant from Sr3Fe2O5F2 (x = 1.5) to Sr3Fe2O5F2.5 (x = 

2.0), indicating that iron ions were not oxidized in this region. During the subsequent 

discharge, the peak energy of the sample (Sr3Fe2O5F0.46, x = 0_re) reversibly returned 

to the same position as that of the initially discharged sample (Sr3Fe2O5F0.46, x = 0), 

indicating that reversible redox reactions of the iron ions occurred during fluoride-ion 

insertion/extraction.  

Figure 3.9 X-ray absorption spectra for the iron L3-edge and oxygen K-edge. (a) 

Measurement points for XAS in the first charge and second discharge steps. (b) X-ray 

absorption spectra for the iron L3-edge, in which the colors correspond to the 

measurement points in panel (a). (c) Energy of the peak around 708.5 eV in panel (b). 

(d) X-ray absorption spectra for the oxygen K-edge, in which the colors correspond to 

the measurement points in panel (a). 

Figure 3.9d shows the oxygen K-edge XAS results for the Sr3Fe2O5F0.46+x cathodes. 

All of the spectra exhibited two clear pre-edge features from 528 to 532 eV, which 

correlate to transitions occurring from the oxygen 1s orbital to the transition-metal 3d–

oxygen 2p hybridized orbital.42 During the early stage of charging to Sr3Fe2O5F2 (0 < x 

< 1.5), the pre-edge peak shifted toward lower energy because the hybridization 

between the iron 3d and oxygen 2p orbitals increased in strength owing to the oxidation 

of iron ions. In the late state of charging from Sr3Fe2O5F2 (x  1.5), the intensity of the 
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peak at 531 eV increased, indicating that hole formation occurred in the oxygen 2p 

orbital as in the case of LIB cathodes.23, 43-45 The characteristic peak is not attributed to 

superoxide because the observed peak energy is different from the superoxide derived-

one.42 Taking into account our previous studies on Li-excess cathode materials,42 as the 

Fe 3d and O 2p forms strong covalent bond, we believe that the peak is not attributed 

to localized hole formation on O 2p orbital as particularly observed in Li-excess metal 

oxide but to the electron transfer from the O 2p orbital to the Fe 3d orbital (i.e. ligand 

hole formation). In particular, upon charging from Sr3Fe2O5F2 to Sr3Fe2O5F2.5, oxygen 

was largely responsible for the charge compensation with fluoride-ion insertion because 

iron ions were not oxidized in this region, as indicated by the iron L3-edge (Figure 3.9b 

and c). Moreover, the intensity of the peak corresponding to the oxygen redox process 

decreased after discharging to −1.5 V (Sr3Fe2O5F0.46, x = 0_re), meaning that the oxygen 

redox process in the high-voltage region was reversible. Thus, the results of the iron L3-

edge and oxygen K-edge XAS indicate that iron ions, iron and oxide ions, and oxide 

ions were responsible for the charge compensation from Sr3Fe2O5F0.46 to Sr3Fe2O5F1.5, 

from Sr3Fe2O5F1.5 to Sr3Fe2O5F2, and from Sr3Fe2O5F2 to Sr3Fe2O5F2.5, respectively, 

during the charging process, corresponding to the charge/discharge profile shown in 

Figure 3.5a.  

3.3.4 Structural evolution upon cycling 

Because there are two sites in the host lattice that can accommodate fluoride ions 

(apical sites and interstitial sites, see Figure 3.10), it is important to determine the 

crystal structure during charging and discharging. Thus, the crystal structures of 

cathodes with different fluorine contents were analyzed by high-resolution synchrotron 

XRD (Figure 3.11). 

After the initial discharging to −1.5 V, the observed Bragg peaks of Sr3Fe2O5F0.46 

were indexed to the same structure as Sr3Fe2O5F2 and the La0.9Ba0.1F2.9 solid electrolyte, 

suggesting that the fluoride ions were topotactically extracted from the host structure. 

In the subsequent charging process to Sr3Fe2O5F2 (0 < x < 1.5), the peaks corresponding 
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to the 015/105 and 110 planes shifted gradually. Upon further charging from Sr3Fe2O5F2 

(x  1.5), new Bragg peaks appeared at approximately 7.8° and 8.4°, and the peak 

intensity gradually increased with fluoride-ion insertion while the peak intensity for the 

pristine Sr3Fe2O5F2 phase gradually decreased. These results indicate that the solid-

solution limit exists near the composition of Sr3Fe2O5F2 and the fluoride-ion insertion 

proceeds via a solid-solution reaction up to the limit and thereafter via a two-phase 

coexistence reaction. Upon the subsequent discharge, the XRD pattern of Sr3Fe2O5F0.46 

(x = 0_re) reversibly returned to the same as that for the initially discharged 

Sr3Fe2O5F0.46 (x = 0), indicating that the crystal structure of the Sr3Fe2O5F2 cathode 

reversibly changed during fluoride-ion insertion/extraction. 

Figure 3.10 Possible sites in the Sr3Fe2O5F0.46+x compound that can accommodate 

fluoride ions. 

Owing to the high La0.9Ba0.1F2.9 content in the composite electrode, the low 

intensity of the diffraction peaks of the active material made it impossible to precisely 

determine the crystal structures of the newly appeared phases observed from 

Sr3Fe2O5F2 (x  1.5) using Rietveld analysis. However, it has been reported that the 

space group of layered perovskites in the Ruddlesden–Popper structure changes upon 

fluoride insertion in one layer of interstitial sites.12 Considering this previous report, we 
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simulated the diffraction peaks of Sr3Fe2O5F3, where the interstitial sites in a layer of 

Sr3Fe2O5F2 are fully occupied. Consequently, the additional Bragg peaks could be 

reasonably interpreted as those of Sr3Fe2O5F3 with the P4/mmm space group. 

Figure 3.11 Crystal structure changes with electrochemical fluoride-ion extraction 

and insertion. (a) Synchrotron XRD data for Sr3Fe2O5F0.46+x cathodes in various states 

of charge. The Sr3Fe2O5F3 reference is a simulated pattern based on P4/mmm 

symmetry, with one of the rock-salt layers fully occupied by fluoride ions. (b) Lattice 

parameter changes for the Sr3Fe2O5F0.46+x cathode upon electrochemical fluoride-ion 

insertion. (c) Volume change of the Sr3Fe2O5F0.46+x cathode. 

Figure 3.12 Respective XRD patterns and their Le bail refinement results of cathode 

in different states of charge. 
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To quantitatively analyze the crystal structure of Sr3Fe2O5F0.46+x during the 

charging process, Le Bail refinement was performed, assuming that the new phase 

observed from Sr3Fe2O5F2 (x  1.5) belonged to the P4/mmm space group (Figure 3.11b, 

Figure 3.12, and Table 3.4). During the insertion of fluoride ions until Sr3Fe2O5F2 (0 < 

x < 1.5), the lattice constant c continuously increased while the lattice constants a and 

b continuously decreased, and the corresponding volume expansion ratio was 

approximately 0.17%. These changes obey Vegard’s rule, meaning that the fluoride-ion 

insertion proceeds via a solid-solution reaction in this region. Upon further fluoride-ion 

insertion from Sr3Fe2O5F2 (x > 1.5), the lattice constants of the Sr3Fe2O5F2 and 

Sr3Fe2O5F3 phases remained constant, indicating that the fluoride-ion insertion 

proceeded via the two-phase reaction in this region. The volume change ratio between 

the two phases was 11%, which is substantially larger compared with the solid-solution 

region. 

Table 3.4 Refined crystal parameters, space group, lattice parameters for 

Sr3Fe2O5F0.46+x during the charge process. 

Figure 3.13 depicts the reaction mechanism of electrochemical fluoride-ion 

(de)intercalation for Sr3Fe2O5F2. The crystal structure of pristine Sr3Fe2O5F2 changes 

to Sr3Fe2O5F0.46 with the deintercalation of 1.56 fluoride ions after the initial discharge 

to −1.5 V, whereupon partial anion vacancies exist in the perovskite layer. In the 

subsequent charging process until Sr3Fe2O5F2 (0 < x < 1.5 in Sr3Fe2O5F0.46+x), the 

fluoride-ion intercalation proceeds primarily by the solid-solution reaction with a 

negligible volume change (ca. 0.17%). Once the anion vacancies are fully occupied (1.5 

< x < 2 in Sr3Fe2O5F0.46+x), the fluoride-ion intercalation proceeds via the two-phase 
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reaction between Sr3Fe2O5F2 and Sr3Fe2O5F3 with a large volume expansion (11%), in 

which the phase transition is induced by fluoride-ion insertion into the rock-salt layer 

of Sr3Fe2O5F2. In the case of LIB cathodes, it has also been reported that the lattice 

volume change is very small for the (de)intercalation of lithium ions into random 

percolation sites in the rock-salt structure, compared with the lattice volume expansion 

associated with the (de)intercalation of lithium ions into a 2D layered rock-salt oxide 

cathode (e.g., layered LiCoO2 (3.63%),23 cation-disordered rock salt Li1.25Nb0.25V0.5O2 

oxide (1%),26 and Li1.25V0.55Nb0.2O1.9F0.1 oxyfluoride (0.7%)24). Our finding that the 

volume change upon fluoride-ion insertion into perovskite layers is significantly 

smaller than that into the interlayer is expected to prove valuable for the development 

of cathodes for all-solid-state FIBs. 

Figure 3.13. Schematic illustration of the volume changes and phase-transition 

models during the charging process for Sr3Fe2O5F0.46+x. 

3.4  Conclusions   

In summary, we have reported the synthesis of the new oxyfluoride Sr3Fe2O5F2 via a 

Sr3Fe2O5 intermediate for the first time and evaluated its electrochemical performance 

as a cathode active material for FIBs. The crystal structure of Sr3Fe2O5F2 was elucidated 

by combining synchrotron XRD data and theoretical calculations. All of the results 
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indicate that Sr3Fe2O5F2 possesses I4/mmm symmetry. Fluoride ions were (de)inserted 

into lattice vacancies smoothly via 3D percolation sites, resulting in excellent cycling 

stability; that is, the capacity retention over 70 cycles reached 116.7 mAh g−1 with a 

coulombic efficiency of 98%. The crystal structure during the charging process retained 

the same space group until a composition of Sr3Fe2O5F2 with an extremely small 

volume change of approximately 0.17%. Fe2+/Fe3+ redox reactions were responsible for 

the overall charge and discharge processes. All of the aforementioned processes are 

highly reversible. Although practical applications remain to be addressed, Sr3Fe2O5F2 

represents a unique cathode material for FIBs based on the percolation mechanism. 
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Chapter 4. High Capacity and Zero Strain Iron-

based Oxyfluoride Cathodes for All-solid-state 

Fluoride-ion Batteries 

Electrochemical energy storage system with high energy density and safety is 

significantly important to realize green and sustainable society. All-solid-state fluoride-

ion batteries (FIBs), which can achieve a higher energy density and safety than lithium-

ion batteries, are promising candidates.1,2 However, no cathode material for all-solid-

state FIBs has been found that exceeds the capacity of cathode materials for lithium-

ion batteries, and has a small volume change as well which is extremely important for 

all-solid-state batteries. Here we report that a perovskite oxyfluoride SrFeO2Fx obtained 

from SrFeO2 with infinite layer structure3 exhibits topotactic fluoride ion 

(de)intercalation, providing a large reversible capacity of 350 mAh g-1 (1843 mAh cm-

3) with excellent cycle stability and rate capability. The surprising capacity is obtained 

by (de)intercalation of 1.3 extra fluoride ion beyond x = 1 (0 ≤ x ≤ 2.3 in SrFeO2Fx) and 

the additional fluoride ion intercalation leads to the formation of molecular O2 in the 

perovskite structure for charge compensation, as in Li1.2Ni0.13Co0.13Mn0.54O2 and4 

Na0.75[Li0.25Mn0.75]O2
5. Moreover, the volume expansion of the SrFeO2Fx cathode with 

the excess fluoride ion intercalation (x = 2.3) was 0.5%, comparable to that of Li4Ti5O12 

(0.2%), which is known as a strain-free electrode.6 These results highlight the 

perovskite oxyfluorides obtained from infinite layer structure as a new class of active 

materials for the construction of high-performance FIBs. 
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4.1  Introduction  

The development of storage batteries is becoming significantly important for 

mankind to build a sustainable society. Lithium-ion batteries (LIBs) are successfully 

commercialized for over 30 years because of their high capacity and long life, and a 

variety of materials have been developed; starting with the typical LiCoO2,
7 and in 

recent years, Li-rich cathodes that utilize the charge compensation of oxygen.8-12 

However, as electric vehicles and smart grid systems are becoming more widespread, 

rechargeable batteries with even higher capacities as well as a high level of safety are 

required. 

Various types of next generation rechargeable batteries using different carrier ions 

(e.g., Li+, Na+, Mg2+, Cl-, F−) have been proposed to meet these requirements. 1,13-18. 

Among them, all-solid-state fluoride-ion batteries (FIBs), which use fluoride ions as 

carriers, are promising because of their theoretically high energy density and 

safety.1,2,19-25 Moreover, the highest electronegativity of fluorine as well as high redox 

potential 2.87 V (vs. standard hydrogen electrode) of F–/F2 allow choice of electrode 

materials with high redox potential.26 Typical conversion-type cathodes (M/MFx), such 

as CuF2 and BiF3, exhibit high theoretical capacity,1,19,22 however, the large volume 

change upon charge/discharge cycling causes contact loss between the active material 

and the solid electrolyte, leading to reduce cyclability and rate performance. 

In order to solve this problem, attention has been focused on the development of 

intercalation-type cathodes, which benefit from the rigid host lattice and allow the 

topotactic (de)intercalation reaction of fluoride ions with small volume change. It has 

been reported various intercalation-type cathodes with a Ruddlesden-Popper perovskite 

structure such as LaSrMnO4, La2CoO4 and Sr2MnO3F.27-30 Although these compounds 

have the advantage of smaller volume change during charge/discharge compared to 

metal fluorides, the unsatisfactory capacity due to the large formula of the host 

compound is the intrinsic disadvantage.  
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In this study, we applied SrFeO2 compound, which has an infinite layer structure 

consisting of regularly arranged anion vacancies3 and is reported to chemically 

accommodate 1 F− per unit,31 to the cathode material for all-solid-state FIBs. After 

several electrochemical fluoride ion (de)intercalation cycling, this cathode can 

accommodate reversibly F− exceeding 1 mol and provide high capacities of 350 mAh 

g-1 and 1843 mAh cm-3 with the charge compensation of molecular O2 formation (anion 

redox). In addition, the volume change of this cathode material during fluoride ion 

(de)intercalation is 0.5 %, which is significantly smaller than that of LIBs cathode 

materials, making it quite attractive as a cathode for all-solid-state batteries. We believe 

this finding that the intercalation cathode with molecular O2 formation can provide high 

capacity gives new design principle for the cathode of all-solid-state FIBs, as well as 

bring more considerations for developing novel mixed-anion compounds.   

4.2   Experimental  

4.2.1  Synthesis of materials. 

SrFeO3 was prepared by using conventional solid-state reaction similar to 

previously described.1 Reagent grade of SrCO3 (99.99%, Kojundo Chemical 

Laboratory) and Fe2O3 (99.9%, WAKO pure chemical industries, ltd.) were used as 

starting materials. These materials were mixed with a stoichiometric ratio. The mixture 

was pressed into a pellet and annealed at 1273 K for 24 h in air, ground again, and heat 

for additional 24 h at 1473 K. The obtained SrFeO3- (0.45 g) was finely ground with a 

two-molar excess of CaH2 (0.2 g) in an Ar-filled glove box, sealed in an evacuated 

Pyrex tube with under vacuum, and reacted at 553 K for two days. The residual CaH2 

and the CaO byproduct were removed from the final reaction phase by washing them 

with 0.1 M NH4Cl in dried methanol. La0.9Ba0.1F2.9 solid electrolyte with fluoride-ion 

conductivity, was synthesized as reported in the literature.2 LaF3 (99.9%, Kojundo 

Chemical Laboratory) and BaF2 (99.9%, Kojundo Chemical Laboratory) were mixed 
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in a molar ratio of 9:1 and ball-milled at 600 rpm for 12 h using Ar-filled 45 mL ZrO2 

pot and Φ5 mm balls. The mixture was annealed at 600 °C for 10 h in Ar atmosphere. 

4.2.2  Cell Assembly and electrochemical measurements  

The cathode composite consisted of SrFeO2 powder, La0.9Ba0.1F2.9 powder and Vapor-

Grown Carbon Fiber (Showa Denko, VGCF, battery grade), with mixed in a weight 

ratio of 30:60:10 by ball-milling for 10 h at 100 rpm using 45 mL of ZrO2 pot and ZrO2 

balls. La0.9Ba0.1F2.9 was used as a solid electrolyte. Ca0.5Ba0.5F2 was prepared by high-

energy ball milling a stoichiometric ratio of BaF2 and CaF2 together. The total mass of 

the mixture was about 2 g. A ball mill pot made of ZrO2 with a volume of 45 mL was 

employed. The mixture was mechanically treated 99 h using 140 milling balls (ZrO2, 5 

mm in diameter) at 600 rpm.  

PbF2/acetylene black (Denki Kagaku Kogyo, AB) composites, mixed by ball-

milling for 3 h at 600 rpm, are used as a fluorine source on anode side. The 

electrochemical cells were assembled in disk-shaped pellet by compressed 

cathode/solid electrolyte/anode layers. At first, 10 mg of cathode composite and 200 

mg of La0.9Ba0.1F2.9 were compressed for 5 min under 360 MPa. Then, PbF2/AB 

composite was added as an anode layer and Au foils were added on both ends as a 

current collector. These layers were compressed under 360 MPa. The diameter of the 

pellet was 10 mm. All fabrication processes of the all-solid-state type electrochemical 

cell were conducted under Ar atmosphere in a glovebox.  

Assembled cells were put in a sealed container without exposing to the air 

atmosphere. Charge and discharge experiments of the all-solid-state fluoride ion cells 

were conducted in a potential range -1.5~3.0 V vs. Pb/PbF2 at 140 °C with current 

density of 5 mA g-1 unless otherwise specified. Rate performance of the charge-

discharge profiles were measured with various current densities at both charge and 

discharge processes. The electrochemical properties of the electrochemical test cells 

were collected using a galvanostat apparatus (HJ1010SD8, Hokuto Denko Corporation). 
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4.2.3  Materials characterization 

High-resolution X-ray powder diffraction data were collected at room temperature 

in Ar atmosphere, at the BL02B2 and BL19B2 beamlines at the SPring-8 (Hyogo, 

Japan). The powder samples without electrochemical measurement were conducted at 

the BL02B2 beamline, where the diffractometer was equipped with six MYTHEN 

silicon micro-strip photon-counting detectors (Dectris Ltd., Baden, Switzerland), and 

the measurements were performed in Debye-Scherrer transmission geometry was 

used.3 The pellet samples with electrochemical measurement were conducted at the 

BL19B2 beamline using a Huber multi-axis diffractometer with a scintillation counter 

in Bragg-Brentano geometry at the BL19B2 beamline. 

X-ray absorption spectra for Fe K-edge were obtained in the 

transmission/fluorescence mode using a Si(111) double crystal monochromator at 

BL14B2 at SPring-8. For Fe, a pair of Rh mirrors with angles of 6 mrad and 2.8 mrad, 

respectively, were used to eliminate higher order harmonics. The samples were fixed 

in the laminate cell filled with Ar. X-ray absorption spectra for O and F K-edge were 

obtained in the fluorescence mode using a varied-line-spacing plane grating as a 

monochromator with Au mirror at C-branch of BL27SU at SPring-8. The 

measurements were conducted under vacuum and the samples were transferred from an 

Ar-filled glove box without exposure to air. Resonant inelastic X-ray scattering (RIXS) 

measurements were performed at BL07LSU in SPring-8 using a grazing flat-field type 

high resolution soft X-ray emission spectrometer.4 The total energy resolution of the 

RIXS spectra ΔE_tot=√(ΔE_hν^2+ΔE_ana^2) was approximately 150 meV, 

determined by fitting the elastic scattering from Cu plate. The energy resolution of the 

incident photon ΔEhv is around 100 meV, so the energy resolution of the soft X-ray 

emission analyzer at 530 eV ΔEana is estimated to be around 110 meV. The loss energy 

of RIXS was calibrated as follows. First, the incident X-ray energy was set to 530 eV 

and 520 eV, the elastic peaks from a Cu plate at both energies were measured, and the 

emission energy of each elastic peak was determined to be 530 and 520 eV, respectively. 
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The scaling between the two peaks was then calculated by a quadratic function derived 

from the optical design, and the conversion equation from the position on the detector 

to emission energy was obtained. As with the accuracy of the beamline photon energy, 

the accuracy of the absolute emission energy is about ±0.2 eV, but the relative accuracy 

is within ±0.5%. Here, the energy loss in RIXS is the energy difference from the elastic 

scattering, which means that the accuracy of the energy loss is within ±0.5%. The 

sample powders were supported on the carbon tape in the glovebox filled with Ar gas 

and transferred to the measurement chamber without exposure to atmosphere. The 

sample positions were changed at 2.4 μm/s during the RIXS measurements to avoid 

radiation damage. 

4.3  Results and discussion  

4.3.1 Fluoride ion (de)intercalation behavior of SrFeO2 before activation 

Figure 4.1 (a), X-ray diffraction patterns and Rietveld refinement result of as-

prepared SrFeO2. (b), Refined structural data for SrFeO2. (c), SEM-EDX of the 
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SrFeO2 cathode. (d), Schematic diagram of the crystal structure and the sites that can 

accommodate fluoride ions. 

SrFeO2 was synthesized by reducing pre-prepared SrFeO3 with CaH2 according to 

previous study.3 The details of the synthesis procedure and characterization are 

described in Figure 4.1. As-prepared SrFeO2 was mixed with solid electrolyte 

(La0.9Ba0.1F2.9) and Vaper-Grown Carbon Fiber (VGCF) by ball milling in a weight 

ratio of 30: 60: 10 as previous reports.27,30 To evaluate electrochemical properties of the 

SrFeO2 cathode, two-electrode cell was assembled, in which excess amount of Pb/PbF2 

composite for the SrFeO2 cathode was used due to the rapid fluorination/defluorination 

kinetics of PbF2 and the constant redox potential in the wide fluorine content.25  

Figure 4.2 (a) Charging/discharging curves during 1st-6th cycling at a rate of 5 mA g-1 at 140°C. 

(b) Average voltage of SrFeO2 cathode during initial 1st-6th cycling. 

As shown in Figure 4.2a, the SrFeO2 cathode showed a capacity of 350 mAh g-1 

with one slope between -1.0 and 1.7 V and one voltage plateau at 1.8 V on the first 

charging process, and a capacity of 251 mAhg-1 with voltage plateaus at 0.5 V and -0.1 

V on the subsequent discharging process. The irreversible charge capacity on the first 

cycle might be originated from partial oxygen release reaction as reported in LIBs32,33. 

After the initial cycling, the cathode showed a charge capacity of 290 mAh g-1 with 

voltage plateaus at -0.5 V and 1.5 V, which is different behavior from the first charging 

process, and it delivered a discharge capacity of 271 mAh g-1 with voltage plateaus at 
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0.5 V and -1.0 V, which is similar to the first discharging process. In the subsequent 

cycles, the capacity gradually increased up to six cycles, showing the same 

charge/discharge curve as in the second cycle. The average voltage of charging/ 

discharging during the initial six cycles changed largely only from first charging to 

second charging (Figure 4.2b). These results indicate that the structure of SrFeO2 

changes significantly during the first charging process.  

Figure 4.3 XRD patterns of cathode composites containing the SrFeO2 before 

and after initial charging/discharging. La0.9Ba0.1F2.9 solid electrolyte is shown as 

reference. Inset is enlarged view of the XRD around 25.5°.  

The crystal and electronic structural changes during the first charge and discharge 

were examined by synchrotron X-ray diffraction (XRD) and X-ray absorption 

spectroscopy (XAS) for Fe and O K-edge. In the XRD patterns (Figure 4.3), all 

diffraction peaks were indexed by SrFeO2 in the space group P4/mmm and the 

La0.9Ba0.1F2.9 electrolyte before charging. After charging to x = 0.5, the crystal structure 

of SrFeO2 changed to that with the space group of 𝑃𝑚3̅𝑚, which is same as SrFeO2F 

obtained by chemically fluorination of SrFeO2.
31 The peak position shifted to the lower 

angle side with maintaining the same crystal structure in subsequent charging. After 

discharging process, although the peak position shifted to the higher angle side, the 
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crystal structure of the SrFeO2Fx did not return to the pristine one with the space group 

of P4/mmm, but remained with the space group of 𝑃𝑚3̅𝑚. This behavior is similar to 

the previously reported Li1.211Mo0.467Cr0.3O2 (LMCO) compounds, where the transition 

metal (Mo and Cr) migrates to the Li layers after few charge-discharge cycles, and the 

overall structure completes the transition from layered structure to disordered rock-salt. 

The cathode after phase transition exhibits isotropic Li-ion diffusion and a near-zero 

volume change of ~ 0.12% after charging to 4.3V. 34  

Figure 4.4 Fe K-edge XAS spectra (a) during charging, (b) during discharging for 

various states in charge /discharge profiles shown in Figure 4.2a. The x in the figure 

represents the fluoride content (x in SrFeO2). (c) Edge energy of Fe K-edge XAS 

spectra, (d) O K-edge XAS spectra for various states in charge /discharge profiles 

shown in Figure 4.2a. The x in the figure represents the fluoride content (x in SrFeO2). 

In the Fe K-edge XAS spectra (Figure 4.4a-c), the energy of the absorption edge 

shifted to the higher energy in the early stage of insertion of fluoride ions (x < 1), but 

then remained unchanged in the subsequent insertion of fluoride ions (x > 1). The 
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energy of E0 partially return to the original energy after full discharge. In the O K-edge 

XAS spectrum (Figure 4.4d), two peaks, which is attributed to the transitions from the 

O 1s level to the hybridized states of the Fe 3d and O 2p orbitals,35 was observed around 

530 eV before charging (SrFeO2). The intensity at 527.5 eV increased in the early stage 

of fluoride ion insertion (x < 1), which is observed in other iron-based interaction 

materials.12,36 On the other hand, further fluoride ion insertion beyond x ~ 1 resulted in 

the appearance of a new O K-edge peak at around 530.8 eV, which is similar to oxygen 

redox behavior observed in the lithium-rich cathodes4,10,12,36. Then after full discharge, 

the shape of the spectrum did not return to the state before charging. These results 

indicate that the crystal structure of SrFeO2 changes irreversibly from the infinite layer 

structure (P4/mmm) to the SrFeO2Fx perovskite structure (𝑃𝑚3̅𝑚) during the first 

cycling, and at the same time the electronic structure of Fe and O changes irreversibly. 

The large difference in the shape of the charge/discharge curves between the first and 

second cycles (Figure 4.2a) would be attributed to these irreversible changes. Although 

the origin of the gradual increase in charge/discharge capacity up to the sixth cycle is 

not clear, the same shape of the charge/discharge curve suggests that electrochemical 

(de)intercalation of fluoride ions into the perovskite structure SrFeO2Fx is occurring. 

Herein, we consider the initial 6 cycles with the observed increment in capacities as the 

activation process of the SrFeO2 cathode, the electrochemical properties and the 

reaction mechanism of the SrFeO2Fx cathode after the 6th full discharge (at the end of 

the activation process) will be investigated in the following section. 

4.3.2 Fluoride ion (de)intercalation behavior of SrFeO2 after activation 

The SrFeO2Fx after the activation process showed excellent electrochemical 

properties. As shown in Figure 4.5a, the SrFeO2Fx provided a capacity of 353 mAh g-1, 

which exceeds capacity for 1 F−, with a slope around 0.5 V and a plateau around 1.5 V 

in the charging process, and then it provided a capacity of 350 mAh g-1 with a slope 

and a plateau in the discharging process. The charge/discharge capacities of SrFeO2Fx 
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maintained over 320 mAhg-1 without voltage decay for at least 30 cycles, and the 

coulombic efficiency for each cycle was close to 100% (Figure 4.5b, c). Furthermore, 

the rate characteristics of the SrFeO2Fx were relatively good (150 mAhg-1 at 200 mAg-

1 as shown in Figure 4.5d), suggesting rapid diffusion of fluoride ions in the bulk. 

Further, a full cell using the SrFeO2Fx, Ca0.5Ba0.5F2 and La2.9Ba0.1F2.9 as cathode, solid 

electrolyte, and anode, respectively, was tested for electrochemical performance 

(Figure 4.6 and 4.7). The full cell showed a capacity of 310 mAh g-1 with an average 

voltage of 2.8 V and good cyclability. Based on the active material, the full cell shows 

a gravimetric energy density of 495 Wh kg-1 and a volumetric energy density of 2736 

Wh L-1, which are larger than a typical LiCoO2/graphite cell (376 Wh kg-1 and 1403 

Wh L-1, as shown in Supplementary Table 1). 

Figure 4.5 Electrochemical properties of the SrFeO2Fx after activation process. 

Charging/discharging curves of (a) the first cycle. (b) 1st-30th cycling at a rate of 5 

mA g‒1 at 140°C after activation process. (c) Cycle performance of 
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charging/discharging capacities and coulombic efficiency at a rate of 5 mA g-1 at 

140°C. (d) Rate performance and coulombic efficiency with different current density 

between 5 and 200 mA g-1 at 140°C. 

Figure 4.6 (a) XRD patterns of Ca0.5Ba0.5F2. (b) ionic conductivity of CaBaF4. (c) 

charge/discharge profiles of La0.9Ba0.1F2.9/Ca0.5Ba0.5F4/Pb-PbF2 cell at a rate of 10 

mA/g under 140 °C. 

Figure 4.7 (a) Charge/discharge profiles of SrFeO2/Ca0.5Ba0.5F2/La0.9Ba0.1F2.9 cell at a 

rate of 10 mA/g under 140 °C. (b) Capacity and coulombic coefficient with each cycle 

number. 

The crystal structure of the activated SrFeO2Fx before charging (pristine) was in 

space group 𝑃𝑚3̅𝑚 with a lattice constant of a = 3.9503 Å, which was same as the 

crystal structure after the first discharge of the non-activated SrFeO2 (Figure 3a). On 

subsequent charging, the 101 peak of the SrFeO2Fx shifted continuously to lower angles 

with the same space group, and then after discharge, it returned to the same state as 
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before charging, indicating a reversible change in the crystal structure. The lattice 

constant calculated from the XRD pattern fitting via Le Bail analysis was reversibly 

changed from 3.9503 Å to 3.9569 Å (the lattice volume expansion ratio ≈ 0.5 %) upon 

F− (de)intercalation (Figure 3b). Considering the fact that disordered rock-salt Li-excess 

(DRX) compounds have been shown to be intrinsically superior in suppressing volume 

changes during cycling37, it is self-consistent to use similar nature of anion disordering 

to achieve negligible volume expansion in FIBs. Figure 3c shows a comparison of 

volumetric capacity and volume expansion ratio during charge/discharge for the 

SrFeO2Fx with those of previously reported LIBs and FIBs cathodes.30,37-45 The 

SrFeO2Fx achieves higher capacity (1843 mAh cm-3) than the previous LIBs and FIBs 

cathodes with the significantly small volume expansion ratio (0.5%), which is 

comparable to the values of Li4Ti5O12, known as a non-strained lithium-ion 

intercalation electrode.6  

Figure 4.8 (a) XRD patterns of cathode composites containing the SrFeO2Fx 

before and after charging/discharging. La0.9Ba0.1F2.9 solid electrolyte is shown as 
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reference. Inset is enlarged view of the XRD around 25.5°. (b). Lattice constant a and 

volume expansion ratio of the SrFeO2Fx before and after charging/discharging. (c), 

Plots of the volume expansion ratio for volumetric capacities for SrFeO2Fx and 

cathode materials reported in FIBs and LIBs: 1. LiFePO4
38, 2. LiNi0.8Co0.15Al0.05O2

40, 

3. LiCoO2
39, 4, LiNi1/3Co1/3Mn1/3O2

40, 5. Li1.25Nb0.25Mn0.5O2
41, 6. 

Li1.2Ni0.333Ti0.333Mo0.133O2
42, 7. Li1.15Ni0.45Ti0.3Mo0.1O1.85F0.15

42, 8. 

Li1.2Mn0.2Ti0.4Cr0.2O2
43, 9. Li1.2Mn0.4Ti0.4O2

43, 10. Li1.25Nb0.25V0.5O2
44, 11. 

Li9/7Nb2/7Mo3/7O2
45, 12. Li1.25V0.55Nb0.2O1.9F0.1

37, 13. Sr2MnO3F2
30, 14. LaSrMnO4F

30, 

15. La1.2Sr1.8Mn2O7–δFx. 

4.3.3 Charge compensation mechanism of SrFeO2Fx after activation 

The charge compensation mechanisms of (de)fluorination in the SrFeO2Fx were 

examined by synchrotron hard/soft X-ray absorption spectroscopy (XAS) (Figure 4.9). 

The energy of the absorption edge (E0) of the Fe K-edge shifted to the higher energy in 

the early stage of insertion of fluoride ions (x < 1), but then remained unchanged in the 

subsequent insertion of fluoride ions (x > 1) as shown Figure 4.9c. The energy of the 

absorption edge decreased reversibly upon fluoride ion extraction. Since the energy at 

the absorption edge of the SrFeO2Fx during charging and discharging is between the 

absorption energy of SrFeO2 and SrFeO3, these results suggest that the Fe2+/Fe3+ redox 

occurs in the range of x < 1 for SrFeO2Fx. 

In the O K-edge XAS spectrum, a broad peak, which is attributed to the transitions 

from the O 1s level to the hybridized states of the Fe 3d and O 2p orbitals,35 was 

observed around 530 eV before charging (x ~ 0) (Figure 4.9 d). The intensity at 527.5 

eV increased in the early stage of fluoride ion insertion (x < 1), which is observed in 

other iron-based interaction materials.12,36 On the other hand, further fluoride ion 

insertion beyond x ~ 1 resulted in the emergence of a new O K-edge peak at around 

530.8 eV, and this peak increases its intensity with x, while it reversibly disappears 

upon fluoride ion extraction. The increase in the O K-edge peak and the unchanged 



104 
 

oxidation of iron for 1 < x < 2 strongly suggests that oxidized oxygen species are 

involved in charge compensation, as observed in the lithium-rich cathodes.4,10,12,36 

Upon fluoride ion insertion beyond x > 1, the pre-edge region of F K-edge spectra 

(Figure 4.9e) exhibit a small peak that can be attributed to metal-fluorine bond,46 with 

its intensity increasing with x, suggesting the formation of Fe-F bonds in the structure. 

Figure 4.9 Fe K-edge XAS spectra of the SrFeO2Fx after activation process 

during (a) charging, (b), during discharging for various states in charge/discharge. (c) 

Edge energy (E0) of Fe K-edge XAS spectra. (d) O K-edge XAS spectra. (e) F K-edge 
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XAS spectra. The x in the figure represents the fluoride content (x in SrFeO2Fx after 

activation process). 

4.3.4 O2 molecular formation in SrFeO2Fx cathode  

To further confirm the nature of oxidized oxygen species in high fluorine content 

cathode, we performed resonant inelastic X-ray scattering (RIXS) and Pair distribution 

function (PDF) analysis against SrFeO2Fx in different states of charge. Figure 4.10a and 

Figure 4.11 show the results of RIXS that measured from 527.9 to 533.0 eV in O K-

edge XAS spectra under high vacuum. The obtained RIXS spectra of SrFeO2Fx (x = 1) 

at 527.9 eV did not exhibit whereas the RIXS spectra SrFeO2Fx (x = full charged) at 

530.8 eV exhibited discrete energy-loss peaks around the elastic line from 5 to 0 eV, 

representing several vibrational levels of the ground state potential energy surface.47 

The frequency of the first vibrational level was approximately 1600 cm–1, similar to the 

molecular O2, which has been observed in charged lithium, sodium-ion intercalation 

cathode materials4,5 during charge process by RIXS under vacuum. This vibration 

disappears after full discharge. These results mean that molecular O2 formation occurs 

in the SrFeO2Fx during later charge process and the O2 formation/breaking is reversible.  

Figure 4.10 Evidences of O2 molecular formation in SrFeO2Fx cathode (a) 

High-resolution RIXS spectra recorded at excitation energies at 530.8 eV for in 
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SrFeO2, full charge and full discharge states of SrFeO2Fx after activation process. (b) 

PDF analysis against synchrotron XRD date of cathodes in different states of charge. 

Figure 4.11 Oxygen K-edge RIXS spectra recorded at an excitation energy from 

530.2 to 533.0 eV for charged (3.0 V) states. 

In addition, the PDF analysis results provide a more intuitive signal about the 

formation of oxygen molecules in SrFeO2F2.3 cathode, the test temperature close to 

absolute zero suppresses thermal vibrations in the lattice and allows us to directly 

observe the signal at low interatomic distances.48 It is clear that after charging to x = 

2.3 (SrFeO2F2.3), a new peak appears near 1.2 Å corresponding to the O-O bond in the 

oxygen molecular, whereas this peak cannot be detected in the pristine and SrFeO2F 

electrodes (Figure 4.10b). Since the amount of F− that can be accommodated in the 

regular anion vacancies even for SrFeO2 per formula unit is 1, another anion site is 

needed for the SrFeO2Fx to accommodate more than 1 F−. The molecular O2 that forms 

in the SrFeO2Fx during charging observed in RIXS may not only account for charge 

compensation, but also create additional anion vacancies to accommodate the excess 

F−. However, assuming neutral O2 compensates for the charge of excess F− insertion 

(1.3 e-), the created anion vacancy is approximately 0.33 and a significant F− should be 
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accommodated in further irregular sites. Galvanostatic intermittent titration technique 

(Figure 4.12) showed that polarization was larger for x > 1 than 0 < x < 1 and the larger 

polarization for x > 1 may be caused by the formation of O2 molecules that could 

involve local distortions. A similar large polarization has been observed in the cathode 

for LIBs and sodium ion batteries including the formation of oxygen molecules.4,5 

Although how the molecular O2 and excess F− are present in the charged SrFeO2Fx is 

not clear, these results indicate that the molecular O2 and excess F− may be present in 

some cavities in the structure, as found in the Li-rich cathode material,4 the H2 molecule 

in SrTiO3
49,50 or the N2-intercalated WO3,

51 and the formation of molecular O2 might 

create the irregular site of F−. Such isotropic fluoride ion conduction is similar to 

disordered rock-salt Li-excess (DRX) compounds, ensuring smooth fluorine ion 

diffusion while achieving zero-strain of the cathode upon cycling. Further analyses such 

as scanning transmission electron microscope, quantification of F− and first-principal 

calculation is needed to determine how the molecular O2 and excess F− exist in the 

structure.  

Figure 4.12 (a) The voltage/capacity profile of SrFeO2Fx obtained by 

galvanostatic intermittent titration technique, and (b) open-circuit-voltage (OCV) 

profile obtained from Figure a. 
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4.4  Conclusion 

We demonstrated electrochemical intercalation of fluoride ions with excellent 

capacity cyclability and rate capability with molecular O2 formation, using the 

perovskite oxyfluoride SrFeO2Fx obtained from SrFeO2 with infinite layer structure. 

Interestingly, the volume expansion of the SrFeO2Fx during charging is significantly 

small, comparable to Li4Ti5O12 system, which is attractive to construct all-solid-state 

batteries. It should be emphasized that, like the LIBs, the current FIBs has room for 

further improvement in terms of electrochemical properties such as cycle stability, rate 

characteristics, and fluoride ion diffusion; available strategies include chemical 

substitution with other transition metals, oxygen vacancy control, optimization of 

composition in an electrode mixture and tuning particle morphologies, in addition to 

modification of solid-solid interfaces with solid electrolytes (e.g., surface coating, 

orientation control). Moreover, it is not clear how the molecular O2 and excess F− exist 

in SrFeO2Fx, which is important for designing excellent perovskite oxyfluoride 

electrodes, more generally, mixed-anion compounds52 and should be clarified in the 

future. 
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Chapter 5. Earth Abundant Ultra-high 

Capacity Iron-based Oxyfluoride Cathodes for 

All-solid-state Fluoride-ion Batteries Using 

Anionic Redox Reactions 

With the increasing ownership of electric vehicles (EVs), there is a growing market 

demand for power batteries with high energy density and safety. All-solid-state fluoride 

ion batteries (FIBs), which allow the multiple-electron transfer and use solid-state 

inorganic electrolytes, are noteworthy candidates for reaching high energy densities 

while ensuring safety. Recently, we reported the application of SrFeO2 cathode for FIBs, 

achieving an energy density overriding that of lithium-ion batteries with excellent cycle 

stability, through the in-situ generation of perovskite oxyfluorides SrFeO2Fx (0 ≤ x ≤ 

2.3). In this study, we synthesized a series of cathode materials CaySr1‒yFeO2 (0 ≤ y ≤ 

1) by using low-cost and lightweight Ca to substitute Sr, which not only reduces the 

cost but also further increases its energy density. Among them, Ca0.8Sr0.2FeO2 achieves 

an ultra-high capacity of up to about 600 mAh g‒1 with rewarding cycle performance, 

corresponding to an extremely high energy density of 2736 Wh L−1. The large capacity 

is obtained by (de)intercalation of 2 extra fluoride ion beyond x = 1(0 ≤ x ≤ 3 in 

Ca0.8Sr0.2FeO2Fx) and the additional fluoride ion intercalation leads to the formation of 

molecular O2 in the perovskite structure for charge compensation, as in SrFeO2Fx. 

These results highlight the perovskite oxyfluorides obtained from infinite layer 

structure as a new class of active materials for the construction of high-performance 

FIBs. 
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5.1  Introduction 

In the past decade, the popularity of lithium-ion batteries (LIBs) as power batteries 

has enabled the rapid development of electric vehicles (EVs). However, their single-

electron transfer mode limits the capacity of LIBs, which leads to the mileage anxiety 

issue of electric vehicles.1, 2 Although various multivalent metal ions such as Mg2+, Ca2+, 

Zn2+, Al3+ have been proposed to achieve capacity enhancement by multiple electron 

transfer3-8, the low ion mobility of these cations hinders the practical application. In 

2011, Anji Reddy and Fichtner first proposed the proof-of-concept of the all-solid-state 

fluoride ion batteries (FIBs), which again aroused researcher’s widespread interest.9-19 

Since fluorine has a small ionic radius and the highest electronegativity, the utilization 

of fluoride ions as carriers can ensure electrochemically stable migration while 

achieving high capacity through multiple-electron transfer, which is considered as one 

of the solutions for next-generation power batteries. 

The preliminary all-solid-state FIBs used simple metal/metal fluoride cathodes: 

Bi/BiF3 and Cu/CuF2 electrodes could achieve high capacities of 322 mAh g‒1 and 385 

mAh g‒1, respectively, through multiple-electron transfer.9, 20 However, these electrodes 

have poor cycling performance due to the large volume changes accompanying the 

charging and discharging process.21 Later, Nowroozi et al. reported the application of a 

series of layered perovskite-related materials with Ruddlesden-Popper phases 

(An+1BnX3n+1, where A and B are cations, X is oxygen) as cathode materials, where 

fluoride ions can be topologically (de)inserted between two MO6 slabs, like the case of 

LiCoO2.
22-24 Although these intercalation-type electrodes ensure the structural integrity 

of the host lattice before and after fluoride ion insertion, and effectively solve the 

volume expansion problem of metal/metal fluoride electrodes, their redundant lattice 

composition leads to unsatisfactory theoretical capacity. 

Recently, we reported the application of SrFeO2 with infinite-layer structure as a 

cathode material for FIBs. Compared with the abovementioned layered metal oxides 

with R-P phase, SrFeO2 has a simplified chemical composition. By using the Fe2+/Fe3+ 
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redox and the formation of oxygen molecular in the bulk, the SrFeO2 cathode 

contributes an extremely high energy density of 2736 Wh L−1. Here, we propose a series 

of CaySr1‒yFeO2 (0 ≤ y ≤ 1) cathode materials for FIBs using low-cost and lightweight 

Ca as a substitute for Sr. The electrochemical results indicate that Ca0.8Sr0.2FeO2 

cathode achieves an energy density of 643 Wh L‒1
 by reversible 3-electron transfer 

((de)insertion of 3 fluoride ions), which is comparable to 2.5 times the value of 

commercial LiCoO2 electrodes (1403 Wh L‒1). The results of X-ray absorption 

spectroscopy (XAS) demonstrate that Ca0.8Sr0.2FeO2 has a similar charge compensation 

mechanism to that of SrFeO2.  

5.2  Experimental  

5.2.1 Material preparation 

CaySr1‒yFeO2. The precursors CaySr1‒yFeO3‒δ (0 ≤ y ≤ 1; 0 ≤ δ ≤ 0.5) was 

synthesized from CaCO3 (99.99%, Kojundo Chemical Laboratory), SrCO3 (99.99%, 

Kojundo Chemical Laboratory), and Fe2O3 (99.9%, WAKO pure chemical industries, 

ltd.) in air by a solid-state reaction.25, 26 CaCO3 was pre-dried before use, then three 

materials were mixed in a stoichiometric ratio, pelletized and sintered at 1200 °C for 

72 hours in three stages; the pellets were crushed at the end of each 24-hour sintering 

period and re-pressed. To obtain the CaySr1‒yFeO2 compounds, the precursors were 

homogeneously mixed with a 2-molar excess of CaH2 (99.99%, Sigma-Aldrich), 

pressed, and sealed in evacuated Pyrex tubes in an argon-filled glovebox. The vacuum 

tubes were then sintered according to the conditions in the supplementary Table 4.1, 

which vary for the different Sr and Ca components. Finally, the products of the 

reduction reaction were washed three times with 0.15 M NH4Cl/methanol solution to 

remove the side reaction product CaO and unreacted CaH2. 

Solid Electrolyte. In this study, La0.9Ba0.1F2.9 (LBF) was used as a fluoride-ion 

solid-state electrolyte.27 LaF3 (99.9%, Kojundo Chemical Laboratory Co., Ltd.) and 
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BaF2 (99.9%, Kojundo Chemical Laboratory Co., Ltd.) were first mixed thoroughly in 

stoichiometric ratio using a mortar and then the mixture was transferred to a ZrO2 ball 

milling vial; the ball milling was carried out under a rotation speed of 600 rpm for 10 

h. Finally, the ball-milled product was pressed and sintered at 1000 °C for 4 h. All the 

above operations were carried out under argon atmosphere. 

Table 5.1 Reaction Conditions for CaySr1‒yFeO2. 

Composite electrode. The cathode composite was produced by ball milling the as-

prepared CaySr1‒yFeO2 compounds, the solid electrolyte LBF, and VGCF (VGCF, 

Showa Denko K.K) in the weight ratio of 1:6:3 under a rotation speed of 100 rpm for 

12 h. Regarding the anode composite, PbF2 (99.9%, Kojundo Chemical Laboratory Co., 

Ltd.), Pb powder (99.9% Kojundo Chemical Laboratory Co. Ltd.), LBF and VGCF 

were first mixed in a mortar in the weight ratio of 3: 2: 4: 1, and then the mixture was 

transferred into a ZrO2 ball mill pot, then produced by ball milling at 100 rpm for 12 h. 

5.2.2 Electrochemical measurement  

 The electrochemical properties of each cathode material were tested using a two-

electrode bulk-type cell.16 The solid electrolyte powder was first molded by applying 

pressure, followed by adding cathode and anode composites on both sides by applying 

360 MPa for 5 min; two gold foils are placed between the electrodes and the metal mold 

as the current collector. The galvanostatic charge/discharge properties were performed 

using an HJ1010SD8 (Hokuto Denko Corporation) electrochemical workstation; the 

applied current density was 5mA g‒1 and the cutoff voltage range is ‒1.5 ~ 3 V (vs. 

Pb/PbF2) at 150 °C.  
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5.2.3 Characterization  

The X-ray diffraction data was collected at synchrotron radiation facility SPring-8 

(BL02B2), Japan. The incident X-ray was monochromatized to a wavelength of 0.4133 

Å. The crystal structure information of each cathode was obtained by Rietveld 

refinement using the Jana2006 package28, and the crystal structure of each material was 

depicted using the VESTA program based on the refinement results.29 Scanning electron 

microscopy (SEM) images were obtained using a field emission S-3400N scanning 

electron microscope (Hitachi, Japan). Ex situ Fe K-edge, F K-edge and O K-edge X-ray 

absorption spectroscopy (XAS) measurement were performed at the BL14B2and 

BL27SU beamlines at Spring-8, Japan; XAS spectrums were analyzed with the Athena 

software.30  

5.3  Result and discussion 

5.3.1 Structural evolution with Ca substitution  

Figure 5.1a shows the synchrotron XRD data of the CaySr1‒yFeO2 compounds, 

which have similar XRD patterns to SrFeO2, and their diffraction peaks can be 

calibrated using the tetragonal lattice.31 With the substitution of Ca, the overall Bragg 

diffractions shifted to a higher angle, which represents the reduction of the lattice 

parameters. The Rietveld refinement results of XRD show that the patterns for 0 ≤ y ≤ 

0.8 converge well using the same infinite layer structure as SrFeO2 (Figure 5.1b and 

Figure 5.2a-e),25 however, for CaFeO2, a satisfactory fit could not be obtained using the 

P4/mmm space group due to the appearance of some weak super-reflections. Tassel et 

al. have reported that these super-reflections corresponding to a (1/2, 1/2, 0) modulation 

vector of tetragonal lattice, the XRD pattern of CaFeO2 could be indexed perfectly by 

the P-421m (No. 113) space group.26 Figure 5.2f and Figure 5.1c show the results of the 

refinement of CaFeO2 and its crystal structure. Due to its small ionic radius (Sr2+: 118 
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pm; Ca2+: 100 pm)32, the FeO4 square planar in CaFeO2 underwent a rotation of 

approximately 5 ° along the c-axis compared to the perfect infinite-layer structure (such 

as SrFeO2), and produce some distortions toward tetrahedra. The above-mentioned 

structural changes are consistent with previous studies.25, 26 

Figure 5.1 (a), X-ray diffraction patterns of as-prepared CaySr1-yFeO2. Lattice 

structure of (b) CaySr1-yFeO2 (0 ≤ y ≤ 0.8) with space group P4/mmm, (c) CaFeO2 

with space group 𝑃4̅21𝑚. (d) Lattice parameters of a and c axis obtained by Rietvled 

refinement. 

The results of Rietveld refinement are summarized in Figure 5.1d and Table 5.2, 

the a- and c-axis parameter of CaySr1‒yFeO2 compounds decrease linearly with 

increasing Ca content, following Vegard’s law. However, this evolution comes to an 

abrupt end at y = 0.8, where CaFeO2 has a larger c-axis parameter compared to the y = 

0.8 compound because of the lattice distortion. Finally, Figure 5.3 provides the 

morphology information of each material, all of which have similar particle sizes of 3-

5 um. 
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Figure 5.2 Results of Rietveld refinement for CaySr1‒yFeO2 (0 ≤ y ≤ 1). 
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Table 5.2 Results of Rietveld refinement for CaySr1‒yFeO2 (0 ≤ y ≤ 1). 
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Figure 5.3 SEM images of CaySr1‒yFeO2 (0 ≤ y ≤ 1). 

5.3.2 Electrochemical performance  

The electrochemical performances of CaySr1‒yFeO2 cathodes were evaluated using 

a two-electrode bulk-type cell under a current density of 5mA g‒1, and the cut-off 

potential was set to ‒1.5 ~ 3 V. The Pb/PbF2 anode composite is selected as the counter 

and reference electrode to accurately evaluate the properties of the cathode materials; 

its potential is always constant because the Pb/PbF2 transition proceeds via a two-phase 

reaction. As shown in Figure 5.4, these cathodes exhibit similar two-stage galvanostatic 

charge/discharge profiles after a similar activation process as SrFeO2. With the increase 

of Ca content, higher reversible capacity is achieved; the Ca0.8Sr0.2FeO2 cathode 

exhibited the highest reversible capacity of 580 mAh g‒1 instead of CaFeO2. This value 

is higher than not only all commercial Li-ion battery cathodes such as LiCoO2, LiFePO4, 

but also all known Li-excess system cathodes (Figure 5.5).33-41 It is speculated that the 

lattice distortion produced in the infinite-layer structure of CaFeO2 may be unfavorable 

to the three-dimensional diffusion of fluoride-ions, thus leading to a decrease in the 

capacity.  
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Figure 5.4 Charge/discharge profiles of CaySr1‒yFeO2 (0 ≤ y ≤ 1) at a current 

density of 5 mA g‒1 under 150℃. 

Figure 5.5 Plots of the volume expansion ratio for volumetric capacities for 

Ca0.8Sr0.2FeO2Fx and cathode materials reported in FIBs and LIBs 
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Table 5.3 shows the theoretical capacity corresponding to the insertion of a fluoride 

ion into each material. The results of charging/discharging show that all cathodes allow 

the reversible (de)insertion of excess amount of fluoride ions (more than two), 

especially Ca0.8Sr0.2FeO2, which shows the maximum of three. Figure 5.6 shows the 

charge/discharge profiles of a Ca0.8Sr0.2FeO2|CaBaF4|LBF full cell, ultra-high energy 

densities, 650 Wh k g‒1 gravimetrically or 3643 Wh L‒1 volumetrically could be realized. 

To the best of our knowledge, the Ca0.8Sr0.2FeO2 cathode exhibits the highest reversible 

capacity in all-solid-state fluoride ion batteries to date.  

Table 5.3 Theoretical capacities of CaySr1‒yFeO2. 

Figure 5.6 Charge/discharge profiles of Ca0.8Sr0.2FeO2 vs. La/LaF3 anode. 
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5.3.3 Charge compensation  

Since Ca0.8Sr0.2FeO2 exhibits a fluoride ion accommodation capacity well beyond 

the stoichiometric ratio, it is necessary to probe its chemical state at different fluoride 

ion contents (different states of charge). Figure 5.7a shows the Fe K-edge X-ray 

absorption spectrums (XAS) obtained upon charging after activation process. During 

the first fluoride-ion insertion (0 ≤ x ≤ 1), the absorption edge continues to move toward 

the high energy, representing the oxidation of Fe in this interval. Afterwards, until the 

full-charge state (1 ≤ x ≤ 3), the position of the absorption edge remains almost constant, 

indicating that the oxidation state of Fe is virtually unchanged at this stage. The E0.5 of 

the Fe absorption edge for each charging state is summarized in Figure 5.7b, where the 

evolution in the oxidation state of Fe can be clearly identified by the energy changes. 

In the starting state (x = 0), the energy of the absorption edge is close to that of the FeO 

reference, indicating that the Fe in Ca0.8Sr0.2FeO2 approximates to divalent. As the 

fluoride ion content increases, the energy of the absorption edge continues to increase 

and remains almost constant after x=1. The energy at this point is close to that of the 

Fe2O3 reference, implying that Fe in Ca0.8Sr0.2FeO2 after x=1 remains trivalent. The 

above results indicate that Fe is involved in charge compensation only during the first 

fluoride ion insertion. 
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To probe the redox species beside Fe, we also collected the O K-edge and F K-edge 

XAS using the forementioned ex-situ samples. Figure 5.8a summarized the spectrums 

of O K-edge at different fluoride ion content. The broad peak between 528 to 534 eV 

before charging corresponding to the electron transition from O 1s orbital to the O 2p 

– Fe 3d hybridized orbital.42 With the insertion of the fluoride ion, there is no significant 

change in the spectrum of O in the interval 0 ≤ x ≤ 1, however, with further fluoride ion 

insertion, a new characteristic peak appears near 531 eV and its strength enhances with 

the increase of fluoride ion content. House et al. observed similar variations in cathode 

materials of LIBs and NIBs, and this characteristic peak was determined to originate 

from oxygen molecules formed inside the lattice by resonant inelastic X-ray scattering 

(RIXS), pair distribution function (PDF), and other analytical methods.  

Figure 5.7 (a) Fe K-edge XAS spectrums of Ca0.8Sr0.2FeO2Fx in different states of 

charge after activation process. (b) Plot of edge energies summarized from Figure 5.7 

(a). 

In the spectrum of F K-edge (Figure 5.8b), the location of the absorption edge did 

not change with the fluoride ion content.43-45 After the insertion of one fluoride ion (x

＞1), a small characteristic peak emerged in the pre-edge region, indicating the 

formation of Fe-F bonds.46 Integrating the foregoing XAS results, we came to the 

following conclusions: during the first fluoride ion insertion (0 ≤ x ≤ 1), Fe2+/Fe3+ redox 

was first engaged in charge compensation from while the chemical state of oxygen did 
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not change; subsequent fluoride ion insertion did not lead to further oxidation of Fe, the 

formation of oxygen molecules within the lattice provided additional electrons in this 

state (x＞1).  

Figure 5.8 (a) O K-edge and (b) F K-edge XAS spectrums of Ca0.8Sr0.2FeO2Fx in 

different states of charge after activation process.  

5.4  Conclusions 

A series of CaySr1‒yFeO2 (0 ≤ y ≤ 1) materials are proposed as cathodes for all-

solid-state FIBs. The results of Rietvled refinement using synchrotron XRD data show 

that the lattice constants of the CaySr1‒yFeO2 cathodes continue to decrease with smaller 

radius Ca2+ substitution; after Sr is completely replaced by Ca, the square planar FeO4 

undergoes distortion to stabilize the structure. Their electrochemical performance in the 

voltage range of ‒1.5 ~ 3 V was evaluated by a two-electrode bulk-type cell using a 

current density of 5 mA g‒1. Stable and reversible (de)insertion of fluoride ions can be 

achieved for each material, with Ca0.8Sr0.2FeO2 achieving the highest reversible 

capacity of 580 mAh g‒1; it is speculated that the higher capacity of CaFeO2 is affected 

by the deviation from the ideal infinite-layer structure due to lattice distortion. The XAS 

results show that the insertion of the first fluoride ion in Ca0.8Sr0.2FeO2 is achieved by 

Fe2+/Fe3+ redox, and further fluoride ion insertion leads to oxygen oxidation in the bulk, 

which not only realizes electron transfer but also creates additional fluoride ion 
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accommodation sites through the formation of stable oxygen molecules. This study has 

significantly improved the energy density of all-solid-state fluoride ion batteries and 

educed the cost, and has contributed to their practical application as power batteries in 

the future. 
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Chapter 6. High-capacity Oxyfluoride 

Cathodes for All-Solid-State Fluoride-ion 

Batteries with Cationic Substitution toward 

High-Rate Capability 

All-solid-state fluoride-ion batteries with high energy density are considered as 

advantageous candidates for next-generation energy storage. The intercalation-type 

cathodes with Ruddlesden−Popper phase using topotactical fluoride ion (de)insertion 

effectively suppresses the volume change problem of metal/metal fluoride conversion-

type cathodes, and exhibit stable cycle ability; however, the energy density of these 

cathodes is not ideal. Recently, we have proposed SrFeO2 cathode with infinite-layer 

structure, which has a three-dimensional penetration ion diffusion pathway, achieved 

high energy density and cycling stability simultaneously by accommodating excess 

amount of fluoride ions. Based on this material, in this study we have fabricated Sr1‒

yBayFeO2 (0 ≤ y ≤ 0.8) cathodes with partial substitution by Ba. The results of 

synchrotron XRD refinements, EXAFS analysis, and electrochemical measurements 

show that the phase-transition occurs from an infinite-layer phase to an oxygen-

deficient LaNiO2.5 phase after y = 0.4 substitution, and becomes unable to 

accommodate excess fluoride ions as in the case of SrFeO2. Nevertheless, in the cathode 

with 0 ≤ y ≤ 0.3, Sr0.7 Ba0.3FeO2 demonstrates the high-rate performance, because the 

bottle-neck area for fluoride-ion diffusion increases with increasing Ba content. 
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6.1  Introduction 

Energy drives economies and sustains societies. In the past 30 years, lithium-ion 

batteries (LIBs) are commercially used in various scenarios as an efficient energy 

storage system.1 Researchers have invested a lot of effort to further improve the energy 

and power density, cycle stability and reliability of LIBs. However, the energy density 

of conventional LIBs will soon reach its limit2, the resulting cask effect forces us to 

develop new battery systems. To meet the growing market demand for next-generation 

batteries with higher energy density as well as power density, several strategies have 

been proposed, such as all-solid-state batteries that employ solid electrolyte instead of 

the liquid counterpart3, and other battery systems that employ different charge carriers 

(e.g., Na+, Mg2+, Cl− or F−).4-8  

All-solid-state fluoride-ion batteries (FIBs), due to the highest electronegativity of 

fluoride ion carriers, exhibit extraordinary chemical stability and promise high power 

density by using high-voltage electrodes.9, 10 Metal/metal fluoride conversion type 

cathodes (Bi/BiF3, Cu/CuF2, etc.) were firstly implied in FIBs owing to their high 

theoretical capacities. Unfortunately, the dramatic volumetric expansion after fluoride 

ion insertion, has a negative impact on the reversibility and cyclability.11-13 To suppress 

the undesired volume change, a series of layered-perovskite oxides with 

Ruddlesden−popper structure (An+1BnX3n+1, where A and B are cations, X is oxygen) 

were developed as cathode materials for FIBs.10, 14-18 Although these layered oxides 

provide rigid host lattices for fluoride ion (de)intercalation, the excessively heavy unit 

cells hinder the realization of high energy density.  

Recently, we published an iron oxide SrFeO2 as cathode material for FIBs. Taking 

the advantage of a simpler lattice structure in comparison with previous layered 

compounds (e.g., LaSrMnO4, La2CoO4 or La2NiO4), SrFeO2 delivered a surprising 

volumetric energy density of 2736 Wh L−1 by using the charge compensation of lattice 

oxygen. In addition, the unique infinite-layer structure provides a rigid host cell to 

ensure the structural integrity against fluoride ion insertion, which makes SrFeO2 
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exhibit outstanding electrochemical reversibility (Coulombic efficiency close to 99% 

after activation process) and cycling stability (capacity retention of 91.4% after 35 

cycles). However, the electrochemical performance at high current densities is not 

satisfactory. 

In this study, we employed a series Ba substituted Sr1‒yBayFeO2 (0  y  0.8) 

compounds as cathode materials for FIBs. With the increase of Ba content, the 

compounds with x > 0.3 changes from an infinite-layer structure to a new phase 

analogous to a “oxygen-deficient” LaNiO2.5 structure. The electrochemical 

performances of each sample are evaluated; the results show that only the materials 

with infinite-layer structure (x  0.3) allow the insertion of excess amount of F, and 

Sr0.7Ba0.3FeO2 demonstrated the best rate capability. Extended X-ray absorption fine 

structure (EXAFS) analysis was used to clarify the local structure changes around 

lattice oxygen and future probe the correlation between it and ionic conductivity.19, 20 

As a result, Sr0.7Ba0.3FeO2 is corroborated to be the material that shows best rate 

capability owing to the largest bottle-neck area around the lattice oxygen, which 

enhances the F‒ mobility with the lattice. 

6.2  Experimental  

6.2.1 Material synthesis.  

Sr1‒yBayFeO2. The oxygen-deficient precursors Sr1‒yBayFeO3− (y = 0, 0.1, 0.2, 0.3, 

0.4, 0.6, 0.8) were prepared in air by conventional high-temperature ceramic 

reactions.21-23 Stoichiometric amount of SrCO3 (99.99%, Kojundo Chemical 

Laboratory), BaCO3 (99.99%, Kojundo Chemical Laboratory), and Fe2O3 (99.9%, 

WAKO pure chemical industries, ltd.) were thoroughly mixed, pelletized and reacted at 

1200C for 2 days with one intermediate grinding. The as-prepared precursors were 

subsequently ground well with a 2-molar excess of CaH2 (99.99%, Sigma-Aldrich) in 

an Ar-filled glovebox, pelletized, sealed in an evacuated Pyrex tube and heated under 

various temperatures and durations as listed in Supplementary Table 1. The final 
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reaction phase was washed with 0.15M NH4Cl/methanol solution to remove the CaO 

byproduct and residual CaH2. 

Table 6.1 Reaction Conditions for (Sr1−yBay)FeO2. 

Solid Electrolyte. La0.9Ba0.1F2.9 (LBF) was employed as the electrolyte in this 

study.24 A stoichiometric ratio of LaF3 (99.9%, Kojundo Chemical Laboratory Co., Ltd.) 

and BaF2 (99.9%, Kojundo Chemical Laboratory Co., Ltd.) was thoroughly ground 

using a mortar and the mixture was subsequently sealed into an agate ball milling pot 

and milled at 600 rpm for 10 h. Finally, the ball-milled mixture was pelletized and 

sintered at 1000 °C for 4 h. All of the above operations were completed in an Ar-filled 

glovebox.  

6.2.2 Electrochemical measurements. 

Electrochemical performances of each sample were evaluated using bulk-type cell. 

For cathode composites, Sr1‒yBayFeO2 was ball-milled with the solid electrolyte, LBF, 

and vapor-grown carbon fiber (VGCF, Showa Denko K.K) at a ratio of 3: 6: 1 for 10h. 

For the anode composite, elemental Pb (99.9% Kojundo Chemical Laboratory Co. Ltd.), 

PbF2 (99.9%, Kojundo Chemical Laboratory Co., Ltd.), LBF, and VGCF were ball-

milled at a wight ratio of 2: 3: 4: 1. The powder of Cathode composite, LBF, and anode 

composite were pressed into a pellet under 360 MPa for 5min, and finally held by two 

pieces of gold foil as current collectors. 

The electrochemical performances of Sr1‒yBayFeO2 were examined on an 

HJ1010SD8 (Hokuto Denko Corporation) electrochemical workstation. For 

galvanostatic charge/discharge tests, a current density of 5 mA g−1 was employed to 

evaluate the cycling stabilities; current densities up to 200 mA g−1 were used for rate 

capabilities. The cutoff voltage was set to −1.5 to 3.0 V versus Pb/PbF2.  
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6.2.3 Characterization.  

Synchrotron X-ray diffraction (XRD) measurements were performed at room 

temperature at synchrotron radiation facility SPring-8 (BL02B2), Japan. The 

synchrotron radiation X-rays were monochromatized to a wavelength of 0.41343 Å, 

which was calibrated using a CeO2 standard sample. Rietveld refinements were 

performed using the JANA2006 package25 to probe the purity of Sr1‒yBayFeO2 and local 

structural information. The crystal structure models for Sr1‒yBayFeO2 were depicted 

using the program VESTA.26 Extended X-ray absorption fine spectroscopy (EXAFS) 

for Sr and Ba K-edges were performed at beamline BL14B2 in SPring-8 in the 

transmission mode using a Si (111) monochromator. EXAFS structural analysis was 

performed with the Artemis software.27  

6.3  Result and discussion  

6.3.1 Crystal structures of Sr1‒yBayFeO2.  

Figure 6.1 (a) Synchrotron XRD pattern of Sr1‒yBayFeO2 compounds.  (b) Lattice 

parameter evolution with Ba substitution obtained from Rietveld refinement. 

The synchrotron XRD pattern of as-prepared Sr1‒yBayFeO2 are shown in the Figure 

6.1a. No impurity could be detected within the experimental resolution. All the profiles 

are readily indexed on the basis of a tetragonal unit cell and gradually shift to lower 

angles because of the different atomic diameters between Ba and Sr, whereas several 
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additional superlattice reflections related to the simple perovskite cell emerged in the y 

= 0.4 ~ 0.8 samples, indicating a structural phase transition after y = 0.4 substituting. 

Rietveld refinements against synchrotron XRD were performed for all samples, the 

results are listed in Figure 6.2. In the case of y = 0 ~ 0.3 samples, the profiles could be 

fitted well using an infinite-layer structure; for y = 0.4 ~ 0.8 samples, the profiles were 

fitted using the oxygen-deficient LaNiO2.5 structure described by Yamamoto et al.21  

Figure 6.2 Results of Rietveld refinement for Sr1‒yBayFeO2 compounds. 
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Figure 6.1b and Table 6.2 summaries the lattice constants of Sr1‒yBayFeO2 

compounds; for the sake of comparison, we used the normalized lattice parameter after 

y = 0.4, where ap = 1/2a. Both the a and c axis lengthened gradually accompanied by 

Ba substituting, the c axis demonstrated a more significant expansion in compared with 

a axis for y = 0 ~ 0.3 samples (from y = 0 to y = 0.3, c axis increases 3.3% while a axis 

increases 0.5%); however, a jump in the lattice parameters of Sr1‒yBayFeO2 from y = 

0.3 to y = 0.4 strongly suggests that a phase transition has occurred in this region. And 

for compounds with y ≥ 0.4, their a and c axis follow Vegard's law exhibiting a linear 

and continuous increase, indicating that the content of oxygen in them does not vary 

with y.21 This kind of phase transition might hinder the perfect pathway for fluoride ion 

between infinite-layers, might affect the fluoride ion diffusion within the lattice.  

Figure 6.3 provides information on the morphology of each material. the SEM 

images show that the primary particle sizes of the different component materials are 

similar, with an average particle size of 3 ~ 5 um. 

Figure 6.3 SEM images of Sr1‒yBayFeO2 compounds. 
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Table 6.2 Results of Rietveld refinement for CaySr1‒yFeO2 (0 ≤ y ≤ 1). 
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6.3.2 Electrochemical performance 

The charge/discharge performance of all samples was evaluated in a cutoff voltage 

range of −1.5 ~ 3V against Pb/PbF2 anode. Similar to the case of SrFeO2, y = 0.1 ~ 0.3 

cathodes exhibited high reversible behavior after a five-cycle activation process (see 

Figure 6.4a and Figure 6.5). All the samples showed the two-plateau charge-discharge 

profile, indicating that not only Fe but also O was involved in charge compensation, as 

we confirmed in the previous study on SrFeO2. Although the charge/discharge capacity 

gradually decreased with Ba substituting due to the heavier atomic mass of Ba than Sr, 

each material still allows nearly two F− intercalation by electrochemical method, while 

only one F− was allowed stoichiometrically by using the chemical method.28, 29 In 

contrast, for y ≥ 0.4 cathodes, unlike Sr1‒yBayFeO2 materials with infinite-layer 

structure, excess amount of fluoride ions were not allowed even using the 

electrochemical method, only one F−
 was inserted after charging to 3 V vs. Pb/PbF2 

(Figure 6,4b,c and Figure 6.5).   
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Figure 6.4 (a, b) charge/discharge profiles of Sr1‒yBayFeO2 after activation 

process. (c) 6th discharge capacities of the Sr1‒yBayFeO2 cathodes, the red and blue 

line corresponding to the capacities of 1F and 2F insertion. (d) rate properties of Sr1‒

yBayFeO2 cathodes (y = 0 ~ 0.3) 
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Figure 6.5 Charge/discharge profiles of the initial 5 cycles of Sr1‒yBayFeO2 

cathodes. 

To evaluate the change of rate capability with increasing Ba content, we tested the 

charge/discharge performance of each material under different current densities. For the 

cathodes with y ≥ 0.4 cathodes, which undergo a structural transition from infinite-layer 

to “oxygen-deficient” LaNiO2.5 structure, we did not incorporate them into the 

comparison. As shown in Figure 6.4b, the material with more Ba content exhibits a 

higher anionic capacity retention rate under high current density; amount them, 

Sr0.7Ba0.3FeO2 exhibits the best rate capability, 64% discharge capacity retention was 

realized at 200mAh g−1 while that of SrFeO2 is only 41%.  

6.3.3 Charge compensation mechanism 

To verify the charge compensation mechanism of Sr1‒yBayFeO2 cathodes during the 

charge/discharge process, the K-edge XAS of O and Fe of Sr0.7Ba0.3FeO2 cathode in 

different states of charge was measured. At the beginning of charging (0 ＜ x ＜ 1), the 

k edge of Fe shifts to higher energies with the insertion of F−, representing the 

involvement of Fe in charge compensation (Figure 6.6). Subsequently, the position of 
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the absorption edge of Fe remains almost constant, implying that the valence state of 

Fe no longer changes. The absorption edge of Fe shifts back to the initial position (x = 

0) after discharging to ‒1.5V again, revealing that the redox of Fe is reversible during 

the charge/discharge process. Figure 6.7a summarizes the energy evolution of the Fe K-

edge with F content.  

Figure 6.6 Fe K-edge XAS spectrums of Sr0.7Ba0.3FeO2Fx in different states of 

charge (a) before activation, (b) after activation. 

On the other hand, the trend of the K-edge of oxygen is opposite to that of Fe. 

Figure 6.7b shows the O K-edge XAS of the Sr0.7Ba0.3FeO2 cathode. The broad signal 

in the 530 ~ 535 eV interval come from the electron leap from the O 1s orbital to the 

Fe 3d - O 2p hybridized orbital, and they do not exhibit significant changes at the initial 

stage of charging (0 ＜ x ＜ 1); however, from x > 1 onward, two distinct changes 

emerge in the spectrum of O K-edge XAS: (1) a new peak appeared at the pre-edge area 

(~ 529 eV), and (2) the intensity of the peak at 532 eV is significantly enhanced. The 

former is usually considered to originate from superoxide, while the latter is suggested 

to be a fingerprint feature of oxygen molecular formation within the lattice and is 

proven in our previous study.30-33 All of the above evidence suggests that Fe contributes 

electrons during the first fluoride ion insertion, and thereafter, oxygen is implicated in 

charge compensation and allows excess fluoride ion insertion through the stable 
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generation of oxygen molecules. 

Figure 6.7 (a) Plot of edge energies summarized from Figure 6.6b. (b) O K-edge 

XAS spectrums of Sr0.7Ba0.3FeO2Fx in different states of charge. 

6.3.4 Local structure changes with the introduce of Ba 

It is known from the previous XRD measurement that with the increase of Ba 

content in Sr1‒yBayFeO2, the c-axis exhibits more obvious expansion than the a-axis. 

Considering the negligible difference in ionic radii between Ba and Sr (Ba2+: 135 pm; 

Sr2+: 118 pm)34, the expansion of the c-axis can be attributed to the increase in interlayer 

distance of the infinite layer. In order to prove our inference, the local structure around 

Fe, Sr, and Ba atoms is investigated by using EXAFS analysis.  

Figure 6.8a shows the radial structure functions (RSFs) around Fe atom obtained 

from K-edge EXAFS. Fourier transformation of the oscillations between 3.5 and 14 Å 

was used to get RSFs. The first peak observed at 1.5 Å is generated from the first 4-

coordinated Fe-O shell. Since Sr1‒yBayFeO2 (y = 0 ~ 0.3) compounds have a special 

infinite-layer structure, the second and the third nearest coordination (Fe-Ba/Sr shell 

and Fe-O-Fe shell) can be distinguished in R space, corresponding to the peaks located 

at 3 and 3.6 Å, respectively. Different from the first shell peak, the second peak (Fe-

Ba/Sr) showed a significant decrease in intensity with increasing Ba content, which 
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may be due to the aggravating static distortion of the A site and different phase shifts 

(∅𝑗(𝑘) in following Equation of Ba and Sr.35  

𝜒(𝑘) = 𝑆0
2 ∑

𝑁𝑗𝐹𝑗(𝑘𝑗)exp (−2𝑘𝑗
2𝜎𝑗

2)

𝑘𝑗𝑟𝑗
2 sin(2𝑘𝑗𝑟𝑗 + ∅𝑗(𝑘))𝑗                   (6-1) 

Figure 6.8 (a) Fourier transforms of the Fe K-edge EXAFS of Sr1‒yBayFeO2 (y = 

0 ~ 0.3). (b) Debye–Waller factor of Fe – O and Fe – Ba/Sr calculated from the Fe K-

edge EXAFS analysis as a function of Ba content. 

Figure 6.9 Results of the curve-fitting procedure for inverse Fourier transform 

spectra of Fe K-edge EXAFS. 

Figure 6.8b shows the Debye-Waller (DW) factor of the Fe-Ba/Sr shells calculated 

by the EXAFS fitting as a function of Ba content, each sample was fitted well using an 
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infinite-layer structure (Figure 6.9). The DW factor of the first two shells increased with 

increasing Ba content, however, the Fe-Ba/Sr shell showed a more significant 

increment in static distortion.  

Figure 6.10 Fourier transforms of the (a) Sr, (b) Ba K-edge EXAFS of Sr1‒

yBayFeO2 (y = 0 ~ 0.3). Results of the curve-fitting procedure for inverse Fourier 

transform spectra of (c) Sr, (d)Ba K-edge EXAFS. (e) Inter-atomic distance of Sr – Fe 

and Ba – Fe fitted from synchrotron XRD and EXAFS. (f) The bottle-neck size 

calculated from Figure 6.10 (e). 
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The RSFs of the Sr and Ba K-edge EXAFS of Sr1‒yBayFeO2 compounds is shown 

in Figure 6.10a-d. The main peak located at around 2.9 Å is corresponded to the signal 

from the second nearest coordination Sr/Ba – Fe shells. The fitting results of the EXAFS 

show that the inter-atomic distances of Sr/Ba – Fe lengthens as the Ba content increases, 

which is consistent with the results of XRD refinement (Figure 6.10e). It is commonly 

believed that anions migrate along the edges of the MO6 octahedron in perovskite-type 

materials (Figure 6.11), so we calculated the bottle-neck area size for fluoride ion 

diffusion in the Sr1‒yBayFeO2 cathodes using the EXAFS fitted interatomic distance. 36, 

37 The calculated results suggest that the bottle-neck area increases significantly with 

the amount of Ba substitution (Figure 6.10f), we believe that this modification enhances 

the diffusion capacity of fluoride ions. 

Figure 6.11 Schematic figure for the model of local structure and the bottle-neck 

for fluoride ion conduction in Sr1‒yBayFeO2 compounds (0 ＜ x ＜ 0.4) with infinite-

layer structure. 

6.4  Conclusion  

In this study, we synthesized a series of Sr1‒yBayFeO2 compounds and tested their 

electrochemical properties as cathode materials for all-solid-state FIBs. It is known 

from high-resolution synchrotron XRD measurements that the crystal structure of the 

Sr1‒yBayFeO2 compound changes from an infinite-layer structure to a LaNiO2.5-like 

structure with oxygen defects after 30% Ba substitution. The results of electrochemical 

testing show that only the Sr1‒yBayFeO2 compounds with an infinite-layer structure can 
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achieve high capacity by inserting excess amount of fluoride ions, and using the charge 

compensation of iron and oxygen as in the case of SrFeO2. Moreover, Sr0.7 Ba0.3FeO2 

possesses the best rate capability among them, and the capacity achievement increased 

from 41% to 64% compared to SrFeO2 at a current density of 200 mA g‒1. The bottle-

neck area for fluoride-ion diffusion was calculated from the interatomic distances 

obtained by EXAFS analysis, and the bottle-neck area size increased with the 

substitution of Ba with larger ionic radius, ensuring faster ion conduction. We believe 

that the high-rate performance of cathodes for all-solid-state FIBs could be achieved by 

the local structure modification. 
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Chapter 7.  Properties of composite electrodes 

for all-solid-state fluoride-ion secondary 

batteries processed by high-pressure torsion   

 

All-solid-state fluoride-ion batteries (FIBs) 

using metal/metal fluorides are expected to be 

the next generation of storage batteries because 

they exhibit high volumetric energy densities 

by utilizing multielectron reactions, compared 

to the current lithium-ion batteries. However, 

method of fabricating a composite electrode for all-solid-state fluoride-ion batteries has 

not yet been established. A fabrication method for a composite electrode that disperses 

the active material and solid electrolyte is required. To approach this problem, in this 

study, we employed a high-pressure torsion (HPT) method, in which an active material, 

solid electrolyte, and conductive agent can be mixed with size reduction, as a new 

process and prepared Cu (active material)/PbSnF4 (solid electrolyte)/acetylene black 

(conductive agent) cathode composites. The crystalline sizes of Cu and PbSnF4 were 

significantly reduced. The grain boundary resistance was also reduced owing to the 

more homogeneous distribution in the cathode composites after HPT processing. These 

structural and morphological changes led to high electrochemical performances, 

compared to a cathode composite without HPT. 
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7.1  Introduction  

Reducing carbon dioxide emissions is a crucial issue that must be addressed to 

realize a sustainable society. Full-scale diffusion of electric vehicles (EVs) is required 

to achieve this goal. As the mainstream power source of EVs, the current lithium-ion 

batteries (LIBs) are approaching their theoretical limitation in terms of volumetric 

energy density, and thus it is essential to improve the volumetric energy density of 

rechargeable batteries for popularity of EVs.1–3  

To address the demand for batteries with high energy and power densities, a series 

of candidates that employ Na+, K+, Mg2+, Zn2+, Al3+, F−, or Cl− as charge carriers have 

been developed.4–11 Among them, all-solid-state fluoride-ion batteries (FIBs) using 

fluoride ions as carriers have attracted widespread attention because of the high 

volumetric energy density and safety.11–17 In all-solid-state FIBs, metal/metal fluoride 

electrodes such as Cu/CuF2 and Bi/BiF3 can achieve large capacities using multielectron 

reactions (Bi/BiF3: 385 mA h g‒1 to Bi; Cu/CuF2: 843 mA h g‒1
 to Cu).11 Therefore, it 

is theoretically possible to achieve a high volumetric energy density over 5000 W h L-

1,15 which significantly exceeds that of LIB-based systems, by employing combinations 

of appropriate cathodes and anodes. To fabricate the composite electrode for this battery, 

the metal active material and solid electrolyte fluoride must be mixed uniformly for the 

discharge-initiated battery. However, method for this purpose has not yet been 

established. 

It has been reported that diffusion length reduction of fluoride ions in the active 

material16 and formation of a good fluoride ion path in the composite electrode18 are 

effective approaches to overcome these problems using thin-film model batteries.15,19 

However, for bulk-type battery fabrication, it is necessary to establish a process that 

can produce fine particles of a powdered active material and form good fluoride ion 

paths in the composite electrode. Hence, in this study, we focused on high-pressure 

torsion (HPT) processing, which can effectively refine metal grains and mix metal 

grains with other materials through the high shear stress generated during the 
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processing,20, 21 and used this method to prepare Cu/PbSnF4 solid electrolyte/acetylene 

black (AB) cathode composites for all-solid-state fluoride batteries. The HPT treatment 

is effective to prepare refined Cu and PbSnF4 particles and uniformly mixed 

Cu/PbSnF4/AB cathode composites, which exhibit excellent electrochemical properties. 

We believe that the HPT treatment will be an important process technology in the 

preparation of composite electrodes with excellent electrochemical performances for 

FIBs. 

 

7.2  Experimental  

7.2.1  Material preparation  

A commercial Cu nano powder (99.8%, US Research Nanomaterials) was used as 

an active material. A PbSnF4 solid electrolyte was prepared by a conventional solid-

state reaction.17 Stoichiometric amounts of PbF2 (99.9%, Kojundo, Japan) and SnF2 

(99%, Kojundo, Japan) were thoroughly ground using an agate mortar, and then 

transferred to a ZrO2 pod in an Ar-filled glove box. The mixture was milled using 

planetary ball mills (Fritsch Pulverisette7 premium line, Germany) with a rotation 

speed of 600 rpm for 12 h. The ball-milled mixture was transferred to the glove box 

and sintered at 400 ℃ for 1 h. A cathode composite was prepared by mixing the Cu 

nano powder, PbSnF4 solid electrolyte, and AB, pre-dried under vacuum, in a mass ratio 

of 40:55:5 by ball milling at 100 rpm for 12 h. The as-prepared cathode composite was 

pressed into pellets under 180 MPa for 3 min for HPT processing.  
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7.2.2 HPT process 

Figure 7.1 Schematic of the HPT process. 

The HPT processing illustrated in Fig. 7.1 could introduce large shear strains on a 

disk-shaped sample.22 A disk sample with a diameter of 10 mm and thickness of 

approximately 1 mm was placed between two anvils. A high pressure, typically 5 GPa, 

was then applied. The lower anvil was rotated under the high pressure. The sample was 

slightly thicker than the recess on the anvils. A part of the sample flows out into the 

space between the anvils, which seals the sample. Thus, the sample can be deformed 

under a quasi-hydrostatic pressure, which minimizes the cracking during straining. In 

this study, disk pellets of the cathode composite were prepared by cold compaction. 

They were deformed by HPT under an applied pressure of 5 GPa with an anvil rotation 

speed of 1 rpm. The number of anvil rotations (N) was 5, 10, 20, 30, and 50. The cathode 

composites subjected to different N of HPT are hereafter referred to as HPT-0, 5, 10, 

20, 30, and 50.  
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7.2.3 X-ray diffraction (XRD), scanning electron microscopy (SEM), and 

energy-dispersive X-ray (EDX) spectroscopy mapping 

XRD patterns of the cathode composite after HPT with different rotation numbers 

were acquired using an XRD instrument (Rigaku Ultima IV, Japan) with Cu Kα 

radiation (λ = 1.54056 Å). The microstructures of cross sections of the cathode 

composites after HPT with different rotation numbers were observed. The cathode 

composites were cut into half, mounted in the resin, and mechanically polished. Their 

morphological structures were observed using a Zeiss Auriga focused-ion beam (FIB)-

SEM instrument with an operation voltage of 15 kV in the back-scattered electron mode. 

In addition, elemental mapping was performed using EDX spectroscopy with an EDAX 

Octane Elite instrument, equipped on the same FIB-SEM. 

7.2.4 Electrochemical measurement  

The ionic conductivities of the cathode composites after HPT processing with 

different rotation numbers were measured using an electron-blocking cell, as shown in 

Fig. 7.2.23, 24 The cathode composite was placed into the cell and pressed with a pressure 

of 180 MPa for 3 min. The PbSnF4 powder was then placed on the opposite side of the 

cathode composite pellet and pressed under a pressure of 180 MPa for 5 min. 

Electrochemical impedance spectra were acquired using a ModuLab XM ECS test 

system (Solartron Analytical) in the frequency range of 0.1 MHz to 10 mHz. The 

obtained data were fitted using the software ZView4 (Scribner and Associates). 

An electrochemical measurement of each cathode composite was performed using 

a typical bulk-type cell. The PbSnF4 powder was placed into the cell and pressed with 

a pressure of 90 MPa for 5 min. The cathode composite and Pb foil (99.9%, Nilaco, 

Japan) were placed on the opposite side of the PbSnF4 pellet and pressed under a 

pressure of 360 MPa for 5 min. Finally, the cathode composite/PbSnF4/Pb foil was 
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sandwiched by two pieces of Au foil as current collectors. A galvanostatic 

charge/discharge test was performed using an HJ1010SD8 (Hokuto Denko Corporation) 

electrochemical workstation. The cutoff voltage was set to 0.3–1.25 V vs. Pb/PbF2, and 

a current density of 8 mA g‒1 was employed to evaluate the cycling stabilities at 140 ℃.  

Figure 7.2 Illustration of the testing cell for EIS measurement. 

7.3  Result and discussion  

7.3.1 Morphological changes after HPT processing 

To investigate the crystal structure of each component in the cathode composites 

after the HPT processing, we measured XRD patterns of the composites with different 

rotation numbers (N) of HPT processing (Fig. 7.3a). All peaks in the XRD pattern of 

the cathode composite without HPT processing (HPT-0) were indexed to Cu (space 

group: Fm-3m), PbSnF4 (space group: P42/n), and Cu2O impurity (space group: Pn-3m). 

After HPT processing, the peaks attributed to Cu were slightly broadened with the 

increase in N. The lattice parameters of Cu in the cathode composites were not changed 

with the increase in N (Fig. 7.4), which indicates that the chemical composition of Cu 

was not changed after the HPT. In contrast to Cu in the cathode composite, the peaks 

attributed to PbSnF4 were largely broadened. Particularly, the peaks attributed to 
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PbSnF4 almost disappeared for HPT-50. To evaluate the effects on the crystalline sizes 

of Cu and PbSnF4 in the cathode composite with the HPT processing, we estimated 

each material’s crystalline size by applying the Scherrer equation to the 220 peak of Cu 

and 102 peak of PbSnF4 (Fig. 7.3b). The crystalline size of Cu was decreased from 35 

to 15 nm from N = 0 to N = 20, and then was almost constant with the increase in N 

from 20 to 50. In contrast to Cu, the crystalline size of PbSnF4 was largely decreased 

from 400 to 100 nm with the increase in N from 0 to 5, and then gradually decreased 

from 100 to 50 nm with the increase in N from 5 to 30. Finally, the crystalline size of 

PbSnF4 was decreased to 20 nm in HPT-50. 

Figure 7.3 (a) XRD patterns and (b) crystalline sizes of Cu and PbSnF4 in the cathode 

composites with different HPT rotation numbers. The crystalline sizes of Cu and 

PbSnF4 were calculated by the PbSnF4 [102] and Cu [220] peaks using the Scherrer’s 

equation. 
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Figure 7.4 Lattice constant of Cu in the cathode composite after HPT processing with 

different rotation numbers. 

The morphologies of the cathode composites before and after HPT with different 

anvil rotation numbers (N) were analyzed by SEM-EDX measurements. Fig. 7.5 shows 

the EDX elemental mapping of the Cu-PbSnF4-AB composite after the HPT treatment. 

The elemental maps of Sn and F exhibit similar tendencies to that of Pb; thus, the Pb-

rich area can be regarded as PbSnF4 phase. Before the HPT processing (N = 0), the 

PbSnF4 particles with sizes of a few micrometers were inhomogeneously distributed in 

the Cu matrix. With the increase in N to 10, the PbSnF4 particles became more 

fragmented into smaller particles due to the HPT deformation and finely distributed in 

the Cu matrix. In the samples with N = 20 and 30, the PbSnF4 particles became finer 

and more dispersed throughout the Cu active material. At N = 50, although the 

agglomerated Cu particles remained, the distribution of PbSnF4 was very uniform. The 

carbon was uniformly distributed regardless of the degree of HPT. The SEM-EDX 

results indicate that, after the HPT processing, the particle size of the solid electrolyte 

was significantly reduced and that Cu, PbSnF4, and AB were more homogenously 
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distributed in the cathode composites.  

Figure 7.5. EDX mapping of the cathode composites after HPT processing with 

different anvil rotation numbers N. 
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7.3.2 Changes in the ionic conductivity with the HPT processing 

To quantify the effect of the HPT processing on the fluoride-ion diffusion in the 

cathode composites, the fluoride ion conductivity of the composite was measured using 

the electron blocking method. Fig. 7.6a and Fig. 7.7 show Nyquist plots for each 

cathode composite in the range of 25 to 125 °C. A half semicircle was observed in each 

composite’s spectrum. The magnitude of the semicircle decreased from N = 0 to N = 

40, whereas it increased from N = 40 to N = 50. To quantitatively analyze the impedance 

spectra, the spectra were fitted with an equivalent circuit, as shown in Fig. 7.6b.25 The 

obtained fitting parameters are shown in Table 7.1. The semicircle was attributed to the 

grain boundary resistance because the obtained capacitance values of the semicircle in 

each spectrum were in the range of 10-11 to 10-8 F.26 Arrhenius plots of the grain 

boundary resistance and activation energies calculated by the plots for each cathode 

composite are shown in Fig. 7.6c and 7.6d. 

The ionic conductivity of the grain boundary was increased, while its activation 

energy was decreased from N = 0 to N = 30, as the crystalline sizes of Cu and PbSnF4 

were reduced (Fig. 7.3) and Cu, PbSnF4, and AB were more homogenously distributed 

in the cathode composites with reduced particle sizes of PbSnF4 (Fig. 7.5). In contrast 

to the behavior from N = 0 to N = 30, the ionic conductivity of the grain boundary was 

decreased, and its activation energy was increased from N = 30 to N = 50, likely owing 

to the amorphization of PbSnF4 by excessive HPT processing (Fig. 7.3) as the ionic 

conductivity of a solid electrolyte is largely influenced by its crystallnitiy.27  
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Figure 7.6. (a) Nyquist plots at 25 ℃ for the cathode composite after the HPT 

processing with different rotation numbers. (b) Equivalent circuit used for the 

electrochemical impedance spectroscopy (EIS) fitting. (c) Arrhenius plots for the 

ionic conductivity of the grain boundary in the cathode composite with the HPT 

processing: log σ vs. 1000 T‒1. (d) Activation energy calculated by the results in (c). 
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Figure 7.7 Nyquist plots of the cathode composites after HPT processing with 

different rotation numbers under 25, 50, 75, 100 and 125 ℃. 
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Table 7.1 The fitting parameters of the EIS results of the cathode composite after 

HPT processing with different rotation numbers. 
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7.3.3 Electrochemical performance  

The electrochemical performances of the cathode composites after HPT processing 

with different rotation numbers were analyzed by the galvanostatic charge/discharge 

method, as shown in Fig. 7.8 and Supplementary Fig. 7.9. For all cathode composites, 

a single plateau was observed around 0.8 V during charging and 0.6 V during 

discharging. The shapes of the charge/discharge curves were consistent with those of 

the previous studies.15, 16, 18, 28 These results indicate that, regardless of the rotation 

number of the HPT treatment, the charge/discharge reactions of the cathodes proceed 

via the two-phase coexistence reaction of Cu/CuF2.
15 Although the HPT process did not 

change the charge/discharge shapes of the cathode composites, it largely influenced the 

polarization and capacities during the charge/discharge process. As the rotation number 

increased from 0 (HPT-0) to 30 (HPT-30), the discharge capacity increased from 149 to 

435 mA h g-1 with the decrease in the polarization. However, the further increase in the 

rotation number to 50 (HPT-50) led to a decay of the discharge capacity to 322 mA h g-

1 accompanied by the increase in the polarization.  

The discharge capacity was improved from HPT-0 to HPT-30 as the diffusion 

length in Cu was decreased by the reduction in the crystalline size of Cu16 and the 

uniform mixing of Cu and PbSnF4 formed a good ionic conduction path to Cu in the 

cathode composite.18 On the other hand, the deteriorated discharge capacity from HPT-

30 to HPT-50 is due to the decrease in the ionic conductivity of PbSnF4 by the 

amorphization via excessive HPT processing. Composite electrodes with excellent 

electrochemical performances can be fabricated by an appropriate HPT treatment. As 

the HPT process can be applied to other active materials, this study provides important 

insights for future research on high-performance composite electrode design. 
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Figure 7.8. Discharge capacities of the cathode composites with different HPT 

rotation numbers at 0.01 C at 140 °C. 

Figure 7.9 Charge/discharge curves of the cathode composites after HPT 

processing with different rotation numbers at 0.01 C under 140°C. 
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7.4  Conclusion 

In this study, we applied HPT processing to prepare Cu/PbSnF4/AB cathode 

composites for all-solid-state FIBs, and analyzed their structures and electrochemical 

properties. Through the HPT processing, the Cu and PbSnF4 particles were refined and 

uniformly mixed each other in the cathode composites, resulting in a lower grain 

boundary resistance than that of the cathode composite without HPT. However, PbSnF4 

was amorphized after the excessive HPT processing, resulting in an increase in the grain 

boundary resistance. The cathode composite HPT-30, which underwent a suitable HPT 

processing, exhibited a significant discharge capacity (435 mA h g-1), 2.5 times that of 

the cathode composite without HPT (149 mA h g-1). These improvements were 

achieved as the diffusion length in Cu became small and the uniform mixing of Cu and 

PbSnF4 formed a good ionic conduction path to Cu in the cathode composite via HPT 

processing. We believe that the HPT deformation, as a proven process for fabrication 

of composite electrodes, can have a propulsive role in the construction of high-energy-

density all-solid-state FIBs. 
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Chapter 8.  General conclusion  

All-solid-state fluoride ion batteries (FIBs) demonstrated high energy density and 

excellent stability, which is regarded as a promising successor to lithium-ion batteries 

(LIBs). Similar to the optimization process that lithium-ion batteries underwent before 

the concept of LiCoO2|graphite was proposed, all-solid-state FIBs are currently in the 

materials exploration phase of pre-commercialization. Pioneers' research has provided 

valuable lessons, and layered metal oxyfluoride currently appears to be one of the 

excellent candidates for its cathode material. In this thesis, we provide a superficial to 

in-depth discussion of the research progress and objectives of all-solid-state FIBs based 

on the working principle and material selection of lithium-ion batteries, and provide a 

detailed account of the research we have conducted on the design of cathode materials 

as well as the fabrication process of the composite electrode. The structural evolution 

of the cathode materials during charge/discharge process and the charge compensation 

mechanism are analyzed in detail by electrochemical tests and advanced synchrotron 

radiation characterization techniques. 

In Chapter 2, we conducted controlled experiments using oxyfluoride cathode 

together with its pure oxide analogue, and demonstrated that oxyfluoride cathodes can 

enhance the rate performance of all-solid-state FIBs by analyzing their electrochemical 

performance as well as structural evolution during fluoride ion (de)insertion. In Chapter 

3, we propose the concept of using anion vacancies for fluoride ion migration, and the 

cycling stability of the oxyfluoride cathode is dramatically improved by constructing a 

three-dimensional penetrating fluoride ion diffusion pathway. In Chapter 4, the SrFeO2 

with an infinite layer structure is proposed for the first time based on our previous 

experience on oxyfluoride cathode materials, and by the in-situ generation of the 

oxyfluoride SrFeO2Fx, we reach an energy density exceeding that of commercial 

lithium-ion battery cathodes with excellent cycle stability. In Chapters 5 and 6, we 

modified the local configuration of the SrFeO2 electrode proposed in Chapter 4. By 

substituting Sr with Ba of larger radius and Ca of lighter weight, we further improved 
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its rate performance and reached the highest energy density so far, about 2.5 times that 

of LiCoO2. Finally, we attempted a new method of constructing the composite electrode 

in Chapter 7. The particle size of the active material and electrolyte were drastically 

reduced by HPT treatment of the composition electrode, thus a composition electrode 

with uniform distribution was obtained; the electrochemical performance of the HPT-

treated composite electrode was substantially improved compared to the untreated 

composite cathode. The above study shows that the layered metal oxyfluoride cathodes 

can achieve high energy densities, excellent cycling stability and low cost, showing 

great potential for future practical applications. 
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