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Chapter 1 General Introduction

1.1 Background

The tale of human civilization is closely tied to its pursuit of energy. From the primitive
days of burning wood to the modern era's infrastructures based on fossil fuels, our
developmental process depended on our ability to utilize energy.!: > However, this relentless
pursuit, especially in the last two centuries, has come at a significant environmental cost. The
20th century saw a dramatic surge in energy demand, met predominantly by fossil fuels,
including oil, coal, and natural gas.> While these resources powered economies and
transformed societies, they also released vast amounts of carbon dioxide and other greenhouse

gases into the atmosphere, leading to global warming and the consequent climate change.* >

In response to climate change, in December 2015, 195 countries adopted the Paris
Agreement at the United Nations Climate Change Conference (COP21).° The Paris Agreement
seeks a significant reduction in global greenhouse gas emissions, aiming to limit the rise in
global temperature to 2 °C in this century, while also striving for measures to restrict the
temperature increase even further to 1.5 °C. In 2021, the International Energy Agency (IEA)
published a roadmap detailing how the global energy sector can achieve net-zero emissions by
2050.” This landmark report set out a narrow but feasible pathway to realize the Paris
Agreement’s goal, if governments can rely on strong growth in clean energy technologies such
as solar, electricity, etc. Consequently, the next few years are crucial, and the IEA urges
countries to reduce their reliance on fossil fuels while doubling their energy efficiency. Both

the G7 and G20 meetings have clearly expressed support for this strategic objective.®

Achieving this great goal requires transformative actions in various sectors, notably in
transportation. Currently, transportation, largely reliant on fossil fuels, contributes to around
25 % of global CO; emissions. Transition to electric vehicles (EVs) offers a dual-pronged

solution. Firstly, since EVs have no exhaust emission, they can directly reduce urban pollutants,



mitigating both climate change impacts and health risks from air pollution. Secondly, as the
energy grid transitions towards being primarily renewable, the ecological impact of EVs will
become even more minimal. Moreover, the extensive uptake of EVs can catalyze innovations
in battery storage, grid management, and the integration of renewable energy sources. These
advancements not only drive progress in the transportation sector, but also strengthen other
sector’s ability to align with the goals of the Paris Agreement. Essentially, the rise of EVs
represents more than just a transportation revolution, it embodies a comprehensive approach

toward a sustainable future.

Although a number of companies, with Toyota Motor Corporation at the forefront, have
been advancing the development of more efficient, low-cost, and eco-friendly hydrogen energy
and fuel cells, these technologies still hold a minor market share due to their current maturity
level. Lithium-ion batteries (LIBs) have been widely researched and experienced rapid
development since they were commercialized by Sony in 1991.% ! In assessing an EV’s
performance, energy density and power density of the batteries are crucial parameters, as

defined in equation (1-1) and (1-2),

Energy density = Capacity X Operating voltage 1-1

Energy density

Power density = 1-2)

Charging (Discharging) Time

Energy density reflects the battery’s endurance and power density reflects the battery’s output
capability. Owing to inherent merits including a light atomic mass (M = 6.94) and the lowest
standard electrode potential (—3.04 V vs. standard hydrogen electrode), LIBs exhibit high
operating voltage, high specific capacity, leading to a higher energy density than lead-acid and
nickel-hydrogen batteries. As a result, LIBs have become the most suitable power source for
modern EVs. In recent years, with the continuous implementation of the zero-carbon policies,
the EV market is expanding at an amazing rate. New EV companies emerged (BYD, Tesla, etc.),
while traditional automakers (BMW, Volvo, etc.) are rapidly transitioning to capture a larger
market share. Consequently, the demand for LIBs has surged. As reported by S&P Global, the

global LIB capacity stood at 2.8 TWh in the first quarter of 2023. It is estimated to be 6.5 TWh



in 2030, with the EV transportation sector accounting for a demand of 3.7 TWh.!!

The energy density of the current commercialized lithium-ion battery package is 220-260
Wh kg !, which is still far from the level of complete replacement of traditional fuel vehicles.'?
The endurance of the LIB will be reduced in winter due to the chemical reaction activity, and
EVs are facing the dilemma of range anxiety and long charging time. Countries around the
world have set targets for improving the energy density in LIBs to drive the development of
EVs and renewable energy technologies. Chinese government issued an Action Plan for
Promoting the Development of Automobile Power Battery Industry, with the goal of boosting
the energy density of LIBs of 500 Wh kg™ ! by 2025.!* According to the New Energy Vehicle
Industry Development Plan 2021-2035, new energy vehicles are expected to comprise
approximately 20% of the total vehicle market by 2025.'* The US government issued the
Battery Material Research Program and Battery 500 Consortium, which brings together world-
class research teams from national laboratories, top universities, and corporations to develop
the next-generation Li-metal batteries with energy densities of 500 Wh kg™ In addition, the
development of LIBs has been constrained by other issues. In extreme cases, thermal runaway
may occur inside the battery, which may eventually cause a fire or explosion.® Secondly, the
reserves of key elements such as Li, Co, and Ni are limited and unevenly distributed.*” Mineral
extraction faces geopolitical conflicts and some humanitarian issues, and the resource shortages

are likely to be severe as demand for EVs increases in the future.

Driven by the demands for improvements in lithium-ion batteries, scientists have shifted
focus towards new battery systems with superior properties. While the transition to all-solid-
state LIBs promises higher energy densities and eliminates the flammability concerns of
organic electrolytes, they are not free from issues, primarily the persistence of lithium dendrites.
To address this, researchers are probing alternatives to the traditional Li-ion carriers. This
exploration spans cations like Na*, K*, Ca%*, Mg?*, Zn?*, AI¥*, etc., and even anions like F~,
CI™.1828 Notably, fluoride-ion batteries (FIBs), an idea from the 1970s but realized by 2011,%
stand out due to their potential in energy density and enhanced safety. Fluoride-ion batteries

offer several advantages: 1) the multi-electron reaction of metal/metal fluoride provides high

3



capacity; ii) the highest electronegativity of fluorine makes fluoride ion high electrochemical
stability; iii) the high redox potential of F2/F~ enables the utilization of cathode materials with
higher potential. These merits allow FIBs to achieve higher theoretical energy density
compared to traditional LIBs. Moreover, the non-flammable inorganic fluoride solid electrolyte
mitigates the safety concerns of the fluoride-ion batteries. Consequently, all-solid-state fluoride
ion batteries have attracted significant attention in recent years. However, it is undeniable that
fluoride ion batteries are still in their infancy, with the paramount challenge centered on the

development of high-performance electrode materials.

In this study, we have investigated various high-performance cathode materials for all-
solid-state fluoride ion batteries. Building on the intercalation-type cathode materials with
better structural stability, we achieved significant capacity and cycle performance using both
transition metal cationic and anionic redox reactions for charge compensation. We examined
the structural changes and charge compensation mechanisms of the active materials during
charging and discharging, thereby elucidating the reaction mechanisms. In addition, we have
developed a method for preparing cathode nanocomposite, and the as-prepared cathode
composite showed improved performance in both cycle stability and rate capability,

showcasing promising potential for future application.

In the following sections, we will start with the working principle of lithium-ion secondary
batteries. Based on this, we will sequentially introduce the concept of all-solid-state fluoride
ion batteries, the current development, and the unresolved challenges. Finally, the research

objectives and outline of this thesis will be briefly explained.
1.2 Lithium-ion batteries
1.2.1  Working principle of lithium-ion batteries

Lithium-ion batteries are the highest energy density practical batteries available and are
the foundation for the development of next-generation battery technology.?’ In order to design

and develop fluoride ion battery electrode materials, we first need to know how lithium-ion



batteries work. The predecessor of the lithium-ion battery is the lithium metal battery, whose
research can be traced back to the 1950s, and became practical in the 1970s by Professor M. S.
Whittingham.*® Lithium metal battery uses TiS> as the cathode material and Li metal as the

anode material, realizing the conversion of chemical energy to electrical energy:
xLi + TiS, — Li,TiS, (1-13)

In 1980, Professor J. B. Goodenough first reported LiCoO»> as a cathode material.®! In the
following year, Professor A. Yoshino invented a secondary battery utilizing LiCoO> cathode
and polyacetylene anode, which was improved to LiCoO2|VGCF (vapor-grown carbon fiber)
battery in 1985 for better cycle performance.’? Following continuous improvement, lithium-
ion batteries were finally commercialized by Sony in 1991.° The commercialization of the
lithium-ion battery offered an energy density nearly double those of Ni-Cd or Ni-H batteries,
in terms of both weight and volume. This significantly reduced the size and weight of the power
supplies for portable devices. Professor M. S. Whittingham, J. B. Goodenough, and A. Yoshino
were awarded the Nobel Prize in Chemistry in 2019 for their outstanding contributions to

lithium-ion battery technology.

Professor M. Armand described lithium-ion batteries as “rocking chair batteries”, where
the Li-ions as charge carriers shuttle between the cathode and anode inside the battery, the
working principle of a LIB is shown in Figure 1.2.3* In the case of a typical LiCoOz|graphite
battery, during the charge process, Li" ions are driven by an external potential difference
between the cathode and the anode, and are detached from the cathode material (LiCoO2) and
diffuse into the electrolyte. The transition metal Co is oxidized, and electrons are released for
charge neutrality. The Li" ions pass through the separator and are inserted into the anode
material (graphite). As the electronic conductivity of the electrolyte is extremely low, the
electrons reach the anode side through the external circuit. During the discharge process, the
Li" ions are released from the lithiated anode material (Li»Cs) and diffuse towards the cathode
material, and the released electrons pass through the external circuit, forming an electric current

that provides electricity to external loads. The reaction equations for a LIB are as follows:



Cathode : LiCoO, « Li;_,Co0, + xLi* + xe~ (1-4)
Anode : C¢ + xLi* + xe™ © Li, Cq4 (1-15)
Overall : LiCoO, + C4 « Li;_,Co00, + Li,Cg (1-6)

Based on the working principle of LIBs, we generally evaluate the performance of LIBs using
the following indicators. Voltage, which is determined by the standard potential of the cathode
and anode materials. The potential difference between the two electrodes when the battery is
not operating is called the open circuit voltage (OCV). When the battery is connected to the
external load and current is passed through, the battery voltage will deviate from the OCV due
to internal resistance or other factors, this phenomenon is polarization (known as “voltage
hysteresis”). The second is capacity, lithium in a LIB are all from the cathode material, the
capacity of the cathode material determines the overall capacity of the battery. Taking LiCoO2
as an example, the theoretical capacity refers to the capacity provided by the complete
detachment of Li" ions, but the actual Li utilization rate cannot reach 100%, and the practical

capacity for most cathode materials is lower than their theoretical capacity.

Energy density is the product of voltage and capacity (equation 1-1), and is defined as the
amount of electrical energy released per unit mass/volume of a battery. Energy density
determines the range of an EV on a single charge. Power density is defined as the output power
per unit mass/volume of the battery, and is determined by the energy density and
charge/discharge time. Rate capability refers to the high current charge and discharge
performance, the voltage, capacity, and high current charge/discharge time determines the
power density. Power density reflects the output capability of the battery as a power source.
Current LIBs for EVs are severely limited in energy density and power density, so the
development of high-energy and high-power batteries is essential for the development of EVs.
In addition, factors such as the electrode-electrolyte interface, volume expansion and phase
transition of the electrode material also contribute to the overall electrochemical performance,

all of which need to be considered when designing new electrode materials.



1.2.2  Typical cathode materials

(1) Li transition metal oxides (LiTmO2, Tm=transition metal)

The most representative cathode material for LIBs is LiCoO2, which was developed by
Professor J. B. Goodenough and co-workers in 1980, and is the first commercialized cathode
material.3! LiCoO2 has an a-NaFeOs layered structure (space group: R3m), with the [CoOg]
and [LiOgs] octahedral arranged as highly ordered Li—O and Co—O slabs, as shown in Figure
1.3. LiCoO; has the advantages of high voltage (> 3.5 V vs. Li/Li"), reasonable practical
capacity (~ 150 mAh g! in commercialized LIB), and long cycle life. The lithium in the
LiCoO:z is believed to rapidly diffuse through the two-dimensional diffusion channel along the
a-b plane, with a theoretical specific capacity of 274 mAh g ! (fully delithiated). However,
when charged above 4.2 V (corresponding to approximately x > 0.5-0.55 in Li;«Co0O»),
LiCoO; undergoes an irreversible structural transformation and partial oxygen release as more
than half of the lithium is extracted, leading to a decrease in capacity and cycle stability.>>~’
Considering the low utilization of Co as well as its high cost, other metal elements (Ni, Mn, Al,
etc.) can be utilized to substitute Co to achieve improved performance. Ternary layered
LiTmO: materials are designed to modulate the band structure and the valence state of the
transition metals. When Co is replaced by Ni/Mn or Ni/Al, these ternary materials are referred
to as NCM and NCA materials. By adjusting the ratios of the the transition metals in ternary
cathode materials, NCM or NCA materials with higher capacities of ~200 mAh g™! and high
output voltage similar to those of LiCoO: can be obtained, which are also popular choice for

commercial LIBs.

By inducing Li;MnO3 phase to the LiTmO- cathode, a new Li-rich layered oxide material
with improved performance can be obtained. Because of the high compatibility of the LioMnOs3
(monoclinic €2/m phase) and LiTmO, (hexagonal R3m phase) phases, they will form a
layered solid solution xLiMnOs-(1-x)LiTmO2.* The Li-rich cathode materials have a higher
manganese content than those of NCM and NCA materials, allowing them lower cost, higher

thermal stability, less contamination, and can exhibit specific capacities of over 250 mAh g !



Nevertheless, the phase transition from layer to spinel during cycling will lead to voltage and

capacity degradation, making Li-rich materials currently in the laboratory research stage.*’

For decades, cation disorder, which involves the mixing of Li and M metals within the
layered LiTmO; structures, has been considered as detrimental to Li" ion transport and,
consequently, to the reversible capacity of intercalation-type electrodes.*! However, by
adjusting the ratio of Li/Tm, introducing some d° inert metals (Nb°*, Ti*", etc.), or tuning the
short-range ordering, it is possible to link the isolated Li" ions in the lattice, and this is so-called
cation-disordered Li-excess rocksalt (DRX) cathode material.**** DRX compounds are
capable of delivering greater capacities than currently available commercial cathode materials.
Additionally, the three-dimensional host structure in DRX exhibits greater stability, attributed

to random cation distribution, which prevents the changes in interlayer spacing.* 4

The capacity of the conventional layered oxide cathode materials is limited by the
transition metal valence state, which is unable to provide electrons when the transition metals
are oxidized to their highest valence. Studies in recent years have shown that some Li-rich
cathode materials can exhibit capacities over 300 mAh g, attributed not only to transition
metal redox reactions, but also to oxygen redox.*’>? Once the lattice O*~ is oxidized during the
charge process, there are generally two outcomes: 1) the unstable O (0 < n < 2) is further
oxidized to Oz gas and released, causing lattice collapse and the loss of Coulombic efficiency;
ii) O"" has the potential to be reduced to O*~ or O™ (0 < m < n), allowing a reversible oxygen
redox during cycling.’!>* The former is detrimental and needs to be minimized, while the latter
boosts the capacity of the cathode material, which is expected to be further exploited. In
addition, studies in recent years have revealed the reversible generation of the O> molecule in
Li-rich cathode materials.>* > By using the characterization methods such as resonant inelastic
X-ray scattering (RIXS) and neutron pair distribution function (PDF), the progressive vibration
behavior of a trapped O2 molecule and the O—O bonds in the charged state of Li-rich cathode

materials can be observed.’® >’

(2) Polyanionic Li transition metal orthophosphates (LiTmPQ4)



The representative material of this category is LiFePO4, which was developed and applied
by Professor J. B. Goodenough’s group in 1997, and is one of the most successful commercial
LIB cathode materials (theoretical capacity: ~170 mAh g 1).°® > LiFePO4 has an olivine
structure (space group: Pnma), the structure consists of corner-shared [FeOs] octahedra and
edge-shared [LiO¢] octahedra running parallel to the b-axis, connected by the [PO4] tetrahedra.
Because the oxygen atoms are strongly bonded by both Fe and P atoms, LiFePOs shows
excellent cycle performance and operating safety. However, the robust covalent oxygen bonds
also result in limited ionic diffusivity and poor electronic conductivity. The Li* diffusion is
believed to be one-dimensional along the c-axis, and the Fe**/Fe*" redox contributes to charge

compensation with a two-phase LiFePO4/FePOj4 reaction.®

1.3 All-solid-state fluoride-ion batteries

The concept of fluoride ion batteries was first proposed in the 1970s. Metal fluorides (e.g.,
CaF») were found to have high ionic conductivity at high temperature, thus the fluoride ion
batteries were first constructed in solid-state form.%" %2 In 1976, J. Schoonman reported the
Pb|B-PbF2:AgF|Bi10¢.0oF2.2/Bi cell, experimentally demonstrating that oxyfluoride could be
used as a solid-state electrolyte for fluoride ion batteries.®> Reversible cycling of Pbl|f-
PbF,|Bi/BiF; galvanic cells at room temperature was reported by Danto et al. in 1978.%* In 1981,
the term ‘solid-state fluoride-ion battery’ was first used by Schoonman and Wolfert to report
the enhancement in ionic conductivity of CaF, by ion doping.%* % Thereafter, there were few
reports in the field of fluoride ion batteries until 2011, when Reddy and Fitchner constructed
reversible solid-state fluoride ion batteries based on metal and metal fluoride (M/MF,)
conversion reactions, with La;-,Ba,F3-, acting as the solid electrolyte (Figure 1.7).2% This study
introduced a new battery chemistry, which has opened a new horizon for the development of
battery technology. The cathodic and anodic reactions of a cell can be written as the following

equations:



Cathode : MF, + xe™ & M + xF~ 1-7)
Anode : M’ + xF~ & M'F, (1-8)

Overall : M" + MF, & M'F, + M (1-9)
1.3.1  Research progress of all-solid-state fluoride-ion batteries

Solid electrolytes

Although the ionic radii of F~ is relatively large (~1.33 A), the monovalency and low
charge density make fluoride ions show high mobility in the solid state.®’ ¢° In addition to high
ionic conductivity, the solid electrolyte candidates should meet the following requirements: 1)
The electronic conductivity must be low to prevent self-discharge in the cells; ii) The
candidates need to be electrochemically stable within a wide voltage range for battery operation
(i.e., wide electrochemical window); iii) The candidates must be compatible with the cathode
and anode, there must be no chemical reaction between the electrodes and the solid electrolyte
to ensure the ion-exchange in the electrode-electrolyte interfaces; iv) The electrolyte needs to
have suitable mechanical properties to meet the requirement for solid-state battery fabrication.
Although the single-crystal Ba-doped LaF5 exhibited an ionic conductivity of 1.7x10* S cm™
at 50 °C, the cost of preparing single crystal was too high and it was difficult to be integrated

into an all-solid-state cell.®®

Therefore, the polycrystalline compounds are more appropriate
and practical. The current fluoride solid electrolytes can be broadly classified into two types:
tysonite-type and fluorite-type. In addition, recent studies also reported on novel solid

electrolytes with distinct structural characteristics.”® 7!

(1) Tysonite-type and fluorite-type compounds

The tysonite-type Rei-xMiFs-. (Re = La, Ce, Sm, and M = Ba, Ca, Sr) fluorides are
promising solid-state electrolyte candidates for FIBs due to their high ionic conductivities and
wide electrochemical stability window.?>7® The ionic conductivity of undoped tysonite fluoride
is insufficient, and by aliovalent doping, which results in fluoride vacancies in the structure,

the ionic conductivity of the doped material can be improved by two orders of magnitude

10



compared to the stoichiometric compound.”® 7> Fitchner et al. applied tysonite-type
Lai—Ba.F3- (0 <x <0.15) (LBF) in their first study of all-solid-state FIBs, the lattice structure
of La;—.Ba,F3— is shown in Figure 1.8. Among a series of La;—.Ba.F3-. compositions,
Lao9Bao.1F29 was considered a reliable solid-state electrolyte due to its relatively high ionic
conductivity (2.8 x 107 S cm™! at 160 °C) and high thermal stability. On the other hand, the
theoretical decomposition potentials of LaF3 and BaF» were calculated to be 5.73 and 6.0 V,
respectively,’® and the electrochemical window of Lag.osBao.osF2.0s was measured to be over 5
V, making this series of compounds promising electrolytes for FIBs.”” Further studies have
shown that high-temperature calcination can improve the differences in the grain boundary
structure. The ionic conductivity of Lao.oBao.1F2.9 can be significantly increased to 107> S cm™!

at room temperature by a sintering step at 800 °C for 2 h.”® Therefore, high-temperature

calcination became a simple and cost-effective method to improve the ionic conductivity.

Besides La-based fluorides, the Sr-doped CeF3 (Cei-xSriF3-) and Ca-doped SmF3
(Smi—Ca,F3-) can also be used as a solid electrolyte.”®* The Sr and Ca dopant created anionic
vacancies and decreased cationic coordination, which enhanced mutual repulsions among
cations and led to smooth fluoride ion transport. When the ionic sizes are similar, the ionic
conductivity reaches its maximum at a low substitution rate. This is primarily due to the
network relaxation of the Re,M;F3- slabs in competition with the chemical pressure.?> The
fluorite-type electrolytes use alkaline-earth metal fluorides as the host lattice. In the case of
BakF», the ionic conductivity of Ba,Cai-,F> was lower than those of the tysonite-type systems
(1.16 x 107> S cm ™! at 413 K) when using isovalent doping.®! On the other hand, when using
aliovalent doping (Ca,Lai—F2+r, Bai—xLasF2+,), the dopant cations with different sizes increased

the cation disorder and strain, which improved the ionic conductivity.? %

(2) Tetragonal interlayer compounds

As a group of fluorite derivatives, the SnF>-containing M,Sn>—F4 (M = Pb, Ba, Ca, Sr)
exhibit high ionic conductivity even at room temperature due to their special structures.®*

The M—M—Sn—Sn—M—M slabs ordered along the c-axis are present in the tetragonal structure,

11



and fluoride ions occupy the metal interlayers. Because of the 5s* lone pair electrons of the
Sn?", the fluoride ion sublattice is strongly distorted, generating numerous of fluoride ion sites,
and the fluoride ions are considered to transport at high ionic conductivity in these ion
pathways.®® The ionic conductivities of BaSnF4 and PbSnF; are about 10 and 10> S cm ™! at

room temperature,®> %7

respectively, which are capable of driving the advancement of room-
temperature all-solid-state FIB applications. However, the high formation potential of Sn leads
to a narrow electrochemical window for these SnF»-based compounds, which limits their

application for the study of high-voltage electrode materials.®
Electrodes

Anode

In laboratory studies of LIBs, a lithium metal half-cell is most widely used to evaluate the
performance of electrode materials. This is mainly because lithium metal has the lowest
potential among solid-state redox pairs (—3.04 V vs. standard H electrode), and that Li" can be
directly plated on Li for a Li"/Li redox. Therefore, lithium is a reference which is well suited
for evaluating various electrode materials. By the relative potential vs. Li metal, we can assess
which electrodes are suitable for using as cathode materials, and which are suitable for using
as anode materials. Similarly, we would like to use a F> half-cell in FIB, which can be expressed

as the following equations:

Cathode : M + xF~ & MF, (1-10)

Anode : F, + 2e™ & 2F~ 1-11)
X

Overall : M + EFZ < MF, (1-12)

However, because of the gaseous nature of F», such a half-cell has not been applied yet.
Metal/metal fluorides (M/MF,) are stable electrodes that have been utilized in all-solid-state
FIBs. The M/MF; conversion reactions are typically accompanied by a high free energy, which
makes them a high theoretical voltage in the cells.” Since the Fo/F~ redox has the highest

potential (2.866 V vs. standard H electrode) over the M/MF, redox couples, electrode materials
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with slightly lower potentials than that of the F2/F™ electrode may be suitable for cathodes, and
those with significantly lower potentials than that of the F2/F~ electrode shall be appropriate
anode materials. The relative potentials of M/MF; electrodes are summarized in Table 1.1.
Li/LiF has the lowest potential among the M/MF. couples, which is the most ideal anode
material for FIBs. However, the flammability of lithium metal and the toxicity of LiF have
made it not been applied in FIBs. The anode materials reported so far are Ce/CeF3, Ca/CakF,
Mg/MgF., La/LaF3, Bi/BiF3, Zn/ZnF», Pb/PbF,,?> 33 among which Pb/PbF is considered to
be the most suitable anode material because of its high ionic conductivity, high capacity, stable

fluorination process and safety.”?

Carbon additives are usually required to improve the electronic conductivity when
applying M/MF; electrodes. Recently, Clemens et al. reported new considerations about FIB
anode materials.”* They found severe carbide formation side reactions in alkali, alkaline earth,

lanthanides and 3d/4d/5d transition metals, but negligible in Sn, Pb, and Zn anodes:
MF, + ye™ + xC & MC, + yF~ (1-13)

Such side reactions may negatively affect the cycle performance of the anode material, but they
can also be utilized for designing new anode materials for FIBs. For example, potassium
fluoride KF has considerable potential to be applied as a highly reversible anode for FIBs. The
hypothetical KCg/KF + C anode shows a quite low potential (0.738 V vs. Li/LiF), and for the

reaction:
KF+8C+e” & KCg+F~ (1-14)

It can provide a reasonable theoretical capacity of 174 mAh g~!. Notably, the volume change
of this electrode reaction would be as low as £2.5%. A thorough understanding of carbide
formation side reactions will assist in the future design of cost-effective and highly reversible

anode materials.
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Cathode
Conversion-type materials

Electrodes that involve conversion reactions between metals and metal fluorides are
referred to as conversion-type materials. As mentioned above, M/MF, pairs with potentials
slightly lower than F2/F~ couple are considered suitable cathode materials for FIBs. The

electrode capacity is calculated by Faraday’s law:

n X F
C XM

Capacity = (1-15)

Where 7 is the number of charge carriers (fluoride ions), F'is Faraday’s constant (96485 C/mol),
C is a conversion factor (3.6 C/mAh), and M is the molecular weight of the active material in
g/mol. Based on the molecular mass of the metals, the theoretical capacities of M/MF, couples

are summarized in Table 1.1.

In early reported studies, Bi/BiF3 was widely used as a cathode material in all-solid-state
FIBs. The reversible capacity during the initial cycle was only 80 mAh g™! (theoretical capacity:
385 mAh g '), and rapid capacity fading was observed within 10 cycles.® Cu/CuF, was
considered a promising cathode material because of it high theoretical capacity and high
potential (843 mAh g! and 3.54 V vs. Li/LiF). Thieu et al. have reported a
CuF2|LaooBao.1F29|La cell, which exhibited a capacity of 360 mAh g ! during the first cycle,

but only 40 mAh g ! remained after 23 cycles.”

Recently, Zhang et al. systematically investigated the electrochemical properties and
reaction mechanisms of the 3d transition metal (Ni/Co/Cu) cathode materials.”® Depositing
transition metal thin film on the LaF3 single crystal substrate by radio-frequency magnetron
sputtering, the cell achieved nearly 100 % utilization of the active material during the first cycle.
Through X-ray absorption spectroscopy (XAS) and electrochemical characterization, the
reaction mechanism of the M/MF, cathode was clarified as a two-phase reaction process
without intermediate phase generation. This mechanism was also supported by theoretical

density functional theory (DFT) calculations.”” The two-phase transition of M/MF, is always
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accompanied by a large volume change (e.g., 195.6 % for Cu/CuF», 216.5 % for Co/CoF>, and
199.3 % for Ni/NiF>, as shown in Figure 1.9), which leads to a two-phase mismatch and a loss
of contact with the solid electrolyte. This explains the rapid capacity fading of the conversion-
type cathode materials in all-solid-state FIBs. Based on this fundamental study, Zhang et al.
prepared a Cu—Pb nanocomposite, the in-situ generated PbF» could serve as a rapid ion
conductor, thereby improving the kinetics of the Cu/CuF, phase transition process.’® They also
designed a CuszAu alloy cathode, which enabled the buffering of the volumetric change and
showed an improved rate performance and cycle stability compared to that of Cu.” Although
these modification methods are difficult to realize in non-thin-film batteries, they also provide
us with some new thoughts on conversion-type cathode modification. Wang et al. fabricated a
series of FIB cathode composites using the high-pressure torsion (HPT) process, resulting in a
more homogeneous mixture of the active material and the solid electrolyte. The HPT process
effectively reduced the impedance in the cathode composite, which in turn reduced the

polarization during charge/discharge processes.!%
Intercalation-type host materials

The intercalation-type cathode materials are those that obey a topotactic fluorination
process, where the fluoride-ion (de)insertion does not change the fundamental framework of
the host material. The topotactic fluorination process requires anionic deficiencies in the
material lattice, and previous studies have reported the chemical fluorination (heating with
fluorination agents such as XeF2, AgF», F> gas, polyvinylidene fluoride (PVdF)) processes in
perovskite-related, Ruddlesden—Popper, and infinite layer structures.'®’"'% For instance, in
La;NiOsF> (using LaoNiOs+g and PVdF), the fluoride ions not only occupied the interstitial
layers, but also replaced a part of original oxygen atoms.!% In LaStMnO4F>- (using LaSrMnO4
and AgF» in argon-filled Teflon reactor, the crystal structures are shown in Figure 1.10) and
La; »Sr1sMn2O7F (using La;2Sr1sMnO7 and F» gas), the fluoride ions occupied only in the
interstitial sites, leading to an expansion in c-axis without phase transition.'°% %7 When fluoride
ions were inserted into the layered oxides to form oxyfluorides, the functional properties of

these materials were significantly changed, and these further affected the development of the

15



intercalation-type cathode materials for all-solid-state FIBs.

Benefiting from the topotactic fluorination process, the intercalation-type cathode
materials show much smaller volume change than those of conversion-type M/MF, cathode
materials, and have received great attention in recent years. Clemens et al. firstly reported
BaFeO, s cathode material, and perovskite BaFeO.sFos was obtained upon electrochemical
fluorination.'”! Furthermore, Schafarzikite-type MSb,Os (M = Mg, Co, Fe) with topotactic
fluorination through tunnel-like structures has been reported.'®® However, their reversible

capacity and cycle performance were not attractive.

Ruddlesden—Popper perovskites (A,+1B»X3.+1, A is a rare earth or alkaline earth element,
B is a transition metal, and X is an anion), as a layered derivative of perovskite family (ABX3),

are an important class of solid-state materials,'"

and have been expected to be the most
appropriate host for the reversible (de)intercalation of fluoride ions due to the presence of
interstitial anion sites within the rock-salt-related layers in the structures.!'% 12 Nowroozi et al.
reported the electrochemical properties of Ruddlesden—Popper-type LaSrMnO4, La;CoO4+4,
and La;NiOu+q,'% 11113 and their reversible topotactic electrochemical fluorination processes
were elucidated. Recently, there has been a new understanding towards the topotactic
fluorination in Ruddlesden—Popper-type cathode materials. Wang et al. prepared oxyfluoride
SroMnOsF via a high-pressure-assisted solid-state reaction, the unique mixed-anion
composition varied the electrochemical properties.!'* Unlike the two-phase coexistence
reaction mechanism of LaSrMnO4 (LaStMnO4 and LaSrMnO4F,, 0 < x < 1), Sr2MnO3F
exhibited a smooth solid-solution reaction mechanism during electrochemical fluorination
process, which resulted in a relatively low volume expansion of 3.08 % (6.22 % of
LaSrMnO4/LaSrMnO4F), and the material exhibited improved rate capability. The substitution
from O to F in the apical site in the perovskite units in SroMnOsF reduced Coulomb repulsion
during electrochemical fluorination and therefore reduced the volume expansion, which led to
better rate capability. Wang et al. prepared Sr3;Fe;OsF» cathode material by chemical
fluorination (using Sr3Fe;Os and XeF»), where fluoride ions can be (de)inserted into lattice

vacancies smoothly via 3D percolation sites, resulting in excellent cycling stability.'!® It exhibited
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areversible capacity of ~117 mAh g~ with a volume expansion of only 0.17 %, and achieved stable
cycle performance up to 70 cycles. The Ruddlesden—Popper materials have stable host structure
however, they always contain heavy elements (e.g., La, Sr) to support the framework, which
are electrochemical-inactive, leading to low theoretical capacities. In a recent study, Miki, H.
et al. developed a Laj »2Sr1 sMny07-sF> oxyfluoride cathode that used the charge compensation
of both Mn and O, allowing the lattice structure to accommodate excessive F~ ions beyond the
theoretical capacity. The fluoride-ion insertion process was accompanied by the reversible
formation/disappearance of oxygen molecules, achieving a high capacity of 200 mAh g !
The electrochemical properties of the Ruddlesden—Popper structured cathode materials

reported so far are summarized in Table 1.2.°3 101, 106, 108, 111, 113116

Another derivative of perovskite, the infinite-layer compounds (e.g., CaCuO,, SrFeO»,
LaNiO2)!!7- 118 consist of a sequence of infinitely repeating stacking of [TmO:] (Tm refers to
transition metal) square lattices. Such structure has numerous of anion deficiencies and are
promising cathode material candidates for all-solid-state FIBs. The electrochemical properties
of SrFeO; and Ca3sCuQ; cathode materials were investigated in our previous studies, and
further research on infinite-layer cathode materials is essential.!'® 1?° In addition, some oxides
with low coordination numbers and anion vacancies, such as CuLnO> (Ln =Y, La), also

broadens the range of promising cathode materials for FIBs.'?!

1.3.2  Challenges and outlooks for all-solid-state fluoride ion batteries

Since the introduction of the all-solid-state FIBs prototype in 2011, significant
advancements have been made in the field over a decade. However, the performance of the

current FIBs has not reached a level to rival the dominance of LIBs.

The cathode material plays a crucial role in a battery, which determines the capacity and
the cell voltage, directly affecting the energy density and power density. Currently, the
conversion-type cathode materials for FIBs are limited by the drastic volume change during
the two-phase (de)fluorination processes, which leads to poor cycle performance and rate

capability. In LIBs, the silicon anode possesses a similar situation. Silicon anode has high
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theoretical capacity, however, the alloying reaction between Si and Li-Si alloy also brings huge
volume change.!?? By drawing analogies between Si and M/MF, materials, we can take the

following approaches for modifying the conversion-type cathodes.!??

1) Reducing the particle
size to nano scale, or preparing special morphology such as thin films can lead to considerable
improvement in the electrochemical performances (e.g., 3d transition metal thin films);”¢ ii)
Preparing composite materials, which can offer sufficient electronic/ionic diffusion pathway or
suppress the volume change (e.g., Cu@LaF5 core-shell, Cu—Pb composite, Cu—Au alloy).”® -
123 In addition, the intercalation-type cathode materials are limited by heavy element and low
capacity, promising candidates for application are few. It is vital important to find cathode
candidates with light molecular mass and simple structure. We believe that the design and study
of high-performance FIB cathode materials can advance battery technology in the future, and

there is an urgent need to deepen our understanding of the fluorination reaction mechanism of

the materials.
1.4 Objective

As mentioned in the previous sections, the development of the intercalation-type cathode
materials was restrained by their low theoretical capacity. It is vital important to improve the

capacity and reversibility when designing new intercalation-type cathode materials.

For conventional intercalation cathode materials for LIBs, expanding beyond one electron
per transition metal species to achieve so-called multi-electron reaction allows higher
theoretical capacities. Multi-electron reactions in typical oxide cathode materials have been
realized by the formation of high valent metals,'** trapped molecular O2,°* and peroxo-like
oxidized oxygen species, etc.>* 125 In addition, the mixed cationic and anionic redox reactions
in some layered sulfide cathode materials have resulted in high capacities. Sulfide cathodes
exhibited improved structural stability then oxide cathodes due to the low electronegativity of
sulfur.!?6"12 Therefore, developing the application of anionic redox reactions in FIB
intercalation-type cathode materials can significantly improve the current bottleneck of low

energy density.
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Mixed-anion compounds are single compounds containing multiple anions, and their
unique crystal structure and ionic coordination have led to expectations of innovative chemical
and physical applications (Figure 1.11).!%% 30 Previous researches have applied mixed-anion
compounds in cathode materials for LIBs and FIBs.!!* 13! 132 Mixed-anion compounds are
expected to suppress the lattice distortion upon charge/discharge processes, or improve the
stability of the oxygen redox reaction. Consequently, constructing different mixed-anion
systems and investigating their properties and mechanisms will enhance our understanding of

fluoride ion batteries.

In this thesis, we focused on the design and analysis of high-performance cathode
materials for FIBs. The research project began with modifying a conversion-type cathode
material, then progressed to developing an intercalation cathode material utilizing the multi-
electron reaction of the transition metal, and finally developed a variety of intercalation-type
cathode materials utilizing anionic redox reactions for enhanced energy density and power
density. The structural evolutions, charge compensation mechanisms and kinetic properties of
the cathode materials have been elucidated by electrochemical measurements and synchrotron
X-ray spectroscopy. We believe that this thesis will offer novel insights into designing high-

performance cathode materials for all-solid-state FIBs.

1.5 Outline of the present thesis

This thesis consists of 7 chapters, which reported the electrochemical performance and
charge compensation mechanisms of various mixed-anion cathode materials and a facile

preparation method for a nanocomposite cathode.

In Chapter 1, we introduced the countermeasures for global warming and the demands of
the electric vehicle (EV) market. We briefly described the fundamental working principles of
the lithium-ion batteries (LIBs) and typical cathode materials. Unlike widely used LIBs which
utilize cations as charge carriers, FIBs employ anions (F") as charge carriers. The working
principles, research progress, and current bottlenecks of FIBs were introduced. Particularly, the

bottlenecks that limit the further development of FIBs and efforts to overcome them were
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discussed.

In Chapter 2, we developed a facile ball milling method for preparing high-performance
Cu/Cu20 nanocomposite cathode materials. A sires of cathode composites were prepared under
different ball milling rotation speeds. We measured the ionic conductivity and electrochemical
performance and selected the optimized cathode composite, then selected the optimized one
and analyzed its reaction mechanisms by X-ray absorption spectroscopy (XAS) and
Transmission electronic microscopy (TEM) measurement. The active materials were uniformly
distributed in the solid electrolyte matrix by ball milling process, and the nanocomposite
exhibited high capacity and outstanding rate capability than previously reported Cu thin film

cathode and Cu;0 cathode material.

In Chapter 3, we introduced an intercalation-type cathode material CuLaO,. It exhibited
stable cycle performance and superior rate capability than most of the reported intercalation-
type cathode materials for FIBs so far. XAS measurements revealed the charge compensation
mechanism as a multi-electron reaction of Cu*/Cu®" species. A reversible phase transition
between crystalline/amorphous phases was confirmed by XRD measurement. Moreover, the
BVS calculations indicated that F~ can easily move through the 2D pathway in the Cu-planes.
This cathode material broke through the bottleneck of poor rate capability and low capacity of
the intercalation-type cathodes for FIBs, and brought us consideration on the potential

application.

In Chapter 4, we explored the fluoride ion insertion behaviors the Ruddlesden—Popper-
type LaaNiOas+q cathode material. Excessive fluoride ions can be inserted into the host lattice,
occupying the interstitial sites and directly bonding with Ni cations. Through electrochemical
measurements, structural change and XAS analysis, the mechanism of topotactic
insertion/extraction of F~ anions and phase change involving Ni redox and O redox for charge
compensation was confirmed. By using the reversible anionic redox reaction, LasNiOas+g
achieved a reversible capacity of 270 mAh g ! and a high volumetric capacity of 1863 mAh

cm >, which were competitive to recent reported Li-rich excess cathode materials for LIBs.
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In Chapter 5, we introduced the LaNiO; cathode material with an infinite-layer structure.
Structural evolution from infinite layer to perovskite-related structure upon the 1st charge
process was confirmed, and the material underwent an amorphous transformation after the Ist
cycle. LaNiO; exhibited superior energy and power density compared to many energy storage
systems, which was associated with the strong Ni 3d—O 2p hybridization after fluorination.
Both multi-electron cationic (Ni*/Ni**) and anionic (O?/Q°) redox were involved in charge
compensation, and the signals of molecular O—O bonds was clearly observed by Resonant

inelastic X-ray scattering (RIXS).

In Chapter 6, besides the oxide cathode materials, we also clarified the interesting
fluorination mechanism of novel oxyfluorosulfide cathode Sr2F2Fe>OS:. Fluoride ions not only
bonded with Fe atoms but also occupied the interstitial sites surrounding Sr atoms. In terms of
charge compensation, Fe?"/Fe*" occurred from the middle state of charge while S*/S°
contributed to the whole voltage range. Particularly, S redox was firstly confirmed as charge-
compensation contributor in FIB system. The existence of neutral S; unit was demonstrated by
X-ray absorption near edge spectra (XANES) and extended X-ray absorption fine structure
(EXAFS).

In Chapter 7, general conclusions were presented based on experimental results.

Furthermore, expectations for the future development of all-solid-state FIBs were suggested.
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Figure 1.1 Global lithium-ion battery capacity as of May 31st, 2023.!!
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Figure 1.2 Working principle of a lithium-ion battery.>?

22




O

D DD IO JLICO

PP Yy I 99

LiCoO, (Lithium cobaltate)

Figure 1.3 Crystal structure of LiCoQO,.

LiMO, Li,MnO,

¥ Oxygen
™
Oxygen

Li layer

Q0009200

bl
.
el
; C C -.: C ‘ Oxygen

0 ‘ ‘ 0;0 0 O Li layer

Oxygen

Oxygen
™

EEsEsssEEsEEEnunn®

™

“’n. ‘e (‘\’ $': Oxygen
L a Excess Li

Figure 1.4 Crystal structure of the Li-rich layer oxide material.®

23



(a) (b)
GAEAA TwWa-3da

© ® o0 ® o« lilayer— 0 @ o

“

TM layer

. Excess Li ions Li/TM random arrangement
Stoichiometric layered structure Li-rich layered structure Li-rich disordered rocksalt structure

Figure 1.5 Schematic illustration of the structures of (a) stoichiometric layered oxides, (b) Li-rich layered

structure, and (c) Li-rich disordered rocksalt structure.*!

Figure 1.6 The olivine structure of LiFePQj4.%

24



Figure 1.7 A schematic illustration of the prototype FIB proposed by Fichtner et al.??
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Table 1.1 Theoretical capacities of various M/MF, couples and relative potentials

Gravimetric Volumetric E vs. Li/LiF/  Evs. Pb/PbF,/
M/MFy couples ) )
capacity /mAhg?  capacity / mAhcm= \Y \V
Li/LiF 3861 2062 0.00 —-2.89
Cal/CaF 1337 2073 0.04 -2.85
Ba/BaF; 390 1402 0.10 -2.80
Sr/SrF; 612 1554 0.11 -2.78
Na/NaF 1166 1132 0.46 —2.44
La/LaFs 579 3560 0.48 -2.41
KIKF 685 591 0.52 -2.38
Ce/CeF3 574 3885 0.53 -2.37
Mg/MgF 2205 3832 0.55 -2.35
Al/AIF; 2980 8052 1.17 -1.73
Ti/TiFs 2240 10167 2.05 -0.84
Cr/CrF3 1546 11117 2.33 —-0.56
Zn/ZnF; 820 5847 2.40 -0.50
Mn/MnF3 1463 10874 2.64 —0.26
V/IVF4 2105 12859 2.70 -0.20
Fe/FeFs 1440 3301 2.73 -0.16
Sn/SnF, 452 2936 2.83 -0.07
Pb/PbF, 259 8129 2.89 0.00
Ni/NiF, 913 3751 2.96 0.07
Bi/BiF3 385 14275 3.21 0.32
Mo/MoFs 1396 8095 3.43 0.54
Co/CoFs 1364 7558 3.54 0.64
Cu/CuF, 843 2608 3.54 0.64
Ag/AgF 248 7887 4.16 1.26
AU/AuF; 408 11336 5.08 2.19
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LaSrMnO, LaSrMnO,F LaSrMnO,F,

Figure 1.10 The structure models of Ruddlesden—Popper-type (A2BX4) LaSrMnOs, partly fluorinated

LaSrMnO4F, and fully fluorinated LaSrMnO4F,.!%
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Table 1.2 A summary of the electrochemical properties of different intercalation-type

cathode materials reported so far.

Cathode/anode Ist discharge  Average discharge Cycle performance
capacity / voltage range / V
mAh g!
LaSrMnO4/Pb+PbF, 36 ~1.0-0.2 Not reported
BaFeO,.s/MgF> 6 ~2.5-1.0 3 cycles
Coo.5Fe0.sSba04/Pb+PbF, 6 ~0.5-0 Not reported
LayCo04+¢/Zn+ZnF; 40 ~1.0-0.3 8 mAh g ' /50 cycles
La;NiO3F2/Pb+PbF; 12 ~1.0-0.4 22.5mAh g ' /50 cycles
LayNiOs+4/Zn+ZnF, 72 ~1.3-0.5 30 mAh g '/ 70 cycles
Sr>MnO;3F,/Pb+PbF, 83 0.31 ~70 mAh g ! / 10 cycles
LaStMnO4F/Pb+PbF» 70 -0.29 ~70 mAh g ! / 10 cycles
Sr3Fe;OsF2/Pb+PbF, 117 —0.44 117 mAh g' / 70 cycles
Lai 2Sr1 sMnxO7-5F2/PbF» 190 0.15 190 mAh g! /30 cycles
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Chapter 2 High-Performance Copper/Copper
Oxide-Based Cathode Prepared by a Facile Ball-
Milling Method

R e e Benefiting from the high
< 10 . . :
E theoretical volumetric energy density
8 100

Cu,0 nano powder g 50 Of the metal/metal ﬂuorldes (M/MFx)
S ol L L @ cathodes, all-solid-state fluoride-ion

Ball milling rotation speed / rpm

Carbon fiber ‘ batteries (FIBs) are anticipated to be
» ¥ milling Sond electrolyte/carbon  ONE of the next-generation energy

Lag sBag 1Fae matrix

Solid electrolyte  Nanocomposite as FIB cathode storage devices. However, M/MF,
electrodes have low rate capability due to the large diffusion overpotential of fluoride
ions because the reaction proceeds by a two-phase reaction mechanism between the
metal M phase and the metal fluoride MF, phase, which has significantly different
lattice constants. To address this problem, uniformly distributed nanoparticles should
be designed to shorten the diffusion pathway. Herein, we report a facile ball-milling
method for preparing Cu-based cathode materials. Our findings reveal that as the ball-
milling rotation speed increases, there is a significant decrease in the crystallite size of
the solid electrolyte and a transformation of Cu oxides into metallic Cu, accompanied
by an increase in crystallite size. Among the as-prepared cathode composites, a fine
mixture of metallic Cu and Cu oxides with intermediate rotation speed (300 rpm)
exhibits superior electrochemical performance, with a reversible capacity of 400 mAh
g 'cwo after 20 cycles. Furthermore, it exhibits excellent rate capability by combining
the high capacity of Cu with the satisfactory rate performance of Cu20, achieving a
capacity of 174 mAh g 'cy0 at a current density of 550 mA g ! cu20, which is currently
the highest reported for Cu-based cathode materials in FIBs. A charge compensation
mechanism involving Cu’/Cu®" and Cu’/Cu?** redox reactions has been confirmed
through electrochemical methods, X-ray diffraction (XRD), X-ray absorption
spectroscopy (XAS), and Scanning transmission electron microscopy (STEM)
measurements. The dominant factors affecting the impedance spectra of the as-prepared

composites have also been investigated. It is believed that the cathode composites
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prepared by a facile ball-milling method in this work will lead to a forward step in the

application of all-solid-state FIBs.
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2.1 Introduction

Electric vehicles (EVs) are crucial for achieving carbon neutrality as they
significantly reduce our carbon footprint and dependence on fossil fuels in
transportation.! ™ The EV industry has revolutionized over the past two decades,
primarily due to the improved energy density of Lithium-ion batteries (LIBs).> ©
However, the long-term development of LIBs is restricted by the lower volumetric
energy density, poor fast charging performance, as well as severe safety concerns.””® To
meet the burgeoning demands for high energy and power densities, batteries utilizing
different kinds of charge carriers (Na*, K, Mg?', Zn*", AI*", F~, CI', etc.) have been
proposed.!®"!'® Among them, fluoride-ion batteries (FIBs), associated with the migration
of monovalent fluoride ions with relatively small ionic radii, are expected to show
superior potential for solid-state battery application.!> "2 By using the multielectron
reaction of metal/metal fluorides (M/MF,, M=Ni, Co, Cu, and Bi, etc.), FIBs can
theoretically reach high energy density.?> ?* Nevertheless, the rate capability of FIBs
relying on conversion-type M/MF, electrodes is not attractive due to the two-phase
reaction mechanism occurring between the metal M phase and the metal fluoride MF
phase with drastic volume expansion/contraction.”* > Fluoride ion migration at the
distorted M/MF; interface is sluggish, and in many cases, the anion sublattice of MF

is so densely packed that there are no diffusion sites for fluoride ions.?* %

Previously, we have reported that Cu,O was utilized as a high-energy cathode
material for all-solid-state FIBs.?° The non-close-packed Cu—O configuration can exert
important effects on fast (de)fluorination, which results in reasonable rate capabilities.
Furthermore, the fluoride ion intercalation into CuxO lattice was believed to induce a
local mix-anion configuration (Cu—O/F) and lead to enhanced fluoride ion diffusion as
well as (de)fluorination reactions.?” However, limited by the valence state of Cu (I), the
theoretical capacity of Cu,O was only 375 mAh g ! (2 fluoride ions insertion) and it

exhibited a reversible capacity of only 131 mAh g! due to the narrow electrochemical
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window of solid electrolyte PbSnF4, which still has room for further improvement.

Here in, we introduce a series of Cu-based cathode materials for all-solid-state
FIBs which were prepared by a facile ball-milling method. Cu20 nano powder, solid
electrolyte LagoBao.1F29 (LBF), and vapor grown carbon fiber (VGCF) were used as
the starting materials, and the active material gradually transformed into metallic Cu
with the increase of ball-milling rotation speed. By optimizing the ball-milling
conditions, we obtained a hybrid Cu and Cu oxide cathode composite. The cathode
composite has a much better rate performance than metallic Cu cathodes and higher
capacity than Cu oxide alone due to the presence of nano-dispersed Cu and Cu oxide
particles. The charge compensation mechanism was revealed by XRD, XAS, and
STEM measurements. Moreover, we discussed the ionic conductivities at different ball-
milling rotation speeds by analyzing STEM, XRD, XAS, X-ray computed tomography
(CT) and Electrochemical impedance spectroscopy (EIS) results. To the best of our
knowledge, the extraordinary rate capability of this ball-milled cathode composite
using bulk-type cells seems to be one of the best among Cu-based cathode materials

studied in FIBs.
2.2 Experimental
2.2.1 Material preparation

Solid electrolyte LapoBao.1F29 (LBF) was prepared by a typical solid-state
reaction.'> A stoichiometric amount of LaF3; (99.9%, Kojundo) and BaF2 (99.9%,
Kojundo) were mixed and milled by a planetary ball mill (Fritsch Pulverisette?7
premium line, Germany) using ¢ 10 mm ZrO> balls at 600 rpm for 12 h, the mixture was
then pelletized and annealed at 1000°C for 4 h under Ar atmosphere. The cathode
composites were obtained by mixing commercial Cu20 nano powder (US Research
Nanomaterials, USA) with the solid electrolyte LBF and vapor grown carbon fiber

(VGCF, Showa Denko, Japan) in a weight ratio of 25: 70: 5 by ball-milling using a 45
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ml ZrO> pot and ¢2 mm ZrO; balls. The mass ratio of the cathode composite to the
ZrO> ball was 1:50, and various ball-milling rotation speeds (100, 200, 300, 400, 500,
and 600 rpm) were used to prepare different cathode composites. The cathode
composites subjected to different ball-milling rotation speeds are hereafter referred to
as BM-100, 200, 300, 400, 500, and 600. Similarly, the anode composite was obtained
by mixing PbF> (99.9%, Kojundo), LBF, and VGCF by ball-milling for 10 h under a
rotation speed of 300 rpm. Some Pb powder was added and mixed by an agate pestle
and mortar after ball-milling, and the mass ratio of the anode composite was

PbF,/Pb/LBF/VGCF =3:2: 4: 1.
2.2.2  Electrochemical measurements

Electrochemical tests were carried out on bulk-type cells (Figure 2.1).%° 150 mg
LBF powder was put into a poly(ether-ether-ketone) (PEEK) insulator (10 mm diameter)
and pressed under a pressure of 100 MPa for 5 min. Then, the cathode composite and
the anode composite and current collectors were placed on the opposite sides of the
LBF pellet. Finally, the cell was compressed under a pressure of 360 MPa for 5 min.
The ionic conductivities of the cathode composites synthesized at various ball-milling
rotation speeds were measured by using an electron-blocking cell. The as-prepared
cathode composite was placed into the PEEK insulator and pressed under a pressure of
100 MPa for 5 min. LBF powder as well as current collectors were then placed on the
opposite side of the composite pellet and pressed under a pressure of 180 MPa for 5
min. All the assembling processes were carried out in an argon-filled glove box with

oxygen and moisture contents less than 0.2 ppm.

The galvanostatic charge-discharge tests were evaluated by HJ1020mSDS battery
testing systems (Hokuto Denko, Japan) at 140 °C without exposure to air. Based on the
previous research on Cu redox species,?® 2 a voltage range of —0.3 to 1.5 V (vs. Pb/PbF>)
was selected for galvanostatic charge—discharge measurements. Electrochemical

impedance spectra (EIS) were obtained by using a High-frequency Impedance Analyzer
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E4990A (KEYSIGHT, USA) with an amplitude of 10 mV and frequency range of 100
MHz to 20 Hz at 140 °C under vacuum condition. The ionic conductivity of LBF solid
electrolyte was evaluated by electrochemical impedance spectroscopy (EIS) via a
Solartron analytical Modulab XM ECS electrochemical test system within the
frequency range of 10° to 10 Hz and an amplitude voltage of 50 mV at 25, 50, 75,
100, 125, and 140 °C. The activation energy (Ea) was calculated by the Arrhenius

equation:?®

_Ea

o = AeksT 2-1

where o, A, Ea, kg, and T are the ionic conductivity, pre-exponential factor, activation
energy, Boltzmann constant, and temperature (K), respectively. Activation energy Ea
can be determined by linear fitting of log o vs. T2, according to the rearranged Equation

(2-1):

E, 1
.= +1logA (2 —2)

logo = ———3%
087 = T 230259k, T

The measurement data were fitted by using the ZView4 software. Figure 2.2
shows the EIS results and the calculated ionic conductivities using Arrhenius models.
LBF exhibited a reasonable ionic conductivity of ~8.7x107*S ¢cm™! with an activation
energy of 0.516 eV at 140 °C, which was similar to the values in previous researches.>®
3! The solid electrolyte LBF can offer an extensive electrochemical stability window
exceeding 5 V, facilitating a comprehensive assessment of the electrochemical

properties of the as-prepared cathode composites from a broad voltage range.>
2.2.3  Characterization

X-ray diffraction (XRD) patterns were measured by an X-ray diffractometer
(Rigaku Ultima IV, Japan) with Cu-Ka radiation (A = 1.54056 A). Synchrotron X-ray
powder diffraction patterns were measured at the BL02B2 beamline in SPring-8

(Hyogo, Japan) with a wavelength of 0.41391 A, which was calibrated by using CeO..
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The morphology of the as-purchased Cu2O and the as-prepared cathode composites
were characterized using a SU6600 scanning electron microscope (SEM, Hitachi,
Japan). Scanning transmission electron microscopy (STEM) measurements with the aid
of energy-dispersive X-ray spectroscopy (EDS) and selective area electron diffraction
(SAED) measurements were conducted by using a JEM-ARM200F Monochromated
Atomic Resolution Analytical Electron Microscope (JEOL, Japan). Synchrotron X-ray
computed tomography (CT) was carried out at the BL20XU beamline in SPring-8, the
tortuosity factors were calculated using an open-source application ‘Taufactor’ in
MATLAB. X-ray absorption spectroscopy (XAS) measurements for Cu K-edge, Cu
L>3-edge, and F K-edge were carried out at the BL14B2 and BL27SU beamlines in
SPring-8, respectively. The measurements were conducted under vacuum condition.
The X-ray absorption near edge structure (XANES) and extended X-ray absorption fine

structure (EXAFS) results were analyzed by using the ATHENA software package.*

2.3 Results and Discussion
2.3.1 Phase, composition, and morphology

The crystal structures of the cathode composites prepared at different ball-milling
rotation speeds were characterized by synchrotron XRD, as shown in Figure 2.3a. As
evident from Figure 2.3a, the cathode composition changed as the ball-milling rotation
speed increased. In the BM-100 composite, although almost all peaks were indexed to
Cuz0 (space group: Pn3m) and LaosBao1F2.9 (space group: P3c1), there was a broad
peak around 9.39<(101) that could be due to CuO (space group: P42/mmc), as shown
in Figure 2.3b. As the rotation speed of the ball mill increased, the peaks attributed to
LBF were broadened significantly up to 300 rpm (BM-300) and then were broadened
slightly with further increase of the ball milling speed. This suggests that the
crystallinity of LBF decreased with increased ball milling rotation speed. On the other
hand, the intensity of the peaks attributed to Cu>O was increased as the rotation speed

increased from 100 rpm (BM-100) to 200 rpm (BM-200). However, it was decreased
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as the rotation speed increased from 200 rpm (BM-200) to 300 rpm (BM-300), while
new peaks indexed to Cu (space group: Fm3m) appeared around 11.36°(111), 13.15°
(200), and 18.68<(220). Thereafter, the intensity of the Cu-derived peaks increased as
the rotation increased from 300 rpm (BM-300) to 600 rpm (BM-600). These results
mean that the starting material, including mainly Cu.O was reduced more to metallic
Cu with an increase in the rotation speed of ball milling. The lattice parameters a and ¢
of the LBF were calculated by Le bail refinement (Table 2.1). The lattice constants
remained unchanged after the ball-milling process, indicating that the active materials
and LBF did not react with each other.

To evaluate the effect of ball-milling rotation speeds on the crystallite sizes of LBF
and Cu in the as-prepared cathode composites, Scherrer equation was applied to the
LBF 111 peak and Cu 113 peak (Figure 2.3c, Table 2.2, and Table 2.3). The crystallite
size of LBF drastically decreased from 39.9 nm to 9.2 nm from BM-100 to BM-300
and it was slightly reduced in BM-400, 500, and 600 (8.5, 8.3, and 7.2 nm, respectively).
On the contrary, the diffraction peaks of Cu first appeared in BM-300, then the
crystallite size gradually increased from 8.4 nm to 14.1 nm with the increase of ball-
milling speed from 300 rpm (BM-300) to 600 rpm (BM-600). This signified the
reduction in the crystallinity of solid electrolyte LBF and the increase in the crystallinity
of metallic Cu during the ball-milling process.

It was observed in XRD results that the composition of the cathode composites
varied with the increase in the ball-milling rotation speed. The ratio of metallic Cu and
Cu oxides was examined by soft-XAS technique and linear combination fitting (Figure
2.3d, Figure 2.4, and Table 2.4). The as-purchased Cu20 showed characteristic peaks
at 931.2 and 933.5 eV.%® Compared to the as-purchased Cu.0, the intensity of the peak
at 931.2 eV was increased for the BM-100 cathode composite. The energy of the peak
corresponded to that of CuO, indicating that the active material was partially oxidized
during the low-speed ball-milling process. Then increasing the ball-milling speed from

100 rpm to 600 rpm, the intensity of the peak at 931.2 eV was decreased while the peak
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around 933.5 eV was broadened and a new peak appeared around 937 eV. These peak
shapes and energy positions corresponded to Cu metal, indicating that the active
material was reduced during the high-speed ball-milling process. To evaluate the ratio
of copper oxide and copper metal in the active material with different ball-milling
speeds, linear combination fitting was performed for the Cu L-edge spectra (Figure 2.4).
The ratio of CuO in the active material was increased by ball-milling with 100 rpm,
compared to as-purchased Cu20. However, a further increase in the ball milling speed >
100 rpm, decreased the ratio of copper oxide, including Cu.O and CuO, while
increasing the ratio of copper metal in the active material. In the case of BM-400, BM-
500, and 600, the ratio of copper oxides was negligible against Cu metal. However, as
the spectra of composites cannot be fitted with only the Cu spectrum, they may include
some copper species, which were different from copper metal.

The electronic structures of the as-prepared cathode composites, as well as the
coordination of Cu atoms, were also examined by Cu K-edge X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS), as
shown in Figure 2.5. The edge position, which was defined as the maximum point of
the first derivative function of the absorption edge vs. energy, were 8978.5 and 8980.1
eV for Cu foil and Cu20 references. The plot of absorption energy vs. ball milling
rotation speed (Figure 2.5¢) revealed that the average valence state of Cu was between
Cu® and Cu* in BM-300.3* With the increase of ball-milling rotation speed, a clear
tendency of transformation from Cu oxides to metallic Cu can be observed in Cu K-
edge XANES (Figure 2.5a). The radial distribution functions of the EXAFS for the BM-
100 and BM-200 showed a similar shape to that of Cu oxides, however, a new peak
corresponded to Cu—Cu interaction emerged from BM-300 (Figure 2.5d). For the BM-
300, there were two peaks representing Cu—O and Cu—Cu interactions in Cu K-edge
EXAFS, indicating it a mixture of metallic Cu and Cu oxides. In the cases of BM-400,
BM-500, and BM-600, the radial distribution functions were very similar to that of the

Cu-foil reference. The XAS results indicated that the starting Cu2O was oxidized with
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low-speed ball milling and then was reduced to Cu metal with high-speed ball milling,
in agreement with the XRD results.

The morphologies of the as-prepared cathode composites were analyzed by
STEM-EDS measurements, as shown in Figure 2.6. The primary particle size of the
as-purchased Cu20 nanoparticle was about 200 nm (Figure 2.7). The primary particle
sizes of the Cu-based active material and solid electrolyte decreased with increasing the
ball milling speed up to 300 rpm, and the primary particle size of the Cu-based active
material was less than 20 nm in BM-300 (Figure 2.6c). On the other hand, the primary
particle size of the Cu-based active material became larger with increasing the ball-
milling rotation speed up to 600 rpm. The primary particle size of the Cu-based active
material was larger than 50 nm in BM-600 (Figure 2.6f). Besides, the particle size of
solid electrolyte LBF decreased with the increase of ball-milling rotation speed, it was
about 500 nm at 100 rpm but decreased to less than 100 nm at high rotation speed (400
to 600 rpm). The tendency of the primary particle size change was consistent with the
XRD results. Furthermore, the particle size distributions of the as-prepared cathode
composites were obtained from SEM images, as shown in Figure 2.8. The average
particle size diminished from BM-100 to BM-300, whereas the tiny primary particles
agglomerated into larger secondary particles under strong ball milling conditions (BM-
400 to BM-600). The combined insights from XRD, XAS, and microscopy suggested
that Cu20 was chemically transformed into metallic Cu by the ball-milling process, and
the average particle size increased with the increment of ball milling rotation speed
(400 to 600 rpm).

In order to clarify the morphology of the cathode composites in the pressed cells,
SEM-EDS and X-ray CT were carried out on the as-prepared cathode composites after
compressing them into pellets. As shown in the SEM-EDS mapping images (Figure
2.9), Cu and La were evenly distributed in BM-100, 200, 300, and 400. However, Cu

nanoparticles agglomerated to form secondary particles of about 1-2 um under strong
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ball milling conditions (Figure 2.9e—f), and there was no solid electrolyte distribution

in Cu areas.

In our previous research, we have proved that a non-close-packed Cu.O
configuration showed enhanced ion transport than a close-packed Cu bulk.? The ionic
conductivities of the as-prepared cathode composites were supposed to be different
since the ratio of metallic Cu to Cu oxides varies significantly. The electrochemical
impedance spectroscopies (EIS) of the as-prepared cathode composites were evaluated
by using an electron-blocking cell. As shown in the Nyquist plots for the as-prepared
cathode composites (Figure 2.10b), the high-frequency semicircle could be assigned
to grain-boundary resistance of the solid electrolyte since the fitted capacitance values
of this semicircle in each spectrum were in the range of 107! to 108 F (Table 2.5).%
However, according to previous research, the semicircle corresponding to bulk
resistance should appear in the high-frequency region, as we measured up to 100
MHz.% We considered that the bulk resistance was likely to overlap with the semicircle
of the grain boundary impedance, and here we treated the grain boundary impedance as
the apparent grain boundary impedance.

Figure 2.11 shows the apparent ionic conductivity of the as-prepared cathode
composites. The ionic conductivity gradually decreased from BM-100 to BM-300
whereas it rapidly decreased from BM-300 to BM-400, and then gradually decreased
from BM-400 to BM-600. The gradual decrease of the ionic conductivity from BM-
100 to BM-300 was caused by the decrease in crystallinity of LBF (Figure 2.3c) and
the decrease of the copper oxide amount (Figure 2.4g). The ionic conductivity of LBF
was decreased with a decrease in the crystallite size.*® Moreover, because the
tetrahedral sites in Cu-fcc sub-lattice in Cu20O could become diffusion channels for
fluoride ions,?® whereas the fluoride ion diffusion pathway was blocked due to the
close-packed structure of Cu lattice,?* % the decrease of the copper oxide amount
should decrease the ionic conductivity. The rapid decrease of the ionic conductivity

from BM-300 to BM-400 was caused by the absence the copper oxide, which was
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confirmed by XAS (Figure 2.4). Additionally, the decrease in ionic conductivity
observed from BM-400 to BM-600 can be attributed to the increasing tortuosity of the
solid electrolyte LBF. As shown in the 3D reconstruction images of BM-400, 500, and
600 (Figure 2.12a—c), the secondary particle size of the active material became larger
with the increment of ball milling rotation speed, which increased the tortuosity factor

of the solid electrolyte from 1.01 to 1.23 (Figure 2.12d).
2.3.2  Electrochemistry

For the galvanostatic charge—discharge measurements of the as-prepared cathode
composites, Pb/PbF, composite was chosen as the anode material, mainly because of
its remarkable intrinsic conductivity,3” 3 which helped to evaluate the electrochemical
performance on cathode more accurately. In some cases of utilizing Pb/PbF; as anode,
the discharge cutoff voltage can be negative, which was also called “forced discharge”
by Clemens et al.* In order to obtain more reversible capacity, a voltage range of —0.3
to 1.5 V against Pb/PbF, was employed in this study. The as-prepared cathode
composites exhibited reversible capacity after several cycles and different charging
behaviors depending on their composition (Figure 2.13).

The BM-100 composite during the 20th cycle showed a voltage plateau at 1.2 V
(Figure 2.13b). When the rotation speed was increased from 100 rpm to 300 rpm, a new
plateau appeared at approximately 0.8 V in addition to 1.2 V, as shown in the dQ/dV
curve of BM-300 during the 1st charge process in Figure 2.14, and the 0.8 V plateau
became longer and the charging capacity increased with the rotation speed increased.
On the other hand, the capacity decreased when the rotation speed was further increased
from 300 rpm to 600 rpm, especially above 400 rpm, the capacity decreased
significantly with large polarization. As a result, BM-300 composite showed the highest
charge/discharge capacity (387/384 mAh g') after the 20th cycle (Figure 2.13c).
Furthermore, BM-300 exhibited the highest discharge capacity with high current

density (174 mAh gt at a current density of 550 mA g cu20, as shown in Figure 2.13d).
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As similar voltage plateaus at 0.8 VV and 1.2 V were observed in Cu thin film and copper
oxide cathodes (Figure 2.15),% 2° each voltage plateau observed in the ball-milled
composites is related to a redox of copper metal and a redox of copper oxide. These
results were in agreement with the transition from copper oxide to metallic copper,
which was confirmed by XRD and XAFS. Although BM-100 and BM-200 showed
relatively high ionic conductivity, their low capacities were due to the absence of Cu,
while BM-300 showed the highest capacity due to its relatively high ionic conductivity
and the presence of Cu metal with a small crystallite size. Compared to BM-300, BM-
400, 500, and 600 showed lower ionic conductivity and larger Cu crystallite size,

resulting in larger polarization and lower capacity.
2.3.4 Charge compensation mechanisms

According to the abovementioned results, as the BM-300 cathode composite
showed the best electrochemical performance, we focused on clarifying the detail of
the reaction mechanism for the BM-300 cathode composite. The electronic and local
structural changes during charge/discharge were examined by using XAS (Figure 2.16).
In the Cu L2 3-edge XAS (Figure 2.16b), although the peaks attributed to Cu20 and Cu
were observed at 933.5 eV and 937.4 eV at pristine state, the intensity of these peaks
was decreased while a new peak appeared and the peak intensity was increased during
charging. This peak energy corresponded to the peak energy of CuF, indicating the Cu
species in the BM-300 composite was oxidized to Cu?*. The shape of the spectrum after
full discharge recovered to the pristine state, proving the reversibility of the Cu redox
reactions. In the F K-edge XAS results (Figure 2.16e), all the samples showed similar
absorption edges (> 687 eV) which corresponded to the fluorine in LBF solid electrolyte.
A pre-edge peak appeared at approximately 684 eV and gradually increased upon
charging, which was associated with the F 2p—Cu 3d hybridization, as was observed in
the CuF, reference.*’ This indicated that the Cu species in the BM-300 composite

formed Cu—F bonds after charging. The shape of the spectrum after full discharge
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recovered to the pristine state, proving the reversibility of the Cu
fluorination/defluorination reactions.

Furthermore, according to the linear combination fitting results in Figure 2.17, the
weight ratio of Cu and CuzO at the 1st fully charged state were 9% and 0%, respectively.
Based on the change in weight ratio of the active materials from the pristine to fully
charged state, the capacities were deduced to be approximately 500 mAh g~! for Cu and
62 mAh g ! for CuO. The estimated values agreed with the electrochemical
measurement result. These results indicate that the remaining Cu2O in the BM-300

sample is electrochemically active.

In the Cu K-edge XANES (Figure 2.16c¢), the absorption peak, which was assigned
to 1s—4p transition, was observed at ~8981 eV for BM-300 at pristine state. The
intensity of this peak gradually decreased upon charging, then at the fully charged state,
a very small pre-edge peak appeared at ~8977 eV and the shape of the spectrum became
almost similar to that of the CuF2 spectrum. This pre-edge peak corresponded to 1s—3d
transition, serving as a signature of Cu?* species. Because it cannot be observed in Cu°
and Cu* compounds due to their fully occupied 3d orbitals.?® 344! This XANES change
indicated that Cu species in the BM-300 composite was oxidized to Cu?*. After
discharging, the pre-edge peak corresponded to Cu?* disappeared and the shape of the
Cu K-edge XANES recovered to the pristine state, proving the reversibility of the Cu
redox reactions.

To clarify the local structural change during charge/discharge, the radial
distribution functions of the Cu K-edge EXAFS for BM-300 cathode composite were
obtained, as shown in Figure 2.16d. The peaks attributed to Cu—O and Cu—Cu
coordination were observed at 1.5 A and 2.2 A at pristine state. Upon the 1st charging
process, the peak corresponded to Cu—Cu coordination gradually decreased and the
intensity of the peak at 1.5 A increased. As this peak corresponded to the Cu—F of CuF
as well as the Cu—0 of Cuz0, the increasing peak intensity indicated that Cu—F bonding

was formed upon charging.?® This result was in agreement with Cu L-edge, F K-edge,
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and Cu K-edge XANES results. After discharging, the peaks attributed to Cu—O and
Cu—Cu coordination were recovered as the pristine state, proving the reversibility of
the local structure of the BM-300.

To further examine the crystal structure of the BM-300 cathode composite after
charging, STEM-EDS and TEM observations were performed. Figure 2.18a shows the
STEM image and the corresponding EDS mappings of the BM-300 cathode composite.
The EDS mappings signified that the solid electrolyte LBF and active material were
uniformly distributed after fully charging. TEM analysis was further applied to provide
an insight into the crystal structure in the red square region in Figure 2.18a (Figure
2.18b). Two areas were selected from Figure 2.18b for fast Fourier transform (FFT)
and inverse fast Fourier transform (IFFT), which are displayed in Figure 2.18d—g. After
fully charging, a well-defined crystalline structure of monoclinic CuF2 can be observed
from the FFT and IFFT (Figure 2.18d-e). Moreover, solid electrolyte LBF
(Lao.sBao1F29) was observed to present with good crystallinity and was uniformly
mixed with the active material (Figure 2.18f—g). The observation of CuF corresponded
to the XAS results. Moreover, the uniform mixture of the active material and LBF
showed a reasonable ionic pathway and electrode-electrolyte interface in the BM-300
cathode composite, leading to one of the reasons for excellent rate capability.

From the abovementioned results, a cathode composite possessing a well-suited
metallic Cu/Cu oxides ratio can exhibit remarkable rate capability, which can be
achieved by straightforwardly modifying the ball-milling conditions; we believe that
this study offers a significant perspective on the utilization of Cu-based cathode

materials in FIBs.

2.4 Conclusions

In this study, we applied a facile ball-milling process to prepare metallic Cu/Cu
oxides-based cathode composites for all-solid-state FIBs and examined their

electrochemical properties and reaction compensation mechanism. Cu.O was used as
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starting material and was transformed into metallic Cu as the ball-milling rotation speed
increased. The in-situ generated metallic Cu provided significant capacity. However,
the high ball-milling rotation speed significantly increased the particle size of Cu,
making a larger tortuosity of the solid electrolyte, which in turn resulted in large grain
boundary resistance. The BM-300 composite with a suitable metallic Cu/Cu oxides
ratio exhibited a reasonable initial capacity (532/487 mAh g% for charging/discharging),
good cycling stability (384 mAh g after 20 cycles), and excellent rate capability (174
mAh g at a current density of 550 mAh g tcu20). The excellent rate performance of
the BM-300 composite was attributed to the Cu.O component, which has been
demonstrated in our previous research to have good rate capability and a better cycling
performance than metallic Cu. The cathode composite prepared by a facile ball-milling
process using CuxO as starting material represented a significant advancement over
previous researches. We believe that the ball-milling method, as a facile process for
electrode preparation, holds immense potential for broader applications in the

development of high-performance all-solid-state FIBs.
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Figure 2.1 Illustration of bulk-type cells used for evaluation of cathode the as-prepared cathode
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Figure 2.2 (a) Nyquist plots of LBF at temperatures of 25, 50, 75, 100, 125, and 140 °C,

respectively. (b) Corresponding linear fitting using Arrhenius models.
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Figure 2.3 (a) Synchrotron XRD patterns of as-prepared cathode composites. (b) An enlarged
view of 26 = 8.75—10.25° of the XRD patterns, a broad pattern ascribed to 101 diffraction peak of
CuO can be found in BM-100 and BM-200. (c) Crystallite sizes of LagoBao.1F2.9and Cu in the
cathode composites with different ball-milling rotation speeds. The crystalline sizes of
LagoBag.1F29and Cu are calculated by the LagoBag.1F29[111] and Cu [113] peaks using Scherrer’s
equation. (d) Cu L-edge X-ray absorption spectroscopy of the as-prepared cathode composites.

Cu, Cu20, and CuO are provided as references.
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Table 2.1 The lattice parameters of the solid electrolyte LagoBao.1F29 in the as-

prepared cathode composites obtained via Le bail refinement.

Sample al A clA V /A3
" BM-100 | 7.244(3) | 7.411(9) 336.84 |
BM-200 7.249(9) 7.407(4) 337.11
BM-300 7.248(2) 7.419(4) 33756
BM-400 7.240(7) 7.412(0) 336.56
BM-500 7.250(4) 7.412(7) 337.43
BM-600 7.241(2) 7.408(6) 336.44

Table 2.2 The fitted Full Width at Half Maximum (FWHM) of LBF 111 diffraction

peak and the calculated crystallite size.

Sample FWHM /LBFm 201/° Crystallite / nm

BM-100 0.053(2) 7.289 39.9
BM-200 0.077(8) 7.290 275
BM-300 0.231(8) 7.291 9.2
BM-400 0.248(7) 7.286 8.5
BM-500 0.255(7) 7.296 8.3
BM-600 0.294(9) 7.290 7.2
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Table 2.3 The fitted Full Width at Half Maximum (FWHM) of Cu 113 diffraction

peak and the calculated crystallite size.

Sample FWHM / Cuui3 201/° Crystallite / nm

| BM-300 0.257(6) 21.844 8.4 |
BM-400 0.192(4) 21.848 11.2
BM-500 0.167(8) 21.841 12.9
BM-600 0.152(8) 21.846 14.1

Table 2.4 Weight ratio obtained from XAS linear combination fitting of the as-

prepared cathode composites.

Sample Cu/% Cu20/ % CuO /%
BM-100 | 0 67 | 33
BM-200 6.8 90.5 2.7
BM-300 84.6 9.2 6.2
BM-400 100 0 0
BM-500 100 0 0
BM-600 100 0 0
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Figure 2.4 (a)—(f) Linear combination fitting of Cu L-edge XAS results for the BM-100, 200, 300,

400, 500, and 600 cathode composites. (g) Weight ratio obtained from XAS linear combination

100

Weight ratio / %

0 100 200 300 400 500 600
Ball milling rotation speed / rpm

fitting of the as-prepared cathode composites and the as-purchased CuxO.

66



—~
Q
o

—~
(o)
S

S [—BMm-100 S
@ |[——BM-200 © 7
- | SSESe Cu,0
> >~ D = e
= =
()] @D | RN e
C L e
Q Q
- -—
£ =
O ©
) 3]
N N
© ©
S £
B ------- CuO 6
- I 2 . ‘ . CuK-edge = |l A Cu K-edge
8960 8970 8980 8990 9000 9010 9020 9030 8960 8970 8980 8990 9000 9070 9020 9030
Energy / eV Energy / eV
(€) s (d)
3 >
2 8981t ©
>
= S ST Cu;0 Ref. o
© 8980} =
S ° e
(o2}
8 ©
S 8979 . =
g ................................. SO 5 I—
Cu Ref. X
2 89781 w _
< oo
89tr=>. = = = x - 0 1 2 54 5 6
100 200 300 400 500 600 o
Radial distance / A

Ball milling rotation speed / rpm

Figure 2.5 (a) Cu K-edge XANES for the as-prepared cathode composites. (b) Cu K-edge XANES

for the BM-300 composite. (¢) The edge positions of the as-prepared cathode composites. (d) &3-

Weighted Fourier transformation magnitudes of Cu K-edge EXAFS. Cu foil, as-purchased Cu,0,

and CuO are provided as references.

67



(d) BM-400 — 2onm
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— 50 nm

Figure 2.6 Scanning transmission electron microscopy (STEM) images and elemental
distributions of La, Ba, F, and Cu from EDS mapping of as-prepared cathode composites. (a)—(f)

as-prepared BM-100, 200, 300, 400, 500, and 600 cathode composites, respectively.
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Figure 2.7 SEM image of as-purchased Cu>O nanopowder.
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Figure 2.8 SEM images and related particle size distributions for as-prepared cathode composites.

(a)—(f) as-prepared BM-100, 200, 300, 400, 500, and 600 cathode composites, respectively.
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Figure 2.9 SEM-EDS images of the as-prepared cathode composites after pressing them into

pellets. (a)—(f) as-prepared BM-100, 200, 300, 400, 500, and 600 cathode composites,

respectively.
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Figure 2.10 (a) The equivalent circuit used for the EIS fitting. (b) Nyquist plots at 140 °C for the

as-prepared cathode composites.
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Table 2.5 The fitting parameters of the EIS results of the as-prepared cathode

materials with different ball-milling rotation numbers.

Samples Rg,/Q CPEg-T CPEg-P We-R - We-T W;-P Capacitanceg, / F
BM-100 288 828E—9  0.7700 55690 0.1001 0.8052 1.73E—-10
BM-200 340 1.I12E—=8  0.7500 27258 0.0632 0.7277 1.75E—-10
BM-300 419 1.07E—=8  0.7197 14542 0.0832 0.6210 8.91E—11
BM-400 805 S5.11E-9  0.7109 8399  0.0411 0.6016 3.29E—-11
BM-500 1234 8.76E—10 0.8026 15015 0.0758 0.5741 2.98E—11
BM-600 1433 447E—9  0.7070 41483 0.0838 0.7389 3.15E—11
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Figure 2.11 Plots for the ionic conductivity of the apparent grain boundary in the cathode

composites against ball-milling rotation speed measured at 140°C.
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Figure 2.12 X-ray computed tomography (CT) results of the as-prepared cathode composites. (a)

BM-400, (b) BM-500, (¢c) BM-600; (d) Tortuosity factors of the abovementioned samples.
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Figure 2.13 (a) Charge/discharge profiles of as-prepared cathode composites upon the 1st cycle.

(b) Charge/discharge profiles of as-prepared cathode composites upon the 20th cycle. (c) Cycle

performance of the as-prepared cathode composites. (d) Capacity at various current densities of
BM-100, 200, and 300, 400, and 500 cathode composites. The current density was 11 mA g !cy0,

and the voltage range was —0.3 to 1.5 V against Pb/PbF,.
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Figure 2.15 Charge/discharge profiles upon the 1st cycle which were measured in our previous
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against Pb/PbF,, (b) CuO cathode composite, the current density is 7.5 mA g™! and the voltage
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Figure 2.16 Charge compensation and structural information of BM-300 obtained from the 1st
cycle. (a) Ex-situ points in the 1st cycle. (b) Cu L-edge X-ray absorption spectra. (¢) Cu K-edge
XANES. (d) k3-Weighted Fourier transformation magnitudes of Cu K-edge EXAFS. (e) F K-edge
XAS for BM-300 cathode composite upon the 1st cycle. Solid electrolyte LBF and CuF, are
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Figure 2.17 Linear combination fitting of Cu L-edge XAS result for the 1st fully charged state of

BM-300. Cu, Cu;0, CuO, and CuF; are provided as reference samples.
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Figure 2.18 (a) STEM mapping images of BM-300 cathode composite at 1st fully charged state.
(b) TEM micrograph in the red square in Figure 2.18a. (c) Crystal structure of the selected areas in
Figure 2.18b. Area 1 refers to CuF; and area 2 refers to LagoBao.1F2.9 (LaF3), only metal atoms are

displayed. (d)—(e) Corresponding FFT and IFFT of area 1 in Figure 2.18b. (f)—(g) Corresponding

FFT and IFFT of area 2 in Figure 2.18b.
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Chapter 3 Reversible Fluoride-lon (De)lnter-
calation of CuLaO; Cathodes with Crystalline
/Amorphous Phase Transition Involving Multi-
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devices. Intercalation-type cathode materials for FIBs have been developed in the past.
However, they are limited by low theoretical capacities, which fail to meet the high
energy density and high rate capability demand. This study reports the first application
of the intercalation-type cathode material CuLaO: in all-solid-state FIBs. This cathode
maintains a high capacity of 184 mAh g ! over 50 cycles. Compared to the metal/metal
fluoride (M/MFy;) and the intercalation-type cathode materials reported so far, CuLaO-
exhibits an outstanding rate capability with a capacity of 102 mAh g ! even at a high
current density of 200 mA g '. Electrochemical measurements, coupled with X-ray
absorption spectroscopy and X-ray diffraction prove that the charge/discharge
processes of CulLaO» proceed via intercalation reaction with the reversible phase
transition between crystalline/amorphous phases, and the charge compensation is
responsible for multielectron redox of Cu’/Cu®*. We believe that this study can bring

insight into the all-solid-state FIBs.
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3.1 Introduction

Lithium-ion batteries (LIBs) have dominated the portable energy storage devices
market for decades, mainly due to their high working voltage, high energy density, and
commendable cycle life.!® With the burgeoning demand for electric vehicles (EVs) and
advanced energy storage technologies in recent years, there is a growing debate about
the long-term availability of the critical elements of LIBs (Li, Co) due to its rocketing
price, limited abundance and nonuniform geographical distribution.* > Furthermore,
safety concerns associated with a flammable and toxic organic electrolyte of LIBs call
for safer alternatives such as all-solid-state battery technologies for future applications.
Therefore, researchers are focusing on developing batteries based on different charge
carriers such as Mg?', Zn**, AI*Y, F~, CI', etc.,® !! targeting superior energy density,
power density, and cycle performances that exceed those of LIBs. Among them,
fluoride-ion batteries (FIBs), based on the shuttling of fluoride ions, have been
considered as a potential alternative in recent years.!? Since fluoride-ion (F") has the
high redox potential (2.87 V vs. SHE) of F/F>, FIBs can provide theoretically high
voltage using various metal/metal fluoride (M/MF,) combinations.'® %13 The all-solid-
state rechargeable FIBs were first proposed in 2011 by Reddy and Fichtner,'® in which
Lag.9Bao.1F2.9 was utilized as the solid electrolyte and metal fluorides (CuF», BiF3, SnF»,
etc.) based on conversion mechanism were used as active materials. Although the
conversion-based M/MF, electrode materials have the advantage of high theoretical
capacities, they suffer from poor cycling and rate performances.'* !° This is because the
phase transition mechanism between metal and metal fluoride involves a reorganization
of the atoms that can bring significant volume change.!® Such volume change leads to
blockage of the fluoride-ion diffusion pathway, which severely affects the electrode-

electrolyte interfaces. ' !

Besides M/MF, electrode materials, intercalation-type cathode materials (e.g.,

8

perovskite-type BaFeO»s,'® schafarzikite-type MSb,O4,' Ruddlesden—Popper-type
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LaSrMnO4,%° SroMnOsF»,! and La,Co04,2? etc.) have received significant attention in
recent years. These materials obey the topotactic fluorination/defluorination
mechanism, effectively reducing the volume change.?*?* It is crucial for intercalation-
type materials to have anionic insertion sites in the host lattice, such as the rock-salt
interstitial layers in Ruddlesden—Popper-type materials. However, the intercalation-
type materials previously reported, such as LaSrMnOQOs, always contain heavy elements
to support the framework, which are electrochemical-inactive, resulting in a low
theoretical capacity. In addition, the monoelectron reaction of the transition metal (e.g.,
Mn**/Mn*" in Sr;MnOsF/Sr;MnOsF,) also limits the capacities of the current
intercalation-type cathode materials.?! In our recent research on Ruddlesen—Popper-
type Lai 2Sri sMn207-sF> cathode, excessive fluoride ions (~4 F) can be inserted into
the lattice structure, achieving a capacity of 190 mAh g ! through the charge
compensation of both Mn redox and oxygen redox.?® Although the application of
anionic redox has unlocked the potential of increased capacity in cathode materials, the
oxygen redox in high voltage regions typically causes significant voltage hysteresis and
large polarization that are disadvantages for practical applications.?¢ 2® Therefore, one
way to achieve high capacity without anionic redox is to use a multielectron cationic

redox reaction in the low formula weight cathodes.

In this study, we introduced a delafossite oxide CulaO,, which is known to easily
intercalate extra oxygen in the Cu planes and have a two-dimensional (2D) anion

pathway in the host structure,?* 3

as an intercalation-type cathode material for all-solid-
state FIBs. This cathode material exhibited a reversible capacity of 208 mAh g ! in the
initial cycle, and maintained a stable cycle performance over 50 cycles, which
surpassed most of the Ruddlesden—Popper-type cathode materials reported so far. The
detailed multielectron redox reaction of Cu" species was clarified by X-ray absorption
spectroscopy (XAS) measurements. CuLaO; underwent an amorphous transformation

during the charging process and was restored after discharging, which was confirmed

by X-ray diffraction (XRD) measurement and chemical fluorination reactions. This
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study broadened the range of promising cathode materials for FIBs.

3.2 Experimental
3.2.1 Material preparation

CuLaO, was synthesized by a one-step solid-state reaction.’! Stoichiometric
amounts of La,O3 (FUJIFILM Wako, 99.99%) and CuxO (FUJIFILM Wako, 99.5%)
were mixed in a mortar and pestle, which was subsequently pelletized in an Ar-filled
glovebox. The pellet was then annealed in argon at 860 °C for 12 h, and ground into a

fine powder.

Chemical fluorination was conducted for the as-prepared CuLaO: by using XeF»

(Strem Chemicals, 99.5%) as the fluorination agent. CuLaO> and XeF, were placed
separately in a polytetrafluoroethylene (PTFE) sleeve in a molar ratio of 1: 2 (n=0, 0.2,

0.6, 1.0, 1.4, and 1.8), and sealed in a steel autoclave. All the operations were carried

out in an Ar-filled glovebox. Finally, the reactor was heated to 140 °C for 96 h.

Solid electrolyte Lag9Bao.1F29 (LBF) was prepared by the mechanochemical
method as described in Section 2.2.1. The cathode composite (CuLaO2/LBF/VGCF =
3: 6: 1 in mass ratio) and anode composite (Pb/PbF2/LBF/VGCF = 2 :3: 4: 1 in mass

ratio) were prepared by ball milling, which has been mentioned in Section 2.2.1.
3.2.2  Electrochemical measurements

Electrochemical tests were carried out on bulk-type cells, the fabrication method
has been mentioned in Section 2.2.2. The galvanostatic charge-discharge tests and
Galvanostatic Intermittent Titration Technique (GITT) measurement were evaluated by
HJ1020mSD8 battery testing systems (Hokuto Denko, Japan) with a cutoff voltage
between —1.5~1.32 V vs. Pb/PbF.. All the electrochemical measurements were
recorded at 140 °C without air exposure. The apparent F~ diffusion coefficients were

calculated from the GITT results using the equation (3—1):
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where Dg- is the diffusion coefficient, 7 is the current density applied to GITT pulse,
Vo is the molar volume (cm® mol ™), z is the valence, F is Faraday’s constant, and S is
the cell interfacial area. The terms dE/d6 and dE/d+/t represent the slopes of the
coulometric titration curve at composition ¢ and the transient voltage vs. the square root

of time, respectively.*
3.2.3 Material characterization

XRD patterns were collected using an X-ray diffractometer with Cu Ko radiation
(A = 1.54056 A, Rigaku Ultima IV, Japan). Synchrotron XRD data were collected at
room temperature in the Ar atmosphere at the BL02B2 beamline in SPring-8 (A =
0.4133 A Hyogo, Japan). Rietveld refinement was performed using Jana 2006
software.**> Scanning transmission electron microscopy (STEM) measurements with the
aid of energy dispersive X-ray spectroscopy (EDS) were conducted using a JEM-
ARM200F monochromated atomic resolution analytical electron microscope (JEOL,
Japan). X-ray absorption spectroscopy (XAS) measurements for Cu K-edge, Cu L2 3-
edge, and O K-edge were carried out at the BL14B2 and BL27SU beamlines in SPring-
8, respectively. To prepare the samples during the second cycle for measurements, all
the cells were charged and discharged at a current density of 10 mA g ! and then
transferred from an Ar-filled glovebox. The measurements were carried out under
vacuum conditions. The X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) data were analyzed using the ATHENA
software package.** In order to simulate the anion sites and diffusion path of the F~ in
the structure, bond valence sum (BVS) calculation was performed using the program

PyAbstantia,* and the BVS 3D mapping was visualized using VESTA 3
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3.3 Results and discussion
3.3.1 Structure and composition

The crystal structure of as-prepared CuLaO> was examined by synchrotron XRD
(Figure 3.1a). All the peaks were indexed to the CuLaO. phase (space group: R3m)
with lattice parameters of a = 3.8253(0) A and ¢ = 17.0645(4) A, as shown in Table
3.1.7 CuLaO; has a delafossite structure, in which O atoms and La atoms form edge-
shared [LaOs] octahedral layers, and Cu atoms are linearly coordinated with two O
atoms and stacked between octahedral layers (Figure 3.1b).>* STEM-EDS mapping
results (Figure 1c) revealed that the particle size of the as-prepared CuLaO> was
approximately 1 um, and Cu, La, and O atoms were homogeneously distributed in the
particles with an atomic ratio of Cu/La/O = 24: 24: 52, which was almost consistent

with the theoretical value.?!
3.3.2  Electrochemistry

The electrochemical performance of CuLaO; cathode was examined and shown in
Figure 3.2 and Figure 3.3. For the galvanostatic charge-discharge measurements, the
Pb/PbF> composite was used as the anode mainly because of its outstanding inherent

conductivity,*® 3

which enabled a more precise evaluation of the electrochemical
performance of CuLaO> cathode. The charge/discharge measurements were cut off at a
capacity of 2 F~ insertion, which assumed a two-electron reaction of Cu*/Cu?", and the
voltage range was set to —1.5~1.32 V because the voltage when the 2 F™ insertion in the
first charge process occurred was about 1.32 V as mentioned immediately afterward.
The CuLaO; cathode exhibited a capacity of 229 mAh g! corresponding to the capacity
of 2 F~ at 1.32 V with plateaus at 0.5 and 1.0 V in the first charge process, and a capacity
of 208 mAh g ! with plateaus at 0.65, 0, and —0.5 V in the first discharge process (Figure
3.2). The CuLaO; cathode exhibited a capacity of 205 mAh g~! with plateaus at 0.4 and

0.9 V in the second charge process, and a capacity of 200 mAh g~ ! with plateaus at 0.65
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V, 0 Vand —0.5 V in the second discharge process. The charge curve shape of 2nd cycle
was different from that of 1st cycle, whereas the discharge curve shape of 2nd cycle
was similar to that of Ist cycle. In the subsequent cycles, the shape of the
charge/discharge curves was similar to the 2nd cycle. As illustrated in Figure 3.3b,
CuLaO> maintained 88% capacity of its initial capacity after 50 cycles, with almost 100%
Coulombic efficiency at 10 mA g '. It is also noteworthy to point out that CuLaO>
attained 184 mAh g! of capacity after 10 cycles, which remained well maintained up
to 50 cycles. In addition, it showed excellent rate capability with a reversible capacity
of 102 mAh g ! at a high current density of 200 mA g ! (Figure 3.3c), which was quite

superior to most of the FIB cathode materials reported so far.?!»2%40-41

Because the CuLaO» exhibited reversible charge/discharge curves after 2nd cycle,
we focused on analyzing the reaction mechanism of the CuLaO; cathode during the 2nd
cycle. The GITT results during the 2nd charge/discharge process are shown in Figure
3.4. The open circuit voltages (OCVs) of the charge process continued to increase with
the F~ insertion. According to our previous studies on 3d transition metal/metal fluoride
conversion-type cathodes, the OCVs remained almost constant during the two-phase
reaction between metal and metal fluoride.!® Therefore, the continuous change in the
OCVs indicated that the charging process in the CuLaO, cathode did not proceed via
the two-phase reaction. The polarization of the late charge process was not significantly
larger than that of the early charge process (Figure 3.4a), as the Li-rich cathode involves
anionic redox.*> * This indicated that the fluorination process might not involve the
anionic redox, which will be discussed in detail in the following section by using XAS.
Similar to the charge-discharge curve shown in Figure 2a, the magnitude of polarization
in GITT differs between charging and discharging, and the polarization is particularly
large in the range of x = 0—0.75 during discharge (Figure 3a). The different polarization
behavior between charge and discharge was also observed in the Na®
insertion/extraction processes of the NaFePO4 cathode for the Na-ion battery.* In the

NaFePOj4 cathode, an intermediate phase of Nay;3FePO4 appears when charging (Na-
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ion extraction) from NaFePO4. The volume change ratio from NaFePO4 to FePOys is
about 16.6 % whereas the volume change ratios from NaFePO4 to Nax3sFePO4 and from
Naz3FePO4 to FePOys are about 3.8 % and 12.8 %. NaFePO4 has to pass through the
intermediate phase during charging because the volume change ratio from NaFePO4 to
Naz3FePOs (3.8 %) is smaller than that from NazzFePOs to FePO4 (12.8%). On the
other hand, it can proceed directly from FePO4 to NaFePO4 during discharging because
the volume change ratio from FePO4 to NazzsFePOys is larger than that from NazisFePOa
to NaFePOs. As a result, the charging curve exhibits two plateaus whereas the
discharging curve exhibits only one plateau. For CuLaO,, a similar phase transition
including an intermediate phase might occur during discharging, leading to the
asymmetric charge/discharge curves and relatively large polarization around —0.5 V.
The calculated apparent F~ diffusion coefficients for the charging process estimated
from the GITT curve were ~10 % to ~107!! cm? s™! at 140 °C (Figure 3.4b), which were
comparable to those of LIB cathode materials, such as LiCoO> and LiFePO4 at room

temperature.*>: 46

3.3.3 Structural evolution

To examine the crystal and local structural change of the CuLaO; cathode during
charging and discharging, the XRD, STEM-EDS and Cu K-edge EXAFS measurements
were carried out during the 2nd cycle. Due to the high ratio of solid electrolyte
Lao.9Bao.1F2.9 in the cathode composite and severe amorphization of the active material
after charging (see in Figure 3.5), we were unable to conduct Rietveld refinement to
analyze the precise phase transitions. In the XRD patterns of the cathode composite
(Figure 3.5 and Figure 3.6a), all the peaks of the 1st discharged state (1st Dischg) can
be indexed to CuLaO, and solid electrolyte LBF. However, a small peak appeared at
~26°, which might be attributed to the generation of LaOF during the ball milling
process, as shown in Figure 3.6b. It can be observed that the diffraction patterns of

CuLaO:; still remained when charging to x = 0.5. No diffraction patterns other than the
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solid electrolyte LBF could be observed from x = 1 to the fully charged state. The
disappearance of the diffraction peaks can be attributed to the amorphous
transformation of the CuLaO; structure. The F element homogeneously existed in the
secondary particles, including Cu, La, and O elements of the 2nd fully charged sample,
which was confirmed by STEM-EDS (Figure 3.6b and 3.7). The discharge process was
the opposite. When discharging from the fully charged state to —0.5 V, the diffraction

patterns of crystalline CuLaO> appeared and it remained in the fully discharged state.

Since the amorphous transformation of the active material during electrochemical
fluorination and the large amount of solid electrolyte LBF, it was difficult to determine
the structure change of charged CulLaO; by XRD measurement. Therefore, we
attempted to analyze the crystal structure change of CuLaO- by using synchrotron XRD
for chemically fluorinated CuLaO> instead of electrochemically fluorinated CuLaO,.
The synchrotron XRD results of the chemical fluorination products are shown in Figure
3.8. CuLaO> can maintain its crystal structure with annealing treatment at 140 °C (n =
0) as shown in Figure 3.8a. The Bragg peaks of CuLaO> were broadened at n = 0.6, and
some weak peaks emerged, such as 26 = 4.48°, 6.99°, 11.92° and so on, indicating the
crystallinity reduction and the generation of a new phase. The diffraction peaks of
CuLaO; continued to broaden at n = 1.0, and the overall peak intensity decreased. It
can be clearly observed that two phases coexisted at n = 1.0, with one being CulLaO>
(Phase 1) and the other identified as its main fluorination product (Phase 2). In the n =
1.4 sample, the diffraction peaks of the CulLaO, almost disappeared, and the peak
intensity of Phase 2 increased and became further broadened. In addition, a sharp peak
emerged at 260 = 7.95°, which can be attributed to the generation of the La;O3 impurity
(Space group: P3m1).*” The diffraction patterns of the fluorination products (rn > 1.0)
showed larger full width at half-maximum (FWHM) and much lower absolute

intensities, indicating an amorphous transformation after fluorination.

To examine the local structure around Cu in the CuLaO> cathode during the

charge-discharge processes, the Cu K-edge EXAFS analysis was performed for the
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cathode during the second cycle (Figure 3.9). Two peaks were observed around 1.4 A
and 2.2 A in the 1stdischarged state. The intensity of the peak around 1.4 A increased
while the intensity of the peak around 2.2 A decreased during the charge process. Then,
the intensity of two peaks returned to the 1st discharged state after fully discharging
(2nd Dischg). The increasing intensity of the peak around 1.4 A was probably caused
by the coordination number increment of Cu with Cu—F bond formation,*' whereas the
decreasing intensity of the peak around 2.2 A might be caused by the amorphization
observed in the XRD measurements (Figure 3.6a). Similar reversible structure change
between crystalline and amorphous phases has been reported in cathode materials for

LIBs.*® 4

These GITT, XRD, STEM-EDS and Cu K-edge EXAFS measurements indicated
that the charge/discharge reaction of the CuLaO» cathode proceeded via an intercalation
reaction with the reversible phase transition between crystalline/amorphous phases. To
further examine possible F~ insertion sites and their conduction pathways in the
CuLaO; cathode, we performed BVS calculations. As shown in Figure 3.10a, the
intercalated F~ was able to be located in the Coulombic potential holes at the center of
Cu-triangles, and the CuLaO» pristine could accommodate up to 2 F~ to form CuLaO,F,.
Furthermore, since the anion sites in the CuLaO; are two-dimensionally connected with
each other, as illustrated by the blue area in Figure 3.10b, inserted F~ would move to
adjacent F sites through the 2D diffusion path. Similar anion sites and diffusion paths
have been reported for oxide-ion intercalation in the delafossite materials CuLnO> (Ln
=La, Y).?%3Furthermore, it has been clarified that easy F~ diffusion through 2D lattice-
like channels in the rock-salt interlayers in Ruddlesden—Popper-type layered
oxyfluoride Lai2Sr1sMn,0O7F, leads to the high rate performance of the cathode.? >
These studies support the idea that the 2D diffusion pathways in the Cu layer of CuLaO-
contribute to the high bulk diffusion coefficient (Figure 3.4b) and rate performance

(Figure 3.3c).
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3.3.4 Charge compensation

The XAS measurements were used to reveal the charge compensation mechanism,
as shown in Figure 3.11. In the case of Cu L-edge XAS (Figure 3.11a), an absorption
peak at 933.8 eV was observed in the 1st discharged state (1st Dischg), which was in
agreement with that of CuLaO, pristine, indicating that the Cu existed as Cu" after the
1% discharge process. As charging proceeded, the peak corresponding to Cu” gradually
diminished and almost disappeared at x = 1, and a peak A at 930.5 eV gradually
increased upon charging. The absorption energy of peak A was consistent with the CuO
reference, indicating that the valence state of copper was approximately +2 at x = 1.
Moreover, it was observed that a new peak B at approximately 932.8 eV appeared at x
= 1.5 and increased until the fully charged state. This peak B was in agreement with

that previously found in NaCuO> and many Cu*" compounds,’'->®

and it was basically
assigned to 2p3d’ and 2p3d'°L (L refers to ligand hole) states. Hence, the Cu L-edge
XAS results indicated that a multielectron reaction of Cu" species occurred in charge

compensation.

On the other hand, in the O K-edge spectra, the spectrum of the Ist discharged
CuLaO; (1st Dischg) showed similar behavior as previously reported (Figure 3.11b).>
The absorption peaks at 531.7 and 536.6 eV were attributed to the transition from O 1s
to La 5d—O 2p hybridized states, which can also be observed in La>0s.%” Furthermore,
the peak located at 533 eV corresponded to the hybridization of O 2p and Cu 4s/4p,
which was the signature of Cu’ and can also be observed in Cu2O reference.’’
Significant changes were observed in the pre-edge region of the O K-edge spectra upon
electrochemical fluorination. In the charge from 1st Dischg to x = 1.0, a peak 3 appeared
at 529.8 eV and its intensity increased. This peak was attributed to the transition from
O 1s to Cu 3d—O 2p hybridized orbital and was similar to that of CuO, indicating that

the Cu’/Cu®" redox reaction occurred.’® In the charge from x = 1.0 to x = 1.5, a peak a

located at 528.6 eV appeared. This peak was attributed to the transition from O 1s to

95



Cu 3d-O 2p hybridization state with a doping ligand hole, and it can be observed in
Cu** compounds LaCuO; and NaCuO,.’" 3% % In the further charge to Fullchg, the
intensity of peak a increased and a new peak y emerged at 531.2 eV. The increasing
intensity of peak o suggests further oxidation of Cu?*/Cu®*. The energy position of peak
vy is in good agreement with that of the peak as observed in charged Li-rich cathodes of
LIBs, indicating a hole formation in the oxygen 2p orbital.*> % There were two
possibilities for the appearance of the peak y: 1) the formation of O—O bonds, ii) as the
Cu 3d (Cu*") and O 2p form a strong covalent bond, the peak could also be attributed
to the electron transfer from the O 2p orbital to the Cu 3d orbital (i.e., ligand hole
formation).®' Generally, in the case of the Li-rich cathodes of LIBs using oxygen redox
reaction, a large polarization accompanies the formation of O—O bonds in the high-
voltage region.*>** The relatively small polarization during the charging process in the
GITT measurement (Figure 3.4) indicated that O—O bond formation did not occur in
the fluorination processes, and the reaction mechanism of the CuLaO> near the fully
charged state tended to be the O 2p—Cu 3d electron transfer. After discharging, the
peak y reversibly disappeared, and the O K-edge spectra restored to that before charging,
indicating a good reversibility during the 2nd cycle. The O K-edge XAS results were
consistent with those in Cu L-edge, suggesting that the multielectron redox reaction of

Cu species provided charge compensation.

Based on the above-mentioned results, the charge/discharge processes of CuLaO»
proceed via intercalation reaction with the phase transition between
crystalline/amorphous phases, and the charge compensation is responsible for
multielectron redox of Cu'/Cu®" without O—O bonds formation. The reversible
intercalation reaction with multielectron redox leads to good electrochemical properties
such as high capacity and cyclability. The fluoride-ions can be intercalated into the Cu
planes and are believed to be conducted through the 2D pathway, leading to excellent
rate performance. We believe this study offers a significant perspective for developing

intercalation-type cathode materials for FIBs.
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3.4 Conclusion

In this study, we applied a layered oxide CuLaO- as a cathode material for all-
solid-state FIBs and the charge/discharge reaction mechanism was examined in depth
by GITT, XAS, and XRD measurements. The electrochemical performance revealed
that the CuLaO; cathode exhibited outstanding cycle performance (184 mAh g™ ! after
50 cycles) and rate capability (102 mAh g ' at 200 mA g !). The charge/discharge
processes of CuLaO; proceeded via an intercalation reaction with the reversible phase
transition between crystalline/amorphous phases. The detailed investigations by the
XAS and XRD measurements revealed that the charge compensation was responsible
for multielectron redox of Cu’/Cu** without formation of O—O bonds, where the Cu—O
ligand hole was generated due to the strong covalency of Cu 3d and O 2p. BVS
calculation implied that F~ could be intercalated into the Cu-planes and move through
the 2D pathway. Although the structure of the fluorinated product still needs to be
determined more precisely in future studies, CuLaO, represents an intercalation-type
cathode material for all-solid-state FIBs with a simple structure and excellent

electrochemical performance.
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Figure 3.1 (a) Synchrotron XRD pattern and Rietveld refinement of as-prepared CuLaO, material,
wavelength = 0.4133 A, R,=3.26 %, R¢=4.00 %, Ry, = 4.40 %, GOF = 1.31. (b) Structural model

of CuLa0»,%¢ (¢) STEM image showing the distribution of Cu, La and O in CuLaO, particle.

Table 3.1 Structural parameters of as-prepared CuLaO> determined from the Rietveld

refinement.
Wyckoff 2
Atom Position X y z B, /A Occupancy
Cul 3a 0 0 0 2.215(6) 1
Lal 3b 0 0 0.5 0.801(2) 1
01 6c 0 0 0.1068(9)  0.970(9) 1

Space group: R3m; Ry=3.26 %; Rwp = 4.40 %, Re=4.00 %; GOF = 1.31;
a=3.8253(0) A, ¢ = 17.0645(4) A.
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Figure 3.10 Isosurfaces illustrating the difference from —1, corresponding to the formal charge of
fluorine (F), derived through the BVS analysis for CuLaO,. The BVS mapping for CuLaO,
reveals the mobility of F~ in the structure. (a) Structure model of CuLaO; (1 x 1 x 1 unit cell) and
BVS mapping illustrated at isosurface = 1.9 V indicate that the intercalated F~ are located in the
deep Coulombic potential holes and form at most CuLaO;F». (b) Possible F~ pathway estimated
by BVS analysis (2 x 2 x 1 unit cell). It is considered that F~ is likely to pass through the

Coulombic potential trough near the Cu planes. (c) Top view of Figure 3.10b.
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Chapter 4 Extending Exploration on Fluoride-
lon (De)lInsertion Behaviors of the Ruddlesden—

Popper-Type Cathode Material LazNiOax+qd

All-solid-state fluoride ion batteries (FIBs) have been considered as a potential
next-generation energy storage device and have attracted various attention in recent
years. Since FIBs are in their nascent stages, it is crucial to develop high-performance
electrode materials to advance FIB technology. The intercalation-type cathode
materials have received much attention due to their structural stability and relatively
small volume change during topotactic fluorination process. Recent research has
demonstrated the topotactic fluorination behavior in the Ruddlesden—Popper-type
cathode material La; »Sr;.sMn2O7-sF> which exhibits a high capacity of 200 mAh g .
This study proves the high performance of Ruddlesden—Popper-type materials by using
oxygen redox reactions. However, the complex structure and low theoretical capacity
of Lai 2Sr1 sMn207-sF2 (~90 mAh g™!) indicate that there is still room for improvement
in the capacity of these kind of materials. Herein, we extend our investigation of the
fluorination behaviors of Ruddlesden—Popper-type cathode material La;NiOs+q by
using both cationic redox (Ni) and anionic redox (O) for charge compensation, allowing
the host lattice to accommodate excess fluoride ions to achieve a reversible capacity
over 250 mAh g !. The topotactic (de)fluorination processes are proved by the X-ray
diffraction (XRD) measurements. Moreover, the reversible Ni and O redox reaction
mechanisms are elucidated by X-ray absorption spectroscopy (XAS) measurements.
The excessive fluoride-ion insertion leads to the formation of O—O bond, which is
reversible after discharging. We believe that this study can exploit the potential of
Ruddlesden—Popper-type cathode materials to realize high-performance applications in

all-solid-state FIBs.

115



4.1 Introduction

All-solid-state fluoride-ion batteries (FIBs) have been regarded as one of
promising alternates for lithium-ion batteries (LIBs).! > The use of monovalent F anions
(F7) as charge carriers enables significant electrochemical stability, owing to the high
electronegativity of F element. Furthermore, it is possible to achieve outstanding
overall energy density due to the multi-electron reactions of various metal/metal
fluorides (M/MF;). Previous studies have shown that all-solid-state FIBs using M/MF.
electrodes could exhibit high theoretical energy capacities.’> However, practical
applications have encountered challenges within two-phase-type M/MF, conversion
reactions, mainly due to the substantial lattice mismatch between metal and metal
fluorides. These mismatches result in significant strain energy and sluggish phase-
transition kinetics. Moreover, the volumetric changes during phase-transition reactions
can lead to delamination between active materials and solid electrolyte, significantly

affecting the long-term cycling performance of the all-solid-state FIBs.>°

Intercalation-type cathode materials, which follow a topotactic fluorination
mechanism, have also been intensively researched in recent years.” 8 These materials
possess robust frameworks that enable highly reversible fluoride-ion (de)intercalation
without substantial volumetric changes. In particular, the Ruddlesden—Popper-type
materials (A,+1B,0O3,+1, A= La, Sr, etc., B = transition metals, n =1, 2, 3, ...) are so far
found to be the most suitable host for the reversible intercalation of fluoride ions
because of the interstitial anion sites within the rock-salt-related layers in the
structure.” '? In previous studies, we demonstrated that F~ can reversibly (de)intercalate
within the lattice of the Ruddlesden—Popper-type materials LaSrMnO4F, Sr2MnOsF»,
and Sr3Fe,OsF»."* 1 However, the limited theoretical capacities (74 mAh g ! of
LaSrMnOsF, 85 mAh g! of Sr,MnOsF», and 118 mAh g ! of Sr3Fe>OsF2) have
restricted their further applications. Therefore, expanding the capacity of

Ruddlesden—Popper-type cathode materials is considered worthy of being further
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studied.

Previously, anion redox reactions have been extensively studied in LIBs and
sodium-ion batteries (SIBs) as an approach for increasing practical capacity.!>!8 The
charge compensation by both the transition metal redox and anion redox allows the
electrode to accommodate excessive charge carriers, which results in a higher capacity
than that obtained by only metal redox. The electrochemical performances and reaction
mechanism of the anion redox have been reported in rigorous studies for LIB and SIB
cathodes.!”?? The oxygen redox behaviors have also been demonstrated in our recent
research on Laj 2Sri sMn,07_sF2 cathode for FIBs.?? The excessive F~ are expected to
be inserted into the perovskite slabs, and the reversible oxygen redox will elevate the
cathode capacity. However, the heavy formula weight of Lai 2Sri sMn2O7-_sF> results in
a theoretical capacity of only 90 mAh g™! (2 F"). In the Mn-based Ruddlesden—Popper-
type material LaSrMnO4 (n=1 in A,+1B,O3,+1), although it shows high theoretical
capacity (154 mAh g ! corresponding to 2 F"), it only exhibited a discharge capacity of
30 mAh g! when charged to 3 V.® This indicates that LaSrMnOs may undergo severe

irreversible reactions at high voltages, leading to structural degradation.

In this study, we investigated the electrochemical performances of La;NiO4+q as a
cathode material for all-solid-state FIBs. The oxygen redox was observed at a high state
of charge, allowing excessive amount of fluoride ions to be inserted into the host lattice,
which provided a charge capacity of 275 mAh g! (corresponding to 4.1 F°). The
fluorination/defluorination processes achieved high reversibility through a forced
discharge to —1.5 V against Pb/PbF, anode. LaoNiOs+4 also exhibited a volumetric

capacity of 1863 mAh cm™

, surpassing those of recently reported Li-excess oxide
cathode materials.?* 2’ The XRD measurements revealed that two phase coexisted
during the fluorination process. Additionally, XAS measurements demonstrated that the
charge compensation mechanism involved both nickel and oxygen redox reactions. The

fluoride ions were inserted into not only the rock-salt interstitial layers but also

combined with Ni in the perovskite slabs, resulting in the O—O bond formation.
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Although the exact structure of charged La>:NiOs+q and a deeper understanding of the
oxygen redox mechanism are required to be clarified by further characterization, our

study offered valuable insights for selecting high-capacity FIB cathode materials.
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4.2 Experimental
4.2.1 Synthesis of the materials

La;NiOg4+q was synthesized by a solid-state reaction as described in previous
research, and it has an approximate composition of La;NiOs12 (d = 0.12).28
Stoichiometric amounts of La;03; (Wako, 99.99 %) and NiO (Kojundo, 99.9 %) were
mixed in a mortar and pestle, then pelletized in an Argon-filled glovebox. The pellet
was then sintered in air at 1200 °C for 12 h, and ground into powder. Twice sintering

and grinding steps were performed to achieve a single phase.

Chemical fluorination was carried out to insert fluorine into the as-prepared
LasNiOg+q. Poly(vinylidene fluoride) (CH2CF2), (PVDF; Sigma-Aldrich) was selected
as the fluorination agent. The as-prepared La;NiO4+q and PVDF were placed in separate
alumina boats, covered with a sager in an electric muffle furnace, and heated at 370 °C
for 24 h in air.”? In addition, a mixture of the oxide with the PVDF was also heated
under the same condition as previously reported.? The ratio of La;NiOa+q to PVDF was
2:1 and 1:1 (refer to F = 1 and F = 2, respectively). All the operations were carried out

in an Ar-filled glove box.

Solid electrolyte Lao9Bao.1F2.9 (LBF) was synthesized by the mechanochemical
method, as described in Section 2.2.1. The cathode composite (LazNiO4+o/LBF/VGCF
= 3: 6: 1 in weight ratio) and anode composite (Pb/PbF2/LBF/VGCF = 2 :3: 4: 1 in

weight ratio) were prepared by ball milling, which has been mentioned in Section 2.2.1.
4.2.2  Battery assembly

Electrochemical tests were carried out using bulk-type cells, as described in
Section 2.2.2. Firstly, LBF powder was put into a poly(ether-ether-ketone) (PEEK)
insulator (10 mm diameter) and pressed under a pressure of 100 MPa for 5 min. Then,
cathode composite, anode composite was placed on the opposite sides of the LBF pellet.

Finally, the cell was compressed under a pressure of 360 MPa for 5 min. All the
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assembling processes were carried out in an Ar-filled glove box with oxygen and
moisture contents of less than 0.2 ppm. Finally, the cell was compressed under a

pressure of 360 MPa for 5 min.
4.2.3 Electrochemical measurements

The galvanostatic charge-discharge tests and the Galvanostatic Intermittent
Titration Technique (GITT) measurement were evaluated by HJ1020mSDS8 battery
testing systems (Hokuto Denko, Japan) with a cut-off voltage range of —1.5~2.5 V vs.
Pb/PbF; at 140 °C without exposed to air. For the GITT, the cell was relaxed at open
circuit voltage (OCV) for 12 h to allow it to reach a quasi-equilibrium state after each
galvanostatic step, which lasted up to a capacity equal to 0.2 F~ at a current density of
10 mA g !. The apparent F~ diffusion coefficients were calculated from the GITT results

using the equation mentioned in Chapter 3.
4.2.4  Characterizations

XRD profiles of the material were collected using an X-ray diffractometer with
Cu Ko radiation (A = 1.54056 A, Rigaku Ultima IV, Japan). Synchrotron X-ray powder
diffraction data were collected at room temperature in Ar atmosphere, at the BL02B2
beamline in SPring-8 (A = 0.4133 A, Hyogo, Japan). The pristine powder sample was
characterized at BLO2B2 beamline with an energy of 20 keV. 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. Rietveld refinement was performed using Jana 2006 software.*°
The crystallographic information was supported by VESTA.*! The morphology of the
as-prepared material and energy dispersive spectroscopy spectra (EDS) were

characterized using a SU3400 scanning electron microscope (SEM, Hitachi, Japan).

X-ray absorption spectroscopy (XAS) measurements for Ni K-edge, Ni L-edge, F
K-edge, and O K-edge were conducted at the BL14B2 and BL27SU beamlines in
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SPring-8, respectively. To prepare the samples during the first cycle and the 6th cycle
(after activation) for ex-situ measurements, all the cells were charged and discharged at
a current density of 10 mA g ' and then transferred from an Ar-filled glovebox. The
measurements were carried out under vacuum condition. The X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) data

were analyzed using the ATHENA software package.*

4.3 Results and discussion
4.3.1 Fluoride ion (de)intercalation behavior of La:NiO4+4 before activation

Rietveld refinement revealed that a pure tetragonal La>NiO4.12 (space group:
14/mmm) with Ruddlesden—Popper structure was obtained by solid-state reaction, as
shown in Figure 4.1 with lattice parameters of a = b = 3.8614(0) A and c = 12.6854(2)
A. There was 0.112 O atom occupying the rock-salt interstitial layers, and the oxygen
occupancy of the apical site in the perovskite unit was 0.911, where some anionic
vacancies were generated (Table 4.1). The oxygen in this structure is considered to
show high mobility, so that a portion of oxygen diffused from the apical sites to the
interstitial layers.*> 3 The morphologies of the La;NiO4:a/LBF/VGCF cathode
composite are shown in Figure 4.2. The LBF and La;NiOs+q particles were distributed
homogeneously after ball milling, and the carbon fibers were interspersed among the

particles, as can be distinguished from SEM-EDS images.

Lao.9Bao.1F29 was utilized as a solid electrolyte for the fabrication of all-solid-state
fluoride-ion cells, because it could offer a reasonable ionic conductivity of ~8x107* S
cm ! and an extensive electrochemical stability window exceeding 5 V, which
facilitated a comprehensive assessment of the electrochemical properties of La;NiOs+q
cathode material from a broad voltage range.>> Furthermore, an excessive amount of
Pb/PbF> was used as anode material for fabricating a “fluoride-ion half-cell” due to its

outstanding inherent conductivity.***® The electrochemical properties of LaNiOaq
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were measured between —1.5~2.5 V vs. Pb/PbF; using bulk-type cells. To optimize both
ionic and electronic conductivities, the electrodes were mixed with solid electrolyte

LBF and VGCEF.

As shown in Figure 4.3a, the La;NiO4-4 cathode exhibited a capacity of 292 mAh
g ! with a slope between 0.5 V and 1.3 V and a wide plateau at 1.5 V, following by a
plateau at approximately 2.4 V during the 1st charge process. A capacity of 211 mAh
g ! was provided in the subsequent discharge process with two voltage plateaus at 0.7
Vand —0.8 V. The irreversible capacity during the first cycle might arise from the partial
oxygen release at high voltage, which is supported by Ni L-edge XAS discussed later,
as reported in Laj2SrisMn07-sF2 cathode for FIBs and some Li-rich cathodes for
LIBs.?* % % Assuming that all the empty interstitial anion sites and apical vacancies
are filled with F~, the theoretical capacity of La;NiOu-+q is 126 mAh g !, according to

the following reaction equation (4—1):
La,NiO4 4, + 1.88 F~ — La,NiO4,F g5 + 1.88 e~ 4-1

However, La;NiO4+q exhibited about twice the theoretical capacity and had
excellent reversibility during charge-discharge processes. Our recent study on the
Ruddlesden—Popper-type Lai 2Sr1.sMn2O7-sF> cathode for FIBs used reversible oxygen
redox reaction to achieve extended capacity.?® Therefore, we speculated that in addition
to the intercalation behavior into the interstitial layers, F~ can also be inserted into other
sites within the structure. Apart from the Ni redox reaction, the reversible oxygen redox

reaction also participated in charge compensation.

The La;NiOas+q cathode showed a charge capacity of 253 mAh g with voltage
plateaus at —0.5 V and 1.3 V, and a discharge capacity of 241 mAh g! with voltage
plateaus at 0.7 V and —0.8 V during the 2nd cycle. The charge curve shape of the 2nd
cycle differed from that of the 1st cycle, whereas the discharge curve shape of the 2nd
cycle was similar to that of the 1st cycle. The charge/discharge capacities consistently

increased during the initial 5th cycles. Notably, the shape of charge/discharge curves
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remained consistent with the 2nd cycle. A comparison of the average charge/discharge
voltages indicated a significant deviation solely between the 1st and the 2nd charging
processes (Figure 4.3b). These findings suggested that some structural distortion

occurred during the 1st cycle, which was associated with the irreversible reactions.*!

For an in-depth understanding the crystal structure evolution upon fluoride-ion
insertion and extraction, XRD measurements (AL = 1.5406 A) were carried out during
the 1st cycle. As shown in Figure 4.4a, all the diffraction patterns for the cathode
composite can be indexed by La;NiOs+q¢ (space group: /4/mmm) and the solid
electrolyte LBF (space group: P3c1) although some LaOF impurity peaks emerged
during the ball milling process. Previous studies revealed that the electrochemical
fluorination of La;NiOuq, possessing a capacity of 155 mAh g !, underwent a two-
phase reaction.! In this work, after charging up to x = 2, two phases (except LBF) can
be observed: the first phase was similar to the original La;NiOas+4 and the second phase
(diffraction peaks located at 20 = 29.5°, 37.9°, 41.2°, and 42.8°) was a fluorine-rich
phase LaxNiO4+4¢Fx with a orthorhombic space group Fmmm, which was derived from
the I4/mmm symmetry for av/2 X v/2 x 1 supercell, and its large expansion along c-
axis was indicative for the fluorination of the material (c = 15.1 A vs. ¢ = 12.7 A of
La;NiOs+q9)."® The amplified LapNiOg4:aFx diffraction peaks and the diminished
La;NiOg4+q peak intensity upon charging indicated that more active material was
involved in the fluorination process. Although the empty sites in the La;NiOa4-+q lattice
can accommodate up to 1.88 F~ per unit cell, a surprising capacity of 4.4 F~ was
observed at the 1st fully charged state. A lack of a third phase during the Ist charge
process implied that the excessive fluoride ions could be inserted into the perovskite
layer, as was found in in the research on Lai>SrisMn2O7-sF> cathode material for
FIBs,® which will be discussed in the following section. Additionally, the portion
exceeding the theoretical capacity caused almost no noticeable volume change. After
the discharging process, the La;NiO4-+q diffraction patterns recovered, and the peaks

attributed to the fluorinated phase disappeared, demonstrating the reversible F~
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insertion and extraction within the LasNiOg4+q host lattice. Regarding to the fine
structure after charging, we tried chemical fluorination method using PVDF as
fluorination agent to prepare the pure phase of La;NiO4+d¢Fx. As shown in Figure 4.5,
no pure phase of the c-axis expanded fluorination product was obtained after the
chemical fluorination reactions. It has been reported in previous research that the
fluorine replaces the apical O in La;NiOas+q4 (space group: /4/mmm) and eventually form
La;NiOsF> (space group: Cccm),?® which is different from the composition and
configuration of the fluorinated product obtained in this experiment. Therefore,

chemical fluorination is a significant issue to be investigated in the future.
4.3.2 Charge compensation mechanism of La:NiOs+a before activation

To investigate the electronic structures during F~ insertion/extraction, a series of
ex-situ electrodes were examined by XAS measurements. Figure 4.6a shows the Ni Ls-
edge XAS results during the 1st cycle. The La M-edge peak at approximately 850.7 eV
was regarded as the calibrant because the Lanthanum in both electrode and solid
electrolyte didn’t participate in charge compensation. The intensity of the absorption
peak at 855 eV increased and it shifted towards higher energy at an early state of charge
(x = 1), which was related to the Ni**/Ni*" oxidation reaction, implying an increase in
Ni 3d hole states.** Previous studies have demonstrated that the Ni oxidation state can
be qualitatively evaluated by the Ni L-edge, where the ratio L3 (high energy)/Ls (low
energy) is positively correlated with the Ni valence state.**> As shown in Figure 4.6b,
the L3 nigh/L3 1ow ratio significantly increased from pristine state to x = 1, but remained
almost constant until the fully-charged state. This suggested that Ni ions were oxidized
from Ni** to Ni*" in the early process and remained Ni*" in the subsequent stages.
However, the ratio of L3 nigh/L3 1ow after discharging was lower than that of the pristine
state (Figure 4.6b), indicating the Ni valence were reduced compared to that of the

pristine state, which was attributed to partial oxygen release during the 1st cycle.

On the other hand, as shown in Figure 4.6¢, there was an absorption peak at 529
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eV in the O K-edge spectrum of La>NiO4+4, which was attributed to the transition from
O 1s to the hybridized Ni 3d—O 2p state.*® This peak shifted towards lower energy and
significantly increased at an early state of charge (x = 1). This change was related to the
strong hybridization of Ni 3d and O 2p, indicating that Ni was oxidized to Ni*" upon
charging.*> *® Notably, a new peak emerged at 531.2 eV and increased at x = 2. This
peak was similar to the O redox behavior in Li-rich cathode materials for LIBs,'® 2147
and in the Ruddlesden—Popper-type Lai2Sri sMn2O7-sF> cathode for FIBs, which was
attributed to the formation of O—O bonds in the lattice.?* After discharging, the shape
of the O K-edge absorption edge didn’t return to the state before charging, especially
the absorption peak at 529 eV disappeared, and a weak shoulder peak at 530 eV
emerged instead, which was close to the Ni* reference LaNiO; (Figure 4.6¢).*®4° The
observed change suggested a weakened Ni 3d and O 2p hybridization with a decreased
Ni valence state. It was observed in the XRD results (Figure 4.4) that the diffraction
patterns of LapNiO4+q became broader and weaker after the 1st discharge process. The
Ni valence state at 1st discharged state was lower than its pristine state (+2.24), and this

reduction suggested that some irreversible structural change (e.g. oxygen vacancy

formation) occurred during the Ist cycle.

The variation tendency of F K-edge XAS results during the 1st cycle is shown in
Figure 4.7. All the samples exhibited similar absorption edge features (> 687 eV) due
to the high fluorine content in LBF solid electrolyte. During charging process, a pre-
edge peak emerged at approximately 686 eV and increased upon charging,
corresponding to the formation of Ni—F bond as observed in the NiF, reference.’® This
indicated that the excessive F~ can be inserted into the perovskite slabs, as observed in
Lai2Sr1sMn,O7_sF> cathode.?® Although it was not clear how the O—O bonds and
excessive fluoride ions existed in the charged La;NiO4+4Fs, the oxygen redox reaction
would lead to a decreased ionic radius, which might create some cavities and irregular
sites in the structure.”**! The excessive F~ were likely to be located in these irregular

sites, as was elucidated in La; »Sr; sMn»O7 sF» cathode material.??
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To examine the local structure around Ni in the La;NiO4+4, the EXAFS analysis of
the Ni K-edge was performed during the Ist cycle (Figure 4.8). Two peaks were
observed around 1.4 A and 3.0 A in the La;NiOs:q pristine. The intensity of the first
coordination shell (1.4 A) slightly increased at the end of charging process, which
corresponded to the coordination number increment of Ni with Ni—F bond formation
(Figure 4.7b). In addition, the decrease in the peak intensity at 3.0 A with the insertion
of F~ suggested an increase in the Debye—Waller factor, indicating an increase in local

distortion of the Ni—La bonds.?

The reaction mechanism of the 1st cycle is shown in Figure 4.9. During the 1st
charging process, LaxNiOu+q underwent an intercalation reaction, where both the Ni*"/3*
redox and oxygen redox contributed to the charge compensation. The interstitial layers
in LaxNiOg+q lattice can accommodate approximately 1.88 F~ which expanded the c-
axis of the crystal lattice (the volume expansion was about 14 %). The excessive F~
were inserted into the irregular sites created by oxygen redox within the perovskite
slabs, accompanying by the formation of O—O bonds. After discharging, the La;NiO4+q
lattice structure could be retained while some structural distortion and amorphization
occurred due to the partial oxygen release. The electronic structure of Ni and O
underwent an irreversible change after the Ist cycle, leading to variations in the
charge/discharge profiles observed in the subsequent cycles. The electrochemical

properties and the reaction mechanism of the La;NiO4+q after activation will be

investigated in the following section.
4.3.3  Fluoride ion (de)intercalation behavior of La:NiO4+4 after activation

The La;NiOs+q4, after the activation process, exhibited robust electrochemical
performances. As a result of activation, La;NiOs+¢ exhibited similar charge/discharge
profiles to those of the 2nd cycle (in the activation process) but achieved a superior
charge capacity of 275 mAh g ! (corresponding to 4.1 F7), with plateaus at —0.25 V and

1.5 V during the charging process, as shown in Figure 4.10a. Then it provided a
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discharge capacity of 268 mAh g™!, with two plateaus at 0.6 V and —0.75 V. La;NiOa4+4
maintained a reversible capacity of 217 mAh g™! (a capacity retention of 80%) after 20
cycles, with nearly 100 % coulombic efficiency for each cycle (Figure 4.11a).
Moreover, it showed an excellent rate capability (130 mAh g ! at 200 mA g '), as shown
in Figure 4.11b. These results confirmed the reversibility and strong rate performance
of La;NiOs+q in a wide voltage range. As shown in Figure 4.10b, LaxNiO4+q exhibited
a gravimetric capacity of 270 mAh g ! and an outstanding volumetric capacity of 1863
mAh ¢cm >, which surpassed the commercial LIB cathode materials, the intercalation-
type FIB cathode materials, and was comparable to those of recently reported Li-excess

oxide cathode materials. '3 14 23,27, 51754

After activation, La;NiO4+¢ exhibited a charge capacity that was about twice of
theoretical capacity (275 mAh g!, corresponded to 4.1 F*), and the above-mentioned
results during the 1st cycle suggested that the excessive F~ were supposed to be inserted
into the perovskite slabs in the host lattice. La2NiOs+q reached a maximum capacity
after a five-cycle activation process. To investigate the kinetic properties upon fluoride
ion insertion, GITT measurement was carried out after activation, as shown in Figure
4.12. The obtained results indicated that the polarization of open circuit voltage (OCV)
for x > 2 was significantly larger than those in the low state of charge. A similar large
polarization has been observed in some LIB cathodes and the FIB cathode
Lai »Sr1 sMn,O7_sF including the formation of molecular O, within the lattice.>* > This
large polarization was likely due to the local structural distortions originating from the
excessive fluoride ion insertion and the formation of O—O bonds.? It was observed that
the polarization during discharging process significantly increased at —0.5 V, which
might be related to the phase transition during the F~ extraction process, as we recently
reported in CuLaO, cathode material (Chapter 3).® The apparent F~ diffusion

g at

coefficients for the charging process were estimated to be ~107'% to ~107!! cm
140 °C (Figure 4.12b), which were comparable to those of LiCoO> at room

temperature.’’ Therefore, the high rate capability of La;NiOs+q was probably associated
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with rapid fluoride-ion diffusion in the bulk.

The crystal structure after activation was different from that of the initial cycle, as
shown in Figure 4.13. The diffraction peak intensities of LaxNiO4+4 significantly
decreased compared to those of Ist discharged state, indicating an increased degree of
amorphization during the activation process. Upon charging, the peak intensities (103
and 110) of LazNiOg+4 gradually diminished, while a weak and broad pattern was found
at 260 = 29.4° in the fully charged state. Considering the structural evolution observed
in the 1% cycle, this broad pattern can be attributed to the fluorinated phase LasNiOa+dFs.
Nevertheless, the large full width at half maximum and low intensity of this pattern
implied that this fluorination product was transformed into an amorphous phase. After
discharging, the intensities of 103 and 110 diffraction peaks of La;NiOas+q4 recovered,
although they were weaker than those before charging. Similar reversible structural
change between crystalline/amorphous phases has been observed in cathode materials

for LIBs.>®
4.3.4 Charge compensation mechanism of La:NiO4+a after activation

The charge compensation mechanisms of La:NiO4 after activation were also
examined by XAS, as shown in Figure 4.14. Similar to the 1st cycle, the absorption
peak at 855 eV in Ni Ls-edge gradually increased upon charging (Figure 4.14a). The
peak intensity ratio L3 nigh/L3 10w Increased significantly in the early stage of fluoride ion
insertion (x < 2), and remained almost constant in the subsequent charge process (x > 2,
Figure 4.14b). In addition, in the O K-edge spectra, the spectrum before charging (x =
0) was similar to that of LaNiO,. This suggested that the valence state of Ni was close
to +1, which was characterized by a weak Ni 3d—O 2p hybridization (Figure 4.14¢). A
broad pre-edge peak, which corresponded to the transitions from O 1s to the hybridized
states of the Ni 3d and O 2p orbitals, was observed at 529 eV at an early stage of charge
(x = 1), and then shifted towards lower energy with increased intensities. This result

signified the oxidation of Ni*/Ni*" for 0 <x <2, which was consistent with the Ni XAS
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results (Figure 4.14a).%° Additionally, further fluoride-ion insertion (x > 2) increased the
intensities of the O K-edge peak at 531.2 eV, indicating the O—O bond formation. In the
F K-edge spectra (Figure 4.14d), a small pre-edge peak attributed to metal-fluoride
bonds can be observed upon fluoride ion insertion beyond x > 2, suggesting the Ni—F
bonds in the La;NiOg+q structure. After discharging, the shape of the Ni, O, and F XAS
results recovered to their pre-charging states, suggesting the high reversibility of the

LasNiOg4+q cathode material after activation.

In previous studies on Li-rich cathode materials for LIBs, O, molecules were
found to be trapped in the fully charged lattice structure, as was proved by resonant
inelastic X-ray scattering (RIXS) and pair distribution function (PDF) analysis.*’> > 6!
Similar molecular O; species were identified in La;.2Sr;.sMn20O7-sF> cathode material
at fully charged state.?? La;NiOa4:4 has a similar crystal structure as La; 2Sr1 sMnO7-sF2,
which contains rock salt interstitial layers and perovskite slabs. Therefore, they might

exhibit similar oxygen redox reaction mechanisms, and this calls for further analysis

such as RIXS and PDF in the future.

4.4 Conclusion

In summary, we have demonstrated the reversible electrochemical fluorination of
the Ruddlesden-Popper-type La:NiO4+q cathode material; it exhibited commendable
cycle performance with a comparable gravimetric capacity (270 mAh g ') and excellent
volumetric capacity (1863 mAh cm?) after activation process. F~ were inserted into the
vacancy sites in the rock-salt interstitial layers, while the excessive F~ (beyond 2 F7)
formed Ni—F bonds within the perovskite slabs. After the initial 5 activation cycles, the
Ni"!/Ni*? redox reaction contributed to the charge compensation, and the oxygen redox
occurred at high state of charge, which led to the formation of O—O bonds. The
(de)fluorination processes maintained high reversibility, although the crystallinity of
the active material gradually decreased with cycling. Compared to the cathode materials

with similar structures, La;NiO4s+q4 exhibited superior capacity than Ruddlesden-Popper-
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type Lai2SrisMn207sF2 (~200 mAh g!) and LaSrMnO4F (~70 mAh g!).!% 2
Although the electrochemical performances of La;NiOg4+q still need to be further
improved, and the behavior of oxygen redox calls for detailed investigation in the future,
La;NiOg4+q undeniably presents significant potential as an intercalation-type cathode

material for all-solid-state FIBs.
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Figure 4.1. (a) Rietveld refinement of as-prepared La;NiO4+q. La;NiOs+q adopts /4/mmm space
group, wavelength = 0.4133 A, R,=5.19 %, R¢=3.59 %, Rwp= 7.48 %, GOF = 4.74. (b)

Schematic diagram of the crystal structure.
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Table 4.1. Structural parameters of as-prepared La;NiOs+g determined from the

Rietveld refinement.

Wyckoff
Atom X y z Biso/ A2 Occupancy

Position

Lal 4e 0 0 0.361(0) 0.54 (0) 1

Nil 2a 0 0 0 0.47(2) 1

01 4c 0 0.5 0 1.32(9) 1

02 4e 0 0 0.174(0) 1.32(9) 0.948

03 4d 0 0.5 0.25(0) 1.32(9) 0.112

Space group: I4/mmm; Ry=5.19 %, Rwp=7.48 %, R¢=3.59 %, GOF = 4.74;
a=3.8614(0) A, c = 12.6854(2) A.
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Figure 4.2. SEM-EDS images of the as-prepared La;NiOs+q cathode composite. The carbon fibers
can be found in SEM image, and La;NiOs+q and solid electrolyte LBF can be distinguished by

EDS mapping.
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Figure 4.3 (a) Charge/discharge curves during the initial five cycles between —1.5 V and 2.5 V
(vs. Pb/PbF) at a current density of 10 mA g™ ! at 140 °C. (b) The average voltage of La;NiOusq

cathode during the initial five cycles.
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Figure 4.9 Schematic illustration of the phase transition model of La;NiO4+4 during the 1st cycle.
At early state of charge, the interstitial layers in La;NiO4.4 lattice can accept 1.88 F~ to form
LaoNiOs:4F1 83, two phase coexisted upon charging.'? The volume expansion was about 14%. The
excessive fluoride-ion insertion resulted in fluorinated phase La;NiOs+qFx, F~ were inserted into

perovskite slabs and formed Ni—F bonds, and O—O bonds generated at high state of charge.
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Chapter 5 Infinite Layer Oxide Cathode
Material LaNIO, toward High Energy Density
and Power Density

For batteries used in EVs high energy density and high power density are crucial.
All-solid-state FIB is a strong competitor for the next-generation batteries due to its
high volumetric energy density and high safety. As introduced in Chapter 4, we
successfully exploited the mixed cationic redox (Ni) and anionic redox (O) reactions in
the Ruddlesden—Popper-type La;NiOs+4 cathode to achieve a reversible capacity of
over 250 mAh g !. The electrochemical properties far exceeded the results reported in
preliminary studies. However, the rate capability of the material is not yet satisfactory.
Herein, we report a LaNiO> cathode material with an infinite layer structure, which can
transform to a perovskite-related LaNiOxF, structure after topotactic fluorination.
Surprisingly, the LaNiO> cathode not only provides a high reversible capacity of over
400 mAh g !, but also exhibits an outstanding rate capability of 283 mAh g ! at a current
density of 200 mA g!, with a power density that far exceeds those of the other battery
systems. The high capacity of the material is attributed to the charge compensation of
the multi-electron reaction of the Ni* and the oxygen redox reactions. The infinite layer
structure can accommodate excessive fluoride ions upon charging, leading to the
formation of the molecular O», which is proved to be reversible. The strong
hybridization of Ni 3d and O 2p orbitals in the charged states leads to excellent
electronic conductivity, which results in outstanding rate performance. Although the
amorphous transformation during the charge process causes slight capacity fading, the
outstanding performance has opened the way for the application of perovskite-type

oxyfluorides as high-performance FIB cathodes.
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5.1 Introduction

The advancement of storage batteries is increasingly crucial for achieving a
sustainable society. For over 30 years, lithium-ion batteries (LIBs) have been
successfully commercialized, thanks to their high capacity and long lifespan. Beginning
with the well-known LiCoQ»,'! LIBs have evolved through several generations of
electrode materials. In recent years, the application of the oxygen redox reaction has
further enhanced the capacity of LIB cathode materials.> > However, with the expanding
use of electric vehicles and smart grid systems, there is a growing need for rechargeable

batteries with even higher capacities and improved safety.

All-solid-state fluoride-ion batteries (FIBs) were firstly proposed in 2011 and have
received wide attentions due to the high electrochemical stability of fluoride anion as
charge carriers.* > Owing to the metal/metal fluoride (M/MFy) conversion reactions,
fluoride ion batteries can achieve high theoretical energy densities.®® However, the
two-phase reaction mechanism between metal and metal fluoride leads to drastic
volumetric changes, which severely affects the electrode-solid electrolyte interface,

resulting in rapid capacity fading and poor rate performance.

Besides conversion-type materials, intercalation-type materials, like perovskite,
schafarzikite, = Ruddlesden—Popper-type = materials  (Sr2MnO3F,  Sr3Fe;OsFa,
La; 2Sr1.sMn207-5F2), etc., are becoming attractive due to their high structural stability
and tolerance to topotactic (de)fluorination.” '? It is of vital importance that the
intercalation-type materials have anionic vacancies surrounding cationic coordination
centers as F~ intercalation sites. However, the transition metals in the intercalation-type
materials have relatively high starting valence states, which limits the theoretical
capacities for charge compensation. Therefore, employing anionic redox reactions to
participate in charge compensation is an effective strategy for realizing high energy

density, as is widely applied in the studies of LIBs and Sodium-ion batteries (SIBs).!* !

In Chapter 4, we achieved a reversible capacity exceeding 250 mAh g! in the
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LasNiOgs+q cathode material by using the oxygen redox. In order to obtain a higher
capacity, we attempted to study on the perovskite-related cathode materials with a
simpler structure than the Ruddlesden—Popper perovskite materials. In this chapter, we
introduced LaNiO; with an infinite layer structure as cathode material for all-solid-state
FIBs. The planar [NiO4] configuration offered sufficient room for fluoride ion
intercalation. LaNiO» exhibited a reversible capacity of 400 mAh g™ ! (corresponded to
~3.5 F~ per unit cell) after a two-cycle activation process. The charge compensation
mechanism involving both multi-electron Ni redox and oxygen redox was investigated
by X-ray absorption spectroscopies (XAS). Moreover, the reversible (de)formation of
molecular oxygen was confirmed by Resonant inelastic X-ray scattering (RIXS)
analysis. The anionic redox enabled LaNiO; to accommodate excess fluoride ions,
achieving an energy density of 627 Wh kg ! and a power density of 4202 Wh L'
Furthermore, the strong hybridization between Ni 3d and O 2p orbitals in charged states
provided LaNiO> rate performance superior to that of infinite-layered SrFeO,, making
it quite attractive as a cathode for all-solid-state applications. We strongly believe that
these findings provide novel insights into the design of high-energy and high-power

cathodes for all-solid-state FIBs.

5.2 Experimental
5.2.1 Material preparation

LaNiO; was synthesized by reducing LaNiO3 using CaH> according to previous
study.'® LaNiOs was prepared by using molten KOH. 50 g KOH (90 %, Sigma-Aldrich)
was placed in an SSA-S crucible and melted at 400°C in air for 6.5 h, in order to
sufficiently form strong oxidizer O>*>~ and O, . Then, stoichiometric amount of La>O3
(99.9 %, Wako, dried at 950 °C) and NiO (99.9 %, Koujundo) were mixed and added
into the molten KOH. The crucible was maintained at 400 °C for 12 h and then cooled
to room temperature in the furnace. LaNiO3 was isolated by adding the products in

deionized water followed by drying at 100 °C in air. Next, the obtained LaNiO3 was
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finely ground with CaH> (99.9 %, Sigma-Aldrich) in a molar ratio of 1:2 in an Ar-filled
glove box, pelletized and sealed in an evacuated Pyrex tube with vacuum condition and
reacted at 300 °C for 24 h. The residual CaH; and the reaction byproduct CaO were

removed by washing the products with saturated NH4Cl in anhydrous ethanol.

Chemical fluorination was carried out to insert fluorine into the as-prepared
LaNiO,. XeF, (Strem Chemicals, 99.5 %) was selected as the fluorination agent.
LaNiO> and XeF» were placed separately in a polytetrafluoroethylene (PTFE) sleeve in
a molar ratio of 1: 0.6 (LaNiO2/F = 1: 1.2), and then sealed in a steel autoclave. All the
operations were carried out in an Ar-filled glove box. Finally, the reactor was heated at

150, 180, 210, and 240 °C for 48 h.

Solid electrolyte Lao.oBao.1F29 (LBF) was synthesized by a solid-state reaction, as
described in Section 2.2.1.* The cathode composite was obtained by mixing LaNiO>
with solid electrolyte LBF and vapor grown carbon fiber (VGCF, Showa Denko, Japan)
in a weight ratio of 3: 6: 1 by ball-milling for 10 h at 100 rpm using ZrO> pot and ®2
mm ZrO; balls. The anode composite was obtained by mixing PbF> (99.9 %, Kojundo),
LBF and VGCEF by ball-milling for 10 h at 300 rpm. Some Pb powder (99.9 %, Kojundo)
were added and mixed by an agate pestle and mortar after ball-milling, and the mass

ratio of the anode composite was PbF>/Pb/LBF/VGCF = 3: 2: 4: 1.
5.2.2  Electrochemical measurements

Electrochemical tests were carried out on bulk-type cells. 150 mg LBF powder
was put into a PEEK insulator (10 mm diameter) and pressed under a pressure of 100
MPa for 5 min. Then, 100 mg of cathode composite, 500 mg of anode composite as
well as two pieces of Au current collectors were placed on the opposite sides of the LBF
pellet. Finally, the cell was compressed under a pressure of 360 MPa for 5 min. All the
assembling processes were carried out in an argon-filled glove box with oxygen and
moisture contents of less than 0.2 ppm. The galvanostatic charge-discharge tests and

Galvanostatic Intermittent Titration Technique (GITT) measurement were evaluated by
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HJ1020mSD8 battery testing systems (Hokuto Denko, Japan) with a voltage range of
—1.5t02.5 V vs. Pb/PbF> at 140 °C without exposed to air. For GITT, each galvanostatic
step was lasted for 2.2 h at 10 mA g !, followed by a relaxation step at open circuit
voltage (OCV) for 12 h to allow it to reach a quasi-equilibrium state. The apparent F~
diffusion coefficients were calculated from the GITT results using the equation

mentioned in Chapter 3.
5.2.3 Material Characterization

Synchrotron X-ray diffraction (XRD) data were collected at room temperature in
Ar atmosphere, at the BLO2B2 and BL19B2 beamlines in SPring-8 (Hyogo, Japan).
The pristine powder samples were characterized at BLO2B2 beamline with an X-ray
energy of 20 keV and the wavelength = 0.4133 A. The pellet samples after
electrochemical tests were conducted at BLI9B2 beamline with a wavelength =
1.23981 A. 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. Rietveld refinement was
performed using Jana 2006 software.!” Scanning transmission electron microscopy
(STEM) measurements with the aid of energy dispersive X-ray spectroscopy (EDS)
were conducted by using a JEM-ARM200F Monochromated Atomic Resolution
Analytical Electron Microscope (JEOL, Japan). X-ray absorption spectroscopy (XAS)
measurements for Ni K-edge, Ni L»3-edge, F K-edge as well as O K-edge were carried
out at the BL14B2 and BL27SU beamlines in SPring-8, respectively. To prepare the
samples during the first cycle the third cycle for the measurements, all the cells were
charged and discharged at a current density of 10 mA g ' and then transferred from an
Ar-filled glovebox. The measurements were carried out under vacuum condition. The
X-ray absorption near edge structure (XANES) data were analyzed using the ATHENA
software package.!® Resonant inelastic X-ray scattering (RIXS) measurements were

performed at BLO7LSU in SPring-8 using a grazing flat-field type high resolution soft
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X-ray emission spectrometer.'® O K-edge soft XAS was proceeded in advance in order
to determine the proper excitation energy of RIXS. The pellet samples were supported
on the holders by carbon tape in an Argon-filled glovebox and then were transferred to
the measurement chamber without any exposures to air and moisture. The sample
positions were slowly changed with a speed of 2.4 um/s during the RIXS measurements

to avoid radiation damage.
5.3 Results and discussion
5.3.1 Fluoride ion (de)intercalation behavior of LaNiO2 before activation

LaNiO, was prepared by a soft-chemical method using a distorted perovskite
LaNiOs as precursor and CaH» as reducing agent.!® The details of its synthesis and
characterization are described in Experimental. A typical infinite-layer structure (space
group: P4/mmm) with lattice parameters of a = 3.9578(7) A and ¢ = 3.3895(5) A was
determined by Rietveld refinement, as shown in Figure 5.1a-b and Table 5.1. As shown
in Figure 5.1c, LaNiOz particle was found to be cubic-like, and the atomic ratio obtained
from EDS mapping was La/Ni/O =27: 23: 50, which was close to the theoretical value.
After reduced by CaHy, the apical O sites of [NiOg¢] octahedra in the original perovskite
absent and such anionic deficiencies could possess high tolerance for F intercalation,

as shown in Figure 5.1b.

The electrochemical properties of LaNiO» were measured between —1.5 V and 2.5
V against Pb/PbF; anode by bulk-type cells. In order to improve the ionic and electronic
conductivities, both electrodes were mixed with solid electrolyte LBF and conductive
additive VGCF. Since F» is not feasible for use as the other electrode due to its gaseous
nature and the highest standard electrode potential, we utilized excessive amount of
Pb/PbF; as anode material for fabricating a “fluoride-ion half-cell” in reference to
previous studies.?” ! As shown in Figure 5.2a, the LaNiO; cathode exhibited a capacity

of 367 mAh g ! with one slope between —0.4 V and 1.5 V and one voltage plateau at
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1.5 V during the first charge process, and a capacity of 300 mAh g! was provided in
the subsequent discharge process with two voltage plateaus at 0.75 V and —0.8 V, where
the irreversible capacity may be generated from partial oxygen release at high voltage
as reported in some LIB studies.?> 23 The 1st cycle was regarded to be an activation
process, since a different-shaped charge curve and an obvious capacity increase were
observed in the 2nd cycle. As a result of activation, it exhibited a higher charge capacity
of 415 mAh g! with voltage plateaus at —0.25 V and 1.5 V, and a discharge capacity of
398 mAh g ! with voltage plateaus at 0.75 V and —0.8 V that was similar to the first
discharge process. The discharge capacity reached the maximum in the 3rd cycle (400
mAh g!), and it showed the similar charge/discharge curves as in the 2nd cycle. The
charge/discharge profiles indicated that the structure of LaNiOz changes significantly

during the first charge process.

For in-depth understanding the crystal structure evolution upon fluoride ion
insertion and extraction, synchrotron powder XRD (wavelength = 0.4133 A) was
carried out during the 1st cycle, as shown in Figure 5.3. Almost the diffraction patterns
for LaNiO; cathode composite were indexed to LaNiO> (space group: P4/mmm) and
the solid electrolyte LBF (space group: P3c1) before charging, although some LaOF
impurity (emerged at 260 = 7°) was generated during the ball milling process. During
the 1st cycle, the patterns of the pristine LaNiO2 were weakened while a new phase
emerged when charging to x = 0.5 (Figure 5.3a). To clarify the structure of this
fluorinated phase, chemical fluorination experiments were carried out on LaNiO:
pristine, as shown in Figure 5.4. LaNiO; reacted with XeF> at different temperatures,
and a main phase of perovskite structure (space group: Pm3m) was generated at 210 °C.
This phase had a lattice parameter of a = 3.9531(28) A, as determined by Rietveld
refinement (Figure 5.4b). The fluorination product upon electrochemical fluorination
was identified as LaNiO>F, with a perovskite structure, and this behavior was similar
to that of SrFeO/StFeOxF in previous studies.’* ?° The diffraction patterns of the

LaNiO>F; became progressively broader and weaker upon charging, indicating a
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decrease in crystallinity. The 1st charging process was a phase transition reaction, which
was similar to the lithiation process of FePO4/LiFePO4 in LIBs.?® As shown in Figure
5.3b, when charging to x = 0.5, the lattice parameter a of the fluorination product
LaNiO:F, obtained from Le bail refinement was 3.931(5) A, which was close to the
lattice parameter a of the LaNiO: in cathode composite (3.955(8) A). This suggested
that the fluoride ions might have inserted into the anion deficiency sites along the c-
axis in the infinite layer structure (Figure 5.3c). However, at the fully charged state, the
patterns of LaNiO;F, were weakened, almost no diffraction pattern other than the 101
peak can be observed, indicating that the fluorination product at the fully charged state
might also have a perovskite structure, but the excessive fluoride-ion insertion led to a
decrease in the crystallinity of the active material. After discharging, the crystal
structure of the LaNiO;F, didn’t return to the pristine one with the space group of
P4/mmm, but remained a broad 101 peak of the space group Pm3m. This irreversible
structural evolution was similar to that of our previous study on SrFe02,% except that
the structural transformation of LaN1O; was accompanied by a decrease in crystallinity

and a larger volume expansion.
5.3.2 Charge compensation mechanism of LaNiO: during the 1st cycle

Although the expected amount of inserted fluoride ion based on Ni* to Ni*? (exists
in perovskite compounds such as LaNiOs) redox in LaNiO; didn’t exceed 2 F~, the
experimental result showed the electrochemical insertion of 3.2 F~ during the 1st cycle.
We attempted to demonstrate that LaNiO> can accommodate anomalous amounts of
fluoride ions by mixed cation and anion redox. To investigate the electronic structure
during fluorination and defluorination processes in LaNiOy, a series of electrodes were
prepared for X-ray absorption spectroscopy (XAS) analyzation during the 1st cycle
(activation process). Figure 5.5a shows the Ni L3-edge XAS results. The La M-edge
peaks at approximately 850 eV were regarded as calibrant, because the Lanthanum in

both electrode and solid electrolyte didn’t participate in charge compensation. Since the
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Ni' has the ionic configuration 3d’, only one absorption peak associated with the
2p®3d°—2p°3d!? transition occurred at 852.5 eV (Ls-edge) in pristine LaNiQ,.2” 28
During the 1st charge process, a new peak associated with Ni 3d-hole emerged at 854.5
eV (Lz-edge) and shifted toward higher energy, indicating that the valence state of Ni
increased upon charging. We have discussed in Chapter 4 that the oxidation-state
changes for Ni can be qualitatively evaluated by Ni L-edge, where the ratio L3 (high
energy)/Ls (low energy) is in a positive relationship with the Ni valence state.?? 3! As

shown in Figure 5.5b, the valence state of Ni continuously increased upon charging.

Furthermore, in O K-edge spectra (Figure 5.5¢), since the oxygen ligands showed
a weak effective mixing with Ni" cations, a weak pre-edge peak corresponded to O
2p—Ni 3d hybridization was observed in LaNiO; pristine at 529.8 eV.?”>2® During the
Ist charge process, a pre-edge peak emerged at around 528 eV. This absorption peak,
which was commonly found in the 3d transition metal-based perovskite compounds,>>
represented the strong O 2p—Ni 3d hybridization, and its appearance indicated the
formation of Ni**, which was consistent with the Ni L-edge XAS results. The variation
tendency of F K-edge XAS during the 1st cycle is shown in Figure 5.5d. All the samples
showed similar absorption edge features (= 687 eV) because of the abundance of
fluorine in LBF solid electrolyte. Upon charging, a pre-edge peak emerged at 685.5 eV
and gradually increased upon charging, which was related to the formation of Ni—F

bond as observed in the NiF, reference.>?

It is worth noting that the excessive fluoride ions insertion (x > 1) resulted in a new
appearance at 530.8 eV in O K-edge spectra (Figure 5.5c), which gradually increased
until the fully charged state. This feature was commonly considered as O—O bond
originated from oxygen oxidation and has been intensively discussed in the LIBs and
SIBs studies, which further proved that oxygen redox was involved into the charge
compensation process.>* 33 In our recent research on LajSrisMn,O7sF> cathode
material, 2 F~ can be inserted into the rock-salt interstitial layers, and the excessive F~

ions can also be inserted into the perovskite layers to bond with Mn, leading to the
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formation of molecular O in the lattice, which is very similar to the reaction mechanism
of oxygen in this study.!? The formation of molecular O, will be discussed in the
subsequent section. After discharging, the Ni L-edge and O K-edge XAS spectra didn’t
fully recover to the same shape as the pristine LaNiO>. Combining with the XRD results
we can know that the structure of the active material changed irreversibly after
discharging. Although the valence state of Ni showed a reversible change, the local
structure change led to distinct variations in the absorption spectra, and the pronounced
differences observed in the shape of the charge/discharge curves between the 1st and

the 2nd cycles can be attributed to these irreversible changes.

Comprehensively considering the abovementioned characterization results, the
electrochemical fluorination mechanism during the Ist cycle can be concluded in
Figure 5.6. The fluoride-ion insertion into the LaNiO»> lattice generated LaNiO2F with
a perovskite structure (space group: Pm3m). As the excessive amount of fluoride ions
was inserted into the lattice, the O—O bonds were formed in the lattice and the
crystallinity of LaNiO,F, decreased. Then after fully discharging, the crystal structure
of LaNiO; changed irreversibly from the infinite layer structure (space group: P4/mmm)
to a perovskite structure (space group: Pm3m), which was similar to the behaviors we

observed in our previous study on SrFe0,.%
5.3.3  Fluoride ion (de)intercalation behavior of LaNiO: after activation

After activation process, LaNiO> cathode showed remarkable electrochemical
performances. As shown in Figure 5.7b, it maintained a reversible capacity of 330 mAh
g ' upon 20 cycles, and the coulombic efficiency for each cycle is close to 100 %.
Moreover, it exhibited an excellent rate capability with a capacity of 283 mAh g
maintained at a current density of 200 mA g !, which was far beyond that of the infinite-
layered SrFeQs (retention of 74 vs. 41 %),% suggesting rapid diffusion of fluoride ions
in the bulk. As shown in Figure. 5.7d, LaNiO; exhibited both high energy density and

outstanding power density in volumetric scale, which not only exceeded our previous
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studied SrFeO;, but also surpassed the commercial LIB cathodes, and stood out from

the post-LIB battery systems.*¢

Furthermore, we also used La/LaF3; (=2.41 V vs. Pb/PbF») as anode material to
verify the feasibility of high energy density, a full cell consisted of LaNiO|LBF|La foil
as cathode, solid electrolyte and anode was tested for electrochemical performance, as
shown in Figure 5.8. Due to the lack of optimization of the fabrication conditions of
La foil anode, we used a lower current density of 5 mA g! for charge/discharge
measurement, and the full cell exhibited similar charge/discharge curves shape to those
of the LaNiOy|LBF|Pb/PbF, cell (Figure 3.8b). A preliminary evaluation of
LaNiO;|LaF3 cell compared with LiCoQOz|graphite cell was given in Table 5.2. Based
on the LaNiO; in the cathode, an excellent volumetric energy density (4202 Wh L)
can be achieved that was 2.7-fold of the LiCoOx|graphite cell (1552 Wh L™!), in addition
to a high gravimetric energy density of up to 627 Wh kg™!, which made it more

significant for practical applications in the future.

The structural evolution after activation was different, since it was difficult to
obtain cathode powder after activation, the XRD results of the pellet samples after
activation were conducted at BL19B2 beamline in SPring-8. As shown in Figure 5.9,
the activated LaNiO> cathode material showed a broad diffraction pattern at around 26
= 26° at the Ist discharged state, which was consistent with the result in Figure 5.3a.
This peak implied that the structure of the active material transformed to a perovskite-
related structure after the first cycle with a reduction in crystallinity. During the
subsequent charging process, the intensity of this peak gradually diminished and almost
disappeared in the fully charged state, indicating that the insertion of excess fluoride
ions led to the amorphous transformation. The reappearance of this broad peak after
discharge process indicated a reversible transformation of the crystal structure. Similar
phase transition mechanism has been found in our recent study on CuLaO> cathode

material for FIBs.*!
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5.3.4 Charge compensation mechanism of LaNiQ: after activation

The charge compensation mechanisms of LaNiO; after activation were examined
by XAS, as shown in Figure 5.10. The absorption peak at 855 eV in Ni L3-edge
gradually increased and shifted towards higher energy upon charging (Figure 5.10a).
The continuously increased peak intensity ratio L3 nigh/L3 1ow during the whole charge
process indicated the oxidation of Ni (Figure 5.10b). Moreover, the broad pre-edge peak
which corresponded to the transitions from O 1s to the hybridized states of the Ni 3d
and O 2p orbitals was observed at 528.5 eV at early stage of fluoride ion insertion (x =
1 in Figure 5.10c). This result showed the oxidation of Ni upon charging, which was in
consistent with the Ni XAS results.*? Similar to the 1st cycle, further fluoride ion
insertion (x > 2) resulted in the emergence of the new O K-edge peak at 530.8 eV, which
strongly proved the O—O bond formation. In the F K-edge XAS (Figure 5.10d), a small
pre-edge peak attributed to metal-fluoride bonds can be observed upon fluoride ion
insertion, suggesting the Ni—F bonds in the LaNiO: structure. After discharging, the
shape of the Ni, O, and F XAS results recovered to the state before charging, indicating

a high reversibility of the LaNiO; cathode material after activation.
5.3.5 O2 molecule formation in LaNiO2Fx cathode

To further examine the electronic structure of oxidized oxygen species in detail,
we also carried out RIXS measurement on the pristine LaNiO», fully charged state and
discharged state in the Ist cycle and after activation, as shown in Figure 5.11b. The
excitation energy of RIXS measurement for the 1st fully charged state was confirmed
to be 530.8 eV as the O K-edge soft XAS was proceeded in advance (Figure 5.11a). It
was clearly observed that a zero-loss elastic peak and progressive vibrational features
at energy loss —2.0 to 0 eV (ground state 3%, "), and the vibrational frequency was ~1600
cm 1.1>% The observed scattering behavior closely resembled that of molecular O2, a
13, 15, 44

phenomenon previously noted in charged LIB intercalation cathode materials,

providing strong evidence for the formation of molecular O in the 1st fully charged
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state of LaNiO.. Furthermore, in the RIXS results of the fully charged sample after
activation (Figure 5.11c), we also detected the same progressive vibrational feature as
that in the st fully charged state, which was the fingerprint signal of the molecular O».
This vibration disappeared after discharging, indicating the reversible formation and

breaking of molecular O in the LaNiOF after activation process.

The electrochemical fluorination mechanism after activation was slightly different
from the 1st cycle. After the activation process, the crystallinity of LaNiO2F, was
significantly reduced and the diffraction patterns of the activated LaNiO2F. were
weakened, as observed in Figure 5.9. It can be observed from the XAS results that both
Ni and O redox reactions were involved in charge compensation after activation. Since
the pristine LaNiO» structure can accommodate only 1 F~, additional anion sites were
required for LaNiO; to accept more than 1 F~. The molecular O2 observed in RIXS
results which was formed upon charging not only served as a charge compensator, but
also created additional vacancies to accept the excessive fluoride ions. Although it was
not clear that how the molecular O> and excessive fluoride ions existed in the charged
LaNiO;F,, the abovementioned characterization results revealed that the molecular O2
and excessive fluoride ions may exist in some cavities in the structure, as the presence
of H> molecule was found in SrTiOs structure,® and the formation of molecular O can
create the irregular sites for inserted fluoride ions, as found in the Li-rich cathode
material for LIBs.* In our previous research on SrFeQ, cathode material and in some
disordered rock-salt Li-excess (DRX) materials in LIBs, such isotropic ion conduction
(F~ or Li") can achieve zero-strain of the cathode upon cycling.?> *6-47 In this work, the
excessive fluoride ion insertion led to structural deformation and reduction in
crystallinity of the material, which was one of the reasons for the gradual capacity
fading upon cycling. Nevertheless, further analyses such as the quantification of the
fluoride 10ons and first-principal calculation are needed to determine the precise structure

after fluorination/defluorination.
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5.3.6 Kinetic properties of LaNiO: after activation

In order to investigate the reason for the excellent rate capability of LaNiO2, GITT
measurement was performed after activation. As shown in Figure 5.12a, the
polarization of OCV at high state of charge was significantly larger than those in low
state of charge. According to the abovementioned results, the excessive fluoride ion
insertion triggered the formation of molecular O» at high state of charge region, leading
to structural distortion and reduction in crystallinity. This might be one of the reasons
for large hysteresis near fully charged state.'*** However, comparing the overpotential
obtained from GITT measurements (which responded to the magnitude of polarization)
of LaNiO; and SrFeO; upon the charging process, LaNiO, exhibited much lower
overpotential than that of SrFeO: especially near fully charged state (Figure 5.12b).
Compared to SrFeO», which also has an infinite-layer structure, LaNiO; exhibited a
much higher diffusion coefficient when charged to x > 2 (Figure 5.12c¢). This indicated

that LaNi1O; possessed superior bulk diffusion properties.
5.4 Conclusion

We demonstrated the electrochemical intercalation of fluoride ions into the infinite
layered LaNiO: host lattice. LaN1O2 showed excellent capacity and rate capability.
Compared to the infinite layer SrFeO; cathode, LaNiO» exhibited higher power density
due to its high electronic conductivity resulting from the strong hybridization of Ni 3d
and O 2p orbitals. We also achieved high energy density cells by using La metal anode.
The XAS analysis confirmed the reversible redox of Ni*/Ni** throughout the whole
voltage range and the oxygen redox at the high voltage stage (after the insertion of 1
F). Moreover, the RIXS analysis proved that the formation of molecular oxygen and
the anion sites in the structure allow the insertion of excess fluoride ions. It is not clear
how the molecular Oz and excess fluoride ions exist in the LaNiOF, structure, which
requires further analysis in future studies. We believe that this study is important for the

development of high-performance mixed-anion cathode materials with a perovskite-
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related structure.
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Figure 5.1 (a) Sample preparation for electrochemical measurement. (a) Structural character-
ization of LaNiO, by Rietveld refinement. Wavelength = 0.4133A, Rr=3.99 %, Rwp=9.24 %. The
green lines are the position of Bragg reflections. The difference between the measured and
calculated profiles is plotted in blue solid line. (b) Crystal structure and the sites that can

accommodate fluoride ions. (¢) STEM image and EDS mapping of as-prepared LaNiO,.

Table 5.1 Structural parameters of as-prepared LaNiO: determined from the Rietveld

refinement.

Atom Wyckoff x ¥ 4 B. /A?  Occupancy

150

Position
Lal 1d 0.5 05 05 0.51(3) 1
Nil la 0 0 0 0.28(1) 1
01 2f 0 0.5 0 0.098(9) 1

Space group: P4/mmm; Ry=6.79 %, Rwp=9.24 %, R¢=3.99 %;
a=3.9578(7) A, c =3.3895(5) A.
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Figure 5.2 (a) Charge/discharge profiles during the initial 3 cycles at a current density of 10 mA
g ! at 140 °C, the voltage range is —1.5~2.5 V. (b) Average voltage of LaNiO, cathode during the

initial 3 cycles.
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Figure 5.5 (a) Ni L3-edge XAS results of LaNiO; at various fluorination states upon the 1st cycle.
Ni, LaNiO», La;NiO4, and LaNiOs3 are provided as references. (b) The relative intensity ratio
between Ni L3 high energy peak to low energy peak (Ni L3 nigh/L3 1ow) at different fluorination
states. (¢) O K-edge XAS results collected at different fluorination states during the 1st cycle.

La;NiO4 and LaNiOs are provided as references. (d) F K-edge XAS spectra, solid electrolyte LBF

and NiF, are provided as references.
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Figure 5.6 Schematic illustration of the phase transition model during the 1st cycle for LaNiO,. At
early state of charge, the lattice structure of LaNiO; can accept 1 F~, and the infinite layer
structure (P4/mmm) transformed to perovskite structure (Pm3m) during charging. The excessive
fluoride-ion insertion resulted in fluorinated composition LaNiO,Fy, and O—O bonds generated at

high state of charge.
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Figure 5.8 (a) Charge/discharge profiles of LaNiO,|LBF|La full cell at a rate of 5 mA g™! at
140 °C. The anode reaction is the fluorination and defluorination of La metal. (b) A comparison of
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Table 5.2 Comparison of energy density based on active materials between LIB and FIB.

Battery LIB FIB
Cathode LiCoO, LaNiO,
Capacity / mAh g! 170 400
Density / g em3 5.05 7.13
Anode Graphite La
Capacity / mAh g! 372 579
Density / g cm ™3 2.20 6.16
Utilization ratio / % 100 100
Capacity ratio of anode/cathode 1 1
Weight ratio of anode/cathode 0.457 0.691
Volume ratio of anode/cathode 1.05 0.799
Average Voltage 3.7 2.65
Gravimetric energy density / Wh kg™! 432 627
Volumetric energy density / Wh L 1550 4202

The extra part such as current collector, electrolyte, battery shell, separator, conductive

additives, binder, etc. are not involved in the calculation.
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Figure 5.10 (a) Ni L3-edge XAS results of LaNiO> at various fluorination states after activation.
Ni, LaNiO», La;NiO4, and LaNiOs3 are provided as references. (b) The relative intensity ratio
between Ni L3 high energy peak to low energy peak (Ni L3 nigh/L3 1ow) at different fluorination

states. (c) O K-edge XAS results collected at different fluorination states after activation. La;NiOs
and LaNiOs are provided as references. (d) F K-edge XAS spectra, solid electrolyte LBF and NiF»

are provided as references.
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Chapter 6 Revealing the Unusual Mechanism
of Mixed Cationic and Anionic Redox in
Oxyfluorosulfide Cathode

All-solid-state fluoride-ion batteries
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suffer from severe degradation due to
large volume expansion; consequentially, fluoride-ion-intercalating active materials fail
to deliver a high capacity. Here, oxyfluorosulfide SroF2Fe.OS, (SFFOS) with layer
structure is reported as a topotactic fluoride-ion (de)intercalation host. This material
delivers a high reversible capacity of more than 340 mAh g !, which remains well
maintained after 20 cycles. The intercalation reaction mechanism for this high and
stable capacity is elucidated via X-ray diffraction and fine structure analysis. Wherein
both Fe**/Fe** redox and sulfide ion redox are involved in charge compensation during
charge/discharge processes, where the sulfide ion redox contributes to the whole
voltage range of —1.5 to 1.5 V and Fe**/Fe*" redox only contributes from the middle
state of charge. Fluoride ions can not only insert into the Sr—S interstitial sites but also
combine with Fe cations. Meanwhile, excessive fluoride-ion intercalation leads to the
formation of S—S bonds in the SFFOS lattice. These results highlight the
oxyfluorosulfides with layer structure as a new class of active materials for constructing

high-performance FIBs.
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6.1 Introduction

Lithium-ion batteries (LIBs) have dominated the consumer electronics market
over the past decades, and their graceful merits have extended their application to
electric vehicles. However, the rocketing prices of raw materials, limited energy density,
and safety concerns associated with its flammable organic electrolyte serve as a
bottleneck for its future applications, where safety and high energy density are two
governing parameters.! > Therefore, developing safe and high-energy-density batteries
other than LIBs is one of the biggest challenges of the 21st century. Consequentially,
batteries using different types of charge carriers (Na*, K, Mg?*, Zn?", AI**, F, Cl", etc.)
have been proposed.* ! Among all these alternatives, all-solid-state fluoride-ion
batteries (FIBs), which are based on the shuttling of fluoride ions, have been considered
one of the promising future energy storage systems because of their high theoretical
energy density and safety.!>”!* Benefiting from the multivalent fluorination process,
metal/metal fluorides (M/MF,) were first utilized as electrode materials for FIBs due to
their high theoretical energy densities.!>° However, M/MF, systems suffer from
exceptionable volume expansion upon fluorination process due to the close-packed
metal atoms, which would cause blockage of the fluoride ion (F") diffusion pathway,

thus resulting in devastating damage to the electrode—electrolyte interfaces.!® 2!-22

Besides M/MF, electrodes, intercalation-type cathode materials (LaSrMnOsa,
La;CoO4, SroMnO3F) that obey topotactic fluorination behavior have also been
investigated recently.>> > The robust (de)fluorination process of these materials is due
to a layered lattice structure with intercalation sites or channels, where F~ can be
inserted or extracted into/from the host lattice reversibly with much lower volume
change than the M/MF, systems. However, these intercalation-type materials usually
contain heavy elements to hold the framework, which are redox-inactive and do not
contribute to charge—discharge capacity. For instance, LaSrMnQO4 only provides a

capacity of 77.5 mAh g ! of one F intercalation, because the La/Sr components are
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redox-inactive but take 65.6 % of formula weight. The heavy formula weight will
decrease the overall gravimetric energy density due to the lower theoretical capacity,
requiring the discovery of an alternative reaction principle that can improve the capacity

and energy density.

Various strategies have been reported to improve the practical capacity of LIBs
and sodium-ion batteries (SIBs), among which the anionic redox reactions are receiving
significant research attention.??® The combined redox of both anionic redox and
transition metal (TM) redox in charge compensation allows the electrode to host an
excess amount of charge carriers, which results in a higher capacity far beyond that
solely based on TM redox. Rigorous research has been carried out to understand the
electrochemical properties and structural evolution of anionic redox, which were
documented in the studies of LIB and SIB cathodes.>* ¥ As the congener of oxygen,
sulfur shows less electronegativity, which can improve the ligand p band penetration
into the metal d band to form a stronger hybridization with TM ions. Therefore, the
chalcogen cathodes possess advanced structural reversibility and accelerated electronic
transfer, and such materials utilizing sulfur redox have exhibited fascinating
electrochemical properties as LIB or SIB cathode materials.**° Unfortunately, the
electrode potential of sulfur redox is typically much lower in LIBs and SIBs, which

does not contribute to improving practical energy density.*

Extending the redox chemistry of sulfur reported in the cation intercalation host to
fluoride ions will lead to novel, high-capacity FIB electrode-active materials. Herein,
we have developed a Sr2F2Fe,OS; (SFFOS) compound with layered structure and
intrinsic F sites within the crystal structure as a novel cathode material for all-solid-
state FIBs, where the sulfur redox has been confirmed for the first time to contribute to
the charge compensation for the fluoride-ion insertion and deinsertion. Our developed
cathode demonstrates a surprisingly high capacity of ~400 mAh g! (corresponding to
~6.1 F~ insertion). The mechanism of unusually high capacity has been analyzed by X-

ray diffraction (XRD) and X-ray absorption spectroscopy (XAS). The observed high
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capacity is attributed to the intercalation mechanism in SFFOS lattices, where F~ not
only bond with Fe but also occupy the interstitial sites surrounding Sr atoms. Through
this mechanism, Fe?"/Fe** redox occurs, and the sulfur forms S units retained in the
structure (S2)" (0 < n < 2) to provide sufficient charge compensation. This work is
expected to deepen our understanding of the development of new series of cathode
materials for all-solid-state FIBs and bring new considerations toward the application-

related bottlenecks facing anionic redox.
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6.2 Experimantal
6.2.1 Material preparation

SroFoFe,OS, was  synthesized by a solid-state reaction under vacuum
environment.” SrF, (99.5 %, FUJIFILM Wako), SrO (99.9 %, Sigma-Aldrich), Fe
(99.9 %, FUJIFILM Wako), and S (98 %+, FUJIFILM Wako) were mixed in
stoichiometric ratio and then pelletized in an argon-filled glovebox. The pellet was then
sealed in an evacuated silica tube with vacuum condition and heated at 800 °C for 36 h.
Solid electrolyte Lag.oBao.1F2.9 (LBF) was synthesized by the mechanochemical method,

as described in Section 2.2.1.

The cathode composite was obtained by mixing Sr2F2Fe>OS: with solid electrolyte
LBF and vapor-grown carbon fiber (VGCF; Showa Denko, Japan) in a weight ratio of
3: 6: 1 by ball-milling for 10 h at 100 rpm using ZrO> pot and ZrO- balls. For the XRD
measurement, the cathode composite with a weight ratio of SFFOS/LBF/VGCF = 40:
51: 9 and a ball-milling speed of 300 rpm was also prepared. The anode composite was
obtained by mixing PbF2 (99.9 %, Kojundo) and Acetylene Black (AB; Showa Denko,
Japan) by ball-milling for 6 h at 600 rpm. The mass ratio of the anode composite was

PbF2/AB =95: 5.

The synthesis of the oxyfluoride Sr3Fe2OsF2, as well as the preparation of the

cathode/anode composites, were carried out according to our previous work.>®
6.2.2 Electrochemical measurements

Electrochemical tests were carried out on bulk-type cells. 200 mg LBF powder
was put into a poly(ether-ether-ketone) (PEEK) insulator (10 mm diameter) and pressed
under a pressure of 100 MPa for 5 min. Then, 10 mg of cathode composite, and 50 mg
of anode composite were placed on the opposite sides of the LBF pellet, and an Au foil
and a Pb foil were set on the cathode and anode, respectively. Finally, the cell was

compressed under a pressure of 360 MPa for 5 min. All the assembling processes were
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carried out in an argon-filled glove box with oxygen and moisture contents of less than

0.2 ppm.

The galvanostatic charging—discharging tests, as well as the galvanostatic
intermittent titration technique (GITT), were evaluated by HJ1020mSDS8 battery testing
systems (Hokuto Denko, Japan) with a potential range of —1.5 to 1.5 V vs. Pb/PbF> at
140°C without exposure to air. For GITT, each galvanostatic step was carried out at a
current density of 10 mA g!, followed by a relaxation step at the open circuit voltage
(OCV) for 12 h to allow it to reach a quasi-equilibrium state. The galvanostatic
charging—discharging measurement of Sr3Fe>OsF2 was carried out with a lower cutoff

voltage of —1.5 V (vs. Pb/PbF>) and a limited charge capacity of 118 mAh g !.%8
6.2.3  Characterization

Synchrotron XRD data were collected at room temperature in the Ar atmosphere,
at the BLO2B2 beamline at SPring-8 (Hyogo, Japan). The pristine powder samples were
characterized at BL02B2 beamline with an X-ray energy of 20 keV. 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. Rietveld refinement was performed by using Jana
software.’® The crystallographic information was supported by VESTA.*’ Laboratory
XRD patterns were collected by using an X-ray diffractometer with Cu Ka radiation (A
=1.54056 A, Rigaku Ultima IV, Japan). The morphology of the as-synthesized material
and energy-dispersive spectroscopy spectra (EDS) were characterized using a SU6600

scanning electron microscope (Hitachi, Japan).

Fe K-edge, Fe L2 3-edge, F K-edge as well as O K-edge XAS measurements were
conducted at the BL14B2 and BL27SU beamlines at SPring-8, respectively. S K-edge
XAS measurement was carried out at the BL6N1 beamline at Aichi-SR (Aichi, Japan)
and the BL13 beamline at Ritsumeikan SR center (Shiga, Japan). To prepare the

samples during the first and the second cycle for the measurements, all the cells were
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charged and discharged at a current density of 10 mA g tand then transferred from an
argon-filled glovebox. The measurements were carried out under vacuum conditions.
The X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) data were analyzed using the ATHENA software package.*!
Resonant inelastic X-ray scattering (RIXS) measurements were performed at
BLO7LSU in SPring-8 using a grazing flat-field type high-resolution soft X-ray
emission spectrometer.*? O K-edge soft XAS was proceeded in advance to determine
the proper excitation energy of RIXS. The pellet samples were supported on the holders
by carbon tape in an argon-filled glovebox and then were transferred to the
measurement chamber without any exposure to air and moisture. The sample positions
were slowly changed with a speed of 2.4 um s* during the RIXS measurements to

avoid radiation damage.

6.3 Results and discussion
6.3.1  Structure and compositions

SFFOS was synthesized by a single-step solid-state reaction detailed in Section
6.2.1.37 The X-ray Rietveld refinement of the prepared SFFOS shown in Figure 6.1a
and Table 6.1 demonstrated a layered structure (space group /4/mmm) with lattice
parameters of a = 4.0468(4) A and ¢ = 18.0491(1) A. In this structure, the Fe-centered
octahedra share one face with the first neighbor octahedra and one corner with the
second neighbor octahedra along the 2D layers. In FeS4O; octahedrons, the S atoms
occupy the equatorial planes and the O atoms form a Fe>O plane with the Fe atoms.
Furthermore, F atoms were located in the interstitial sites between Sr layers, and the
[Sr2F2] and [Fe2OS:] were stacked to form the layer structure, as shown in Figure 6.1b.3”
3 The particle morphology with elemental mapping of the as-prepared SFFOS is
provided in Figure 6.2. The Scanning electron microscope (SEM) images of SFFOS
revealed a particle size of less than 10 um, and the EDS mapping results (Figure 6.2

and Table 6.2) indicated that Sr, F, Fe, O, and S elements were distributed
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homogeneously in the particles over the scanned area, and the elemental composition

was close to the theoretical value.
6.3.2 Electrochemical performance

The electrochemical performance of SFFOS with fluoride solid electrolytes were
measured over the voltage range of —1.5 V and 1.5 V against Pb/PbF> anode by bulk-
type all-solid battery cells. To improve the ionic and electronic conductivities, the
cathode was mixed with a LBF solid electrolyte and VGCEF, and the anode was mixed
with AB. In this study, although the solid electrolyte LBF would not be oxidized in the
voltage range we used,** a slight capacity attributed to the side reaction of VGCF in the
cathode composite was confirmed by galvanostatic measurement, as shown in Figure
6.3. It is noteworthy to mention that we utilized an excessive amount of Pb/PbF> as
anode material for fabricating a “fluoride-ion half-cell” in reference to our previous
study, not only because of the smooth fluorination of PbF; but also the gaseous nature
and the highest standard electrode potential of F> made it not suitable as the other

electrode.?> #

As shown in Figure 6.4a, a charge capacity of 340 mAh g! and an initial
coulombic efficiency of 100.2 % were obtained during the 1st cycle. Assuming that the
total charge capacity is derived from the F~ insertion reaction, about 5.1 F~ insertion
into the pristine SFFOS was achieved by the electrochemical fluorination process as

follows:
SrzeFezosz + xF~ - Sr2F2+xFezoSZ + xe” (6 - 1)

The 1st cycle was regarded to be an activation process since a differently shaped
charging curve and an obvious capacity increase were observed in the 2nd cycle. As a
result of activation, a higher charge capacity of 403 mAh g ' and a Coulombic
efficiency of 96.8 % were achieved, which corresponded to 6.1 F insertion.

Considering the charge compensation in this material, even if the 2 Fe?" ions in the
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structure were oxidized to Fe** (contributed to 132.3 mAh g '), they could not meet the
demand of charge compensation during the charge/discharge process. Therefore, we
speculated that reversible anionic redox also participated in charge compensation.
Figure 6.4b illustrates the cycle performance of SFFOS at 10 mA g ! between —1.5 V
and 1.5 V. Although the discharge capacity decreased from 390 mAh g during the
initial 8 cycles, it maintained a reversible capacity of 346 mAh g ' (5.1 F~ insertion)
after 20 cycles. The rate capability of SFFOS is shown in Figure 6.4c, where the specific
discharge capacities were 313,271, 217, 172, and 128 mAh g ! at the current densities
of 10, 20, 50, 100, and 200 mA g !, respectively. These results proved the reversibility
and reasonable rate capability of SFFOS in a wide voltage range. In addition, the
comparison in gravimetric capacity and volumetric capacity of SFFOS cathode with
those previously reported LIB and FIB cathodes are shown in Figure 6.4d.2% 333845734
SFFOS exhibited a gravimetric capacity of 346 mAh g ! and a volumetric capacity of
1522 mAh L™!, which surpassed the commercial LIB cathode materials, the Li-excess
sulfide and oxide cathode materials, as well as the FIB cathode materials in previous
researches. In terms of practical applications, we estimated the energy density by using
La/LaF3 anode with lower potentials (—2.41 V vs. Pb/PbF2), which has been utilized in
many previous researches. !> 1619204445 A preliminary evaluation of SFFOS|LaF; cell
compared with LiCoOz|graphite cell is given in Table 6.3. In particular, the volumetric
energy density (2304 Wh L™!) was twice that of the LiCoOx|graphite cell (1552 Wh L),
in addition to the high gravimetric energy density of up to 466 Wh kg™, which was

more meaningful for practical applications.
6.3.3  Structural evolution

Further, for an in-depth understanding of the reaction mechanism and the crystal
structure evolution of SFFOS upon the fluoride-ion insertion and extraction, XRD (Cu
Ka, L =1.54056 A) was recorded during the 1st and the 2nd cycles, as shown in Figure

6.5. Since a large ratio of active material in the cathode composite would cause a
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significant capacity decrease, while a low ratio would lead to weak intensity of XRD
patterns, we have optimized a ratio of active materials for cathode composite to achieve
a balance between capacity and XRD pattern intensity, as described in Section 6.2.1.
We have calculated the lattice parameters of solid electrolyte LBF, and the crystallite
sizes of LBF and SFFOS in the cathode composites under different ball-milling rotation
speeds, and the results are shown in Table 6.4 and 6.5. It was observed that the lattice
parameters of LBF did not change significantly after ball-milling process. However, the
crystallite sizes of both LBF and SFFOS calculated by Scherrer equation were
significantly reduced after ball-milling process (Table 6.5). The above-mentioned
results indicated that the active material SFFOS and solid electrolyte LBF did not react
with each other, and that only a decrease in crystallinity occurred during ball-milling

process.

By comparing the XRD patterns, as shown in Figure 6.6, it was observed that no
other fluoride or oxyfluoride diffraction patterns (e.g., StF», FeF3, FeOF) were detected
in the 1st fully charged state, except for the diffraction peaks of the solid electrolyte
LBF and the active material. A closer examination of Figure 6.5a,b, revealed that it was
highly possible for 5.1 F~ to be inserted into the SFFOS host lattice at the fully charged
state during the 1st cycle. Based upon these observations, we speculated that the F~
were inserted into the interstitial layers between Sr and S atoms, which could expand
the lattice volume. As shown in Figure 6.5a, although the strongest diffraction peaks of
the active material (26.5° and 29.9°) were only slightly shifted, some new small peaks
such as the peak around 35.4° and some shoulders from the broadened peaks, were
observed after charging. The F~ insertion might have caused some symmetry reduction;
therefore, we attempted to refine the charged samples with a subspace group of /4/mmm.
Because the XRD patterns of SFFOS were broadened and weakened during ball-milling
process, they were largely hidden by those of LBF, making the Rietveld refinement
impossible. The lattice parameters (a and c) and the lattice volume assessed via Le bail

refinement based on the P4/mmm space group are shown in Figure 6.5b, Figure 6.7,
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Table 6.6, and 6.7. There was a significant expansion of the lattice volume at early state
of charge (x = 0—2), which was related to the topotactic intercalation of fluoride ions
into the lattice. Similar fluoride ion insertion behavior was found in the
Ruddlesden—Popper-type LaxNiOg lattice, but the magnitude of volume expansion in
this study was much smaller than that of La;NiOs (4.7 vs. 14.6 %).%° The fluoride ion
insertion sites as well as the local structure, will be discussed in the following section.
After discharging, the volume change was about 2 % compared to SFFOS pristine, and
the XRD diffraction patterns could be fitted with the P4/mmm space group with higher
accuracy. This indicated that although F~ could be topotactical inserted into the SFFOS

lattice, the structure underwent an irreversible structural change after the 1st cycle.

The main diffraction peaks at 26.5° and 29.9° exhibited a similar trend as the 1st
cycle during the 2nd charge/discharge cycle (Figure 6.5¢). On the other hand, the
overall peak intensity gradually diminished at the end of charging (x > 5), which was
similar to what we found in our recently published research on the Ruddlesden—Popper-

1.** The insertion of the excessive F~ into the

type Lai2Sri sMn2O7-sF> cathode materia
lattice led to a decrease in the crystallinity of the active material, while the diffraction
peaks could recover after discharging. The XRD results demonstrated the reversible
insertion/extraction behaviors of fluoride ions in the SFFOS lattice which did not
significantly affect the integrity of layer structure, similar to the previous findings in
Ruddlesden—Popper structured cathode materials.>> ** > It is worth pointing out that
the expansion during the 2nd charging process was about 4.8 %, which remains 0.5 %
after discharging compared to the beginning of the 2nd charge. The volume expansion
of SFFOS was lower than that of Lai 2Sr1 sMn2O7-sF> cathode with 5 F~ insertion (6 %)

and was even comparable to that of LiCoO2 (~3 %),*" 3¢ which was the reason for its

outstanding cycle performance.

The experimental result showed that the superior capacity of SFFOS was due to
the electrochemical insertion of 6.1 F~, which was quite strange and surpassed the

expected amount of 2 F~ insertion based on Fe?'/Fe*" redox in SFFOS. Through the
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analysis of this unusual redox reaction mechanism, we attempted to demonstrate that
SFFOS can accept anomalous amounts of fluoride ions by mixed cation and anion redox.
To investigate the electronic and local structures of both cation and anions during
fluoride ion insertion/extraction processes in SFFOS, a series of electrodes were
examined by XAS. After clarifying the mechanism by which the redox reaction of iron

ions occurred, the anion redox of oxide and sulfide ions were examined.
6.3.4 Charge compensation mechanisms

Figure 6.8a shows the XANES at Fe K-edge during the 1st charge/discharge cycle
(activation process). To identify the spectrum of the pristine SFFOS, the spectrum of
SFFOS was further compared with the referenced samples such as FeO, FeS, and FeS»
(Figure 6.9), which revealed that the features appeared at the energy of 7128.1 eV and
7135.3 eV were ascribed to the multiple scattering contributions of O and S around the

37759 and Fe existed in +2 oxidation state in this structure, as was

Fe atoms respectively,
proved in previous research.’’ The Fe K-edge absorption of SFFOS gradually shifted to
higher energy upon charging, which was related to the oxidation from Fe*" to Fe*".
Although the absorption edge returned to lower energy after discharge process, the
shape and intensity differed significantly from the pristine state. The energy of the
absorption edge (Eo) increased drastically at the end of the charging process (x > 4 in
St2F21,Fe;08s), and it reached the Fe®' level (using a-Fe,Os with 6-fold Fe**
coordination as reference) at full-charged state (x = 5.1) (Figure 6.8b). This oxidation
change was further supported by the Fe L-edge XAS, as shown in Figure 6.10. A new
peak of Fe L3-edge around 710 eV associated with Fe 3d-hole emerged at the end of the
charging process, suggesting a valence state of Fe®" (3d° state) in the full-charged
sample. The variation tendency of F K-edge XANES results during the initial cycle is
shown in Figure 6.8c. All the samples showed similar absorption edge features (> 687

eV) because of the fluorine abundance in LBF solid electrolyte. Upon charging, a

doublet pre-edge peak emerged at approximately 684 eV and increased drastically at
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the end of the Ist charging process, corresponding to F 2p—Fe 3d hybridization as
observed in the FeF; reference.®’ It was observed that the Fe K-edge XANES spectra
of the 1st fully charged sample was quite different from the FeF3 reference (Figure 6.11)

61 indicating that the charging product of

and the spectra of FeOF in the literature,
SFFOS was not simply iron (III) fluoride or oxyfluoride, but with a high possibility of
forming an intercalated fluoride. The abovementioned Fe K-edge, L-edge, and F K-edge
XANES all showed a significant change at x > 4, indicating that the charge

compensation of Fe, with the accompanying change in Fe—F hybridization, was

dominant in the later stage of the first charging process.

In previous studies, many works in LIB systems have proved that anions such as
oxide and sulfide ions can contribute to the charge compensation in cathode
materials.>! 3% 62 Therefore, the extra capacity beyond 2 electrons for the SFFOS
cathode during the charging process may arise due to the contribution of anionic redox.
To explore the origin of the excess fluoride-ion intercalation capacity beyond Fe redox
and the electronic structure changes of anions in SFFOS during charge and discharge,
S K-edge, as well as O K-edge soft XAS at a series of charged states, were measured in
partial fluorescence yield (PFY) mode. The results of S K-edge XANES during the
initial cycle are shown in Figure 6.8d. The shoulder peak at 2470 eV in the pristine
SFFOS was attributed to the transition of the unoccupied S 3p—Fe 3d hybridization state,
and the broad feature at 2477 eV represented S 3p—Fe 4sp hybridization.®” ® During
the 1st charging process, the intensity of the pre-edge increased at a very early state of
charge (x = 1), corresponding to the strong Fe 3d—S 3p hybridization state as observed
in FeS reference.®> A new peak emerged at 2471.8 eV at x = 2, implying the formation
of a new electronic state associated with oxidized sulfide ion. A feature with a similar
shape and energy was found in the pyrite-FeS, reference, assigned to the transition from
S 1s to the antibonding S 3p band to form dumbbell-shaped S,>".>> 6% ¢ With the F~
insertion, the intensity of the pre-edge peak decreased while the peak at 2471.8 eV

increased, indicating the gradual breakage of Fe—S bonds and the continuous formation
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of S—S bonds. At fully charged state, the broad feature at 2482 eV can be ascribed to
S—Fe scattering resonance, which can be observed in FeS and FeS; standards but not in
elemental sulfur.%® The S K-edge XANES results demonstrated that S and Fe remained
bonded in the fully charged state, implying that the final product of sulfur was likely to
be the neutral S; units retained in the structure rather than the elemental sulfur. After
discharging, the peak at 2471.8 eV disappeared and the pre-edge peak recovered, which
proved the cleavage of S—S bonds and the reformation of Fe—S interaction, indicating

the reversibility of the sulfide ion redox.

The O K-edge XANES of the initial cycle is provided in Figure 6.12a, where the
pre-edge peaks at 529.4 eV and 530.7 eV corresponded to the transition of O 1s to
unoccupied hybridized orbitals.’” Previous studies in LIBs cathodes have proved that
the integrated area of the pre-edge peak in O K-edge XANES represents the density and
vibration of the unoccupied states and can provide crucial information on the
distribution of hole states.?” % However, the F~ intercalated in SFFOS looked different
from the conventional oxide-ion contribution mechanism. Therefore, in order to
examine the electronic structure of oxide-ion in detail, we also carried out the RIXS
measurement on the fully charged state in the 2nd cycle (Figure 6.12c). There was no
progressive peak representing oxygen vibration on the RIXS spectrum with an
excitation energy of 530.9 eV,%” indicating no oxidation products such as O~, 02>~ were
generated upon fluorination process. Therefore, the O K-edge pre-edge change was
probably due to the formation of the S 3p hole state, which changed the 3d orbital of

the neighboring Fe and, thus, the O 2p orbital adjacent to Fe.

The Fourier transforms (FTs) of Fe K-edge, S K-edge, and Sr K-edge EXAFS at
various charge/discharge states during the 1st cycle are shown in Figure 6.13. The R-
space and k-space of the pristine SFFOS, fully charged, and fully discharged samples
were fitted by using FEFF, and the parameters refined during fit were Debye-Waller
factor (¢°) and atomic distance/bond length (R), as shown in Figure 6.14, 15, 16, and

Table 6.8, respectively.®® ® As shown in Figure 6.13a, during the 1st charge process,
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only one main peak for Fe—O/F was observed in the Fe K-edge EXAFS, which
suggested that the intercalated fluoride ions around Fe cations might have a similar
coordination environment to the O sites.* The initial change of the first shell peak was
related to the formation of Fe—F bonds due to F~ insertion and its intensity significantly
increased in the fully charged state, accompanied by a shift to a smaller radial distance.
This was because the oxidation of Fe?" to Fe* at the end of the charge process resulted
in a decrease in the ionic radius. Figure 6.17 revealed that there were no peaks related
to Fe—Fe interactions in the EXAFS FT of the fully charged state. This observation
suggested that there was no formation of FeF3 or FeOF upon charging, which was in
consistent with the XRD and XANES results. After discharging process, the FT was
quite different from the pristine state, indicating a phase transformation during the 1st
cycle. A new peak emerged at 1.9 A, and the real interatomic distance obtained from
the EXAFS fitting was 2.23 A (Table 6.8), suggesting the shortening of the Fe—S bonds.
In the case of S K-edge EXAFS, the peak around 2.2 A represented the S—Fe
coordination shell (corresponding to a real interatomic distance of 2.66 A) in pristine
SFFOS (Figure 6.13b).° This peak disappeared upon charging while a new peak at a
shorter radial distance of 1.67 A (the fitted interatomic distance was 2.08 A vs. 2.66 A
of S—Fe bond in pristine) appeared (Figure 6.15 and Table 6.8),”" 7> which indicated the
formation of S—S interaction. The peak that appeared at approximately 1.9 A
(corresponding to a real interatomic distance of 2.31 A) was ascribed to the shortened
S—Fe interaction after the discharging process, which was consistent with the results of

the Fe K-edge EXAFS.

Based upon the above analysis, we confirmed the formation of the Fe—F bonds as
well as S—S bonds, and the fluoride ions occupied around Fe at the end of the charging
process. It has been proved in the XRD results that the lattice gradually expanded upon
charging. Therefore, it was highly possible that the fluoride ions can achieve reversible
insertion/extraction in the Sr—S interstitial layers, as was found in Ruddlesden—Popper

type cathode materials.?> #* %5 On the other hand, in the FTs of Sr K-edge EXAFS, the
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first and second shells represented Sr—F and Sr—S coordinations for the pristine SFFOS,
respectively (Figure 6.13c). During the 1st charging process (Figure 6.13c), the F~
insertion led to an increased Sr—F interaction from x = 1 and remained almost
unchanged until the fully charged state, and the weakened Sr—S interaction from x=1 to
the fully charged state also suggested the continuous insertion of fluoride ions to the
Sr=S interstitial layer. Similarly to the EXAFS of Fe, no peaks corresponding to Sr—Sr
interaction were found in the Sr K-edge EXAFS of the fully charged state (Figure 6.18),
indicating no SrF; production. These proved that fluoride ions occupied the interstitial
sites around Sr atoms at very early charging stage. To explore the fluoride-ion insertion
behavior, we assumed a model for the insertion of F~ ions into the SFFOS lattice, as
shown in Figure 6.19. In the pristine structure, the F atoms (F1) occupied 4d sites,
located in the Sr—Sr interstitial layers, and the atomic parameters are shown in Table
6.9. The ionic radius of S?~ was approximately 1.8 A ™ and there was no space in the
structure for the F~ to be inserted (Figure 6.19a). However, we have observed the sulfur
redox continued throughout the charging process in the XAS results (Figure 6.8d), and
the valence state of sulfur increased to approximately O in the fully charged state
according to the charge compensation. As the valence state increased, the ionic radius
of sulfur underwent a strong contraction, with approximately 1.0 A for S°7* and some
void would be created in the Sr—S interstitial layers, as shown in Figure 6.19b.
Assuming that the c-axis of the material lattice remained unchanged after the F~ ion
insertion, the inserted F~ (F2) occupied 8g sites (0, 0.5, z), and it was found that there
was enough space in the structure to accommodate at least 4 F~ ions (Figure 6.19c), the

atomic parameters are shown in Table 6.10.

It was observed in the La12Sr1.8Mn207-5F2 cathode material that excessive F~ ions
(> 2) can be inserted into the perovskite units to form Mn—F bonds, leading to the
formation of molecular Oz in the lattice.** Since S is the congener of O, and the Sz and
O, are isoelectronic species. Combing with our XAS results, we believed that there was

a high possibility that the SFFOS followed a similar reaction mechanism: The excessive
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F~ (x > 4) were inserted into the Fe-anion layer and bond with Fe, and a part of Fe—S
bonds was broken with the formation of S—S bonds. As we mentioned in the structural
evolution section, the XRD patterns of SFFOS were hidden by those of LBF, making
Rietveld refinement impossible. Consequently, we proposed several possible
configurations based on the presences of S—S bonds in the existing compounds, as
shown in Figure 6.13d (i, ii). Figure 6.13d (i) represents a folded Fe—S—S—Fe
configuration, which is similar to the local configuration in FeS; (Space group: Pa-3).5
Figure 5d (ii) represents a triangular Fe—S—S configuration, which can be found in the
polysulfide cluster [M02S12]>"."" 72 Nevertheless, these configurations have not been
demonstrated to be thermodynamically stable, and this calls for further theoretical

calculations in future study.

According to the abovementioned XRD and XAS results, the reaction mechanism
during the 1st cycle is summarized in Figure 6.20. The fluorination process may cause
a decrease in symmetry (/4/mmm to P4/mmm), the ionic radius of sulfur decreased
significantly with the increasing valence state, creating enough space in the Sr—S
interstitial layers to accommodate F~ ions. Moreover, the excessive F~ ions could bind
with Fe, leading to the formation of S—S bonds within the Fe-anion stocks. After
discharging, both Sr—F and Sr—S interactions were partially recovered, indicating that
the inserted fluoride ions were not completely extracted. The XRD, XANES, and
EXAFS during the 1st cycle exhibited consistent results. Although SFFOS can access
reversible fluoride ion insertion/extraction, it underwent some irreversible local
strutural changes during the 1st cycle (i.e., the shortened S—Fe bonds shown in Figure

6.13a, b), which might be the reason for the capacity fading during the initial few cycles.

Interestingly the Fe K-edge spectra during the 2nd cycle (Figure 6.21a) showed a
similar charge compensation mechanism to the 1st cycle, however during the 2nd cycle,
Fe?"** redox occurred from x = 3 to the fully charged state. Besides, the intensity of the

pre-edge peak in F K-edge XANES spectra gradually strengthened upon charging,

indicating the increased Fe—F bonds (Figure 6.21¢). Since Fe in SFFOS can provide
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only 2e” for charge compensation, the remaining charge was contributed by sulfide ions,
as evidenced by the varied S K-edge spectra during the charging process (Figure 6.21d).
The peak at approximately 2472 eV related to the S—S bond, appeared from x = 3 and
gradually increased until the fully-charged state, finally forming the electronic structure
of S2°, and the S—Fe scattering resonance feature around 2482 eV can also be observed

at fully charged state.

According to the EXAFS results of the 2nd cycle, the FTs of Fe K-edge EXAFS
drastically changed from x = 3 due to the binding with fluoride ions (Figure 6.22a).
The main peak in the FTs of S K-edge EXAFS gradually moved to a shorter radial
distance from x = 3, suggesting that with the increase of the sulfur valence state (Figure
6.22b), the electrostatic repulsion, and the ionic radius of Sulfur became smaller; thus,
the S—S bond became shorter.’* The S—S bond length in the 2nd fully charged state was
2.09 A, similar to the 1st fully charged state, confirming the reproducibility of the S—S
bond formation (Table 6.8). Moreover, the FT intensity of the first shell on Sr K-edge
EXAFS gradually increased at the early charging state (x = 1~2), and it remained almost
unchanged from x = 2 to the fully charged state. This indicated that the fluoride ions
preferentially occupied the interstitial sites around Sr in the early charging stage. After
discharging, the FTs’ shapes on Fe and S K-edge EXAFS did not show noticeable
change from the 1st discharged one, proving the 2nd cycle exhibited better local

structural reversibility.

Based upon the electrochemical and XAS studies, it was quite evident that SFFOS
exhibited quite an interesting reaction mechanism wherein the fluoride ions can locate
in both Fe-anion stocks and Sr—S interstitial layers, which has never been reported
before. The reaction mechaism during the 2nd cycle was slight different from that of
the 1st cycle, as shown in Figure 6.23. After the 1st cycle, the SFFOS underwent some
irreversible structural changes, such as the shortening of the Fe—S bonds, and the
incomplete extraction of the F~ in the Sr—S interstitial layers. Upon the 2nd charging

process, the oxidation of sulfur could produce some space for accepting the inserted F~
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in the host lattice. Sulfur at the fully-charged state existed as neutral S>°, which was
similar to the “trapped-O; molecule” in the La; >Sri sMn2O7-sF> cathode and in Li-rich
cathode materials for LIBs.** 7> The excessive F~ insertion led to a decrease in the

crystallinity of the material, but this process exhibited a good reversibility.

Regarding the precise structure of SFFOS after charging, previous studies have
successfully prepared fluorinated products using chemical fluorination method, which
is an important tool for probing the reaction mechanism.’® 7’ In this experiment, we
attempted to chemically fluorinate SFFOS with poly(vinylidene fluoride) (PVdF) and
NH4F as fluorination agents. However, SFFOS decomposed into SrF» and no
intercalated fluorination product was obtained. In addition, the quantitative analysis
about the fluorine in the charging products is also significant for clarifing the reaction
mechanism. Previous research has used '°F magic angle spinning nuclear magnetic
resonance (MAS NMR) to analyze the ionic conduction of F~ in different chemical
environments in the Sm;_Ca,Fs . solid solution system.”® In this study, since the
amount of the active material was very small, the solid electrolyte and the side reaction
product of VGCF might interfere with the characterization result. Therefore, chemical
fluorination and quantitative analysis of fluorine are the main issues to be addressed in

future study.

In our proposed reaction mechanism model, the Sr—S interstitial layers in the
pristine structure could accommodate about 4 F~, and the excessive fluoride ions were
considered to be inserted into the Fe-anion stocks. In order to investigate the kinetic
properties upon fluoride ion insertion and S—S bond formation, the GITT measurement
was carried out during the 2nd cycle (Figure 6.24). The obtained results indicated that
the polarization of open circuit voltage for x > 5 was significantly larger than those in
low state of charge, which might be caused by the formation of S—S bonds that could
involve local distortions, as we have found similar phenomenon in the
La; 2Sri1 sMn2O7-5F> cathode, in which the formation of oxygen-oxygen bond that could

involve local distortions.** According to our previous studies on 3d transition
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metal/metal fluoride conversion-type cathodes,!® the OCVs during the conversion
reaction remained almost constant. However, as shown in Figure 6.24b, the GITT
results we obtained in this study showed that the OCV continuously changed during the
charging process, which resembled a characteristic of an intercalation reaction.
Although it was not clear how the S—S bonds and excessive fluoride ions existed in the
charged SroF2+,Fe2OS,, the abovementioned characterization results revealed that the
S—S bonds (or neutral S») and excessive fluoride ions might exist in some cavities in
the structure, as the presence of H> molecule was found in SrTiOj structure,’” and the

formation of S—S bonds could create the irregular sites for inserted fluoride ions.
6.3.5 Discussion on the performance of oxyfluoride and oxyfluorosulfide

Concerning the high capacity of this oxyfluorosulfide, we discussed a comparison
of SroF2Fe,0S: with layered oxyfluoride Sr3Fe>OsF».*® The comparison of the
charge/discharge profiles and the open circuit voltage obtained from GITT
measurements during the 2nd cycle is shown in Figure 6.25. It was observed that
SFFOS exhibited much higher capacity than that of Sr3Fe>OsF», while its average
voltage throughout the charging process was slightly lower by 0.05 V. For Sr3Fe>OsF»,
we have demonstrated in our previous research that the Fe**/Fe** redox was the main
contributor for the charge compensation.>® On the other hand, it was clear from the XAS
results of SroF2Fe,0S; that Fe?*/Fe** redox contributed to the charge compensation
from the middle state of charge (x > 3 in Sr2F2+,Fe2OS>). In LIBs, the average charge
voltage of the commercial LiCoO: cathode material is about 3.7 V, while the average
charge voltage of LiIMS; (M = Ti, Fe) is considered to be about 2.8 V, according to the
previous study.®® The sulfide generally shows much lower voltage than oxide, mainly
because the difference between S 3p bands and the electrochemical potential of Li is
much smaller than that of O 2p bands.’® It is worth noting that, benefiting from the
increase in the energy level of the oxygen, the oxyfluorosulfide SFFOS not only

exhibited about 3-fold the capacity of the oxyfluoride Sr3Fe>OsF> but also the potential
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penalty was significantly reduced compared to that in LIBs (Figure 6.25a, 0.397 vs.
0.449 V).

6.4 Conclusion

In summary, we have demonstrated high-performance SroF2Fe>OS; involving iron
and sulfide ion redox as cathode material for all-solid-state FIBs. The charge
compensation mechanism was disclosed for SFFOS, where sulfide ion redox
contributed to the whole voltage range from —1.5 V to 1.5 V against Pb/PbF», and
Fe™/Fe™ redox contributed from the middle state of charge. The ionic radius of sulfur
decreased with the increasing oxidation state, which created space in the Sr—S
interstitial layers to accommodate F~. The excessive F~ could also be inserted into the
Fe-anion stocks to form Fe—F bonds to achieve a high capacity of 403 mAh g ! (~6.1
F7). The S—S bonds were formed upon charging to extend the intercalated fluoride ion
sites, although the specific location and precise lattice structure still needed to be further
investigated. Although the sulfide ion redox reaction might suffer from the sluggish
kinetics at high state of charge, and the structure underwent irreversible local structural
change, which resulted in the capacity fading during the initial several cycles, the high
capacity of more than 340 mAh g! through fluoride ion intercalation in SFFOS could
be maintained for up to 20 cycles. Compared to the Fe-based layered oxyfluoride
Sr3Fe;OsF2, the Fe-based oxyfluorosulfide SFFOS reduced the energy density penalty
and exhibited a much higher capacity and a reasonable volumetric energy density. We
believe that this study could provide a new understanding of sulfur-based charge

compensation and electrochemical fluorination reactions.
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Figure 6.1 Crystal structural information of SFFOS. (a) Rietveld refinement of the SFFOS
sample, wavelength = 0.41491 A, R¢=4.08 %, Rwp= 8.17 %. (b) Crystal structure of SFFOS

expressed in terms of ionic radii.

Table 6.1 Structural parameters of as-prepared Sr2F2Fe2OS; determined from the

Rietveld refinement.

Atom  Wyckoff x y z Biso/ A2 Occupancy
Position

Srl de 05 05 01708(3) 0.790) 1

Fel  4c 05 0 0 079(4) 1

S1 de 0 0 0.09365(0) 0.83(6) 1

o1 2b 05 05 0 0.830) 1

FL  4d 05 0 0.25 0.83(0) 1

Space group: I4/mmm; Rwp= 8.17 %, Re=4.08 %; a = 4.0468(4) A, c = 18.0491(1) A.
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F S

Figure 6.2 Morphology and elemental distribution of as-prepared SFFOS by SEM and EDS

mapping analysis. The yellow squared area 1 and 2 represents the test areas for elemental

composition.

Table 6.2 Elemental composition obtained from the SEM-EDS mapping results.

Atomic ratio / %

Areas
Sr F Fe (0] S
Spectral 48 50 54 24 44
Spectra2 49 50 51 27 46
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Figure 6.3 Charge/discharge curves of a composite consisting only of VGCF and LBF solid

electrolyte in a weight ratio of 60: 10, at a current density of 10 mA g™! at 140 °C.
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Figure 6.4 Electrochemical properties of SFFOS using SFFOS|LBF|Pb/PbF; all-solid FIB cell. (a)

Charge/discharge profiles for the Ist and 2nd cycle at a current density of 10 mA g™! at 140 °C. (b)
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Table 6.3 Comparison of gravimetric/volumetric energy densities based on active

materials between LIB and FIB.

Battery LIB FIB
Cathode LiCoO» SroF2FexOS)
Capacity / mAh g! 170 350
Density / g em™ 5.05 4.4
Anode Graphite La
Capacity / mAh g! 372 579
Density / g cm™ 2.20 6.16
Utilization ratio / % 100 100
Capacity ratio of anode/cathode 1 1
Weight ratio of anode/cathode 0.456 0.604
Volume ratio of anode/cathode 1.047 0.432
Average Voltage / V 3.7 2.14
Gravimetric energy density / Wh kg™ 432 466
Volumetric energy density / Wh L™! 1552 2304

The extra part such as current collector, electrolyte, battery shell, separator, conductive

additives, binder, etc. are not involved in the calculation.
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Figure 6.5 (a) XRD patterns of SroF»+:Fe2OS; during the 1st cycle. An enlarged view of 26 =
25-28° is shown on the right side. The cathode composite contains solid electrolyte LBF, and the
diffraction patterns of LBF can also be regarded as the calibrant. (b) The changes of lattice
parameters a and ¢, and volume expansion during the Ist cycle. (c) XRD patterns of
St2F2+.Fe20S: during the 2nd cycle. An enlarged view of 26 = 25—28° is shown on the right side.

(d) The changes of lattice parameters a and ¢, as well as volume expansion during the 2nd cycle.
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Table 6.4 The lattice parameters of the as-prepared solid electrolyte LagoBao.1F2.9, and

the solid electrolyte in the cathode composites after ball-milling process.

Samples La,,Bag,F,, P3cl
| 1
ab/A c/A VA3
as-prepared La, ,Ba, |F,, 7.224(2) 7.388(2) 333.947(0)
30% cathode composite 7.229(3) 7.394(5) 334.681(6)
40% cathode composite 7.239(1) 7.405(2) 336.135(8)

Table 6.5 The fitted Full Width at Half Maximum (FWHM) of LBF 002 diffraction

peak and SFFOS 103 diffraction peak, and the calculated crystallite size.

FWHM / o Crystallite FWHM / o Crystallite
Sample LBFoz 20/ /nm  SFFOSws 2/°  7am
as-prepared
g 0.1922  24.071 41.8 ; ; ;
0
30% cathode ) hg 15 24048 28.5 04880 26611 165
composite
0
40% cathode ) 2516 54014 24.9 1.177 26499 6.8
composite
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Table 6.6 Refined lattice parameters and space group for SroF2+,FeoOS» during the 1st

cycle.
Samples Sr,F,, Fe,0S, P4/mmm Sr,F,Fe,08, I4/mmm
T 1
abl A clA v/ A3 abl A clA v/ A3
SFFOS - - - 4.049(7) 17.999(0) 295.177(8)
x=1 4.112(6) 17.822(0) 301.431(2) - - -
x=2 4.141(4) 17.885(1) 306.805(6) - - -
x=3 4.148(2) 17.902(9) 308.079(4) - - -
x=4 4.151(3) 17.904(5) 308.538(8) - - -
Fullchg 4.153(2) 17.917(7) 309.056(5) - - -
(x=4.9)
Dischg  4.118(8) 17.777(7) 301.573(5) - - -
(x=0.18)
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Table 6.7 Refined lattice parameters and space group for Sr2F2+,Fe2OS; during the

2nd cycle.
Samples Sr,F,, Fe,08, Pd/mmm
/A c/A VIAS
| st-Dischg C4188) 17.777(7)  301.573(5)
=1 4.13109) 17.794(1)  303.794(1)
=2 4.141(1) 17.8333)  305.876(2)
=3 4.161(5) 179118)  310217(5)
=4 4.180(5) 17.9196)  313.130(9)
=5 4.189(9) 17.9006)  314.124(3)
Fullchg (x=5.4) 4.193(2) 17.97309)  316.131(0)
Dischg (x=0.11) 4.128(2) 17.785(5)  303.088(0)
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Figure 6.8 Changes in electronic structures for SroF2+Fe,OS, during the 1st cycle. (a) Fe K-edge

XANES at various fluorination states for Sr2F2+.Fe2OS; in the 1st cycle, the inset figure shows the

pre-edge variation. (b) The changes of £y summarized from the Fe K-edge XANES of

SroF21Fe;08S,. As-prepared SFFOS and a-Fe;Os are provided as Fe?*/Fe* references. (¢) F K-

edge XANES spectra. LagoBao 1F2.9 and FeF3 are provided as references. (d) S K-edge XANES

spectra. FeS, FeS,, and sulfur are provided as references.

219



S —— SFFOS

@© FeS,

~ —FeS

> FeO

‘0

cC

.

=

©

o

N

©

£

—

ZO Fe K-edge
7100 7110 7120 7130 7140 7150

Energy / eV
Figure 6.9 Fe K-edge XANES for the pristine Sr2F2Fe2OS;. FeS, FeSs, and FeO are provided as

references for different Fe?* electronic structures.

220



T T T T T

Normalized Intensity / a.u.

705 710 715 720 725 730
Energy / eV
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Table S8. EXAFS fitting parameters for various samples.

Sample Path N S¢ ¢62/x103A2 R/A R factor
S-Fe 4 0718  15.652)  2.66(3)
0.02185
S-Sr  4(H) 0718  8.96(3)  3.16(4)
» Fe-O 2(f) 1()  1020(7)  1.99(6)
Pristine 0.02407

Fe-S 4 1(f) 223(7)  2.7002)
S—F 4 1) 10.40(1)  2.47(2) 0.01860
S-S 4  1(f) 12.9209)  3.12(5)

S-S 1(H) 1D 1.007)  2.08(8) 0.02329

Ist-Fullcharge Fe-O/F 1(f) 3.83)  4.43(9)  1.93(1) 0.03512

S—F  1(f) 8.1(2)  19.06(4)  2.49(1) 0.03419

S-Fe 10 19 391(1)  2.31(1)  0.02892

Ist-Discharge ~ Fe-S  1(f) 1(D 11.68(2)  2.23(4)  0.02302

S—F 1) 42(5) 1249(4)  2.43(4) 0.04348

S-S 1() 1D 236(2)  2.09(8) 0.02039

2nd-Fullcharge Fe-O/F 1(f) 3.2(6)  477(5)  1.94(7) 0.00668

SF 1) 773) 1537(8)  2.502) 0.00992

S-Fe 1(f) 1D 1.007)  2.33(3) 0.02657

2nd-Discharge ~ Fe-S 1) 1(D 3.67(5)  2.23(8) 0.01385

S—F  1(f) 47(2) 13.10Q2)  2.480) 0.01940

The parameters N, So%, o, and R represent coordination number, amplitude reduction
factor, Debye-Waller factor, and atomic distance/bond length, respectively. f = fixed.
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Figure 6.19 Space filling model of SFFOS. (a) Pristine state. (b) Hypothetical intermediate
structure model, in which sulfur is oxidized to a zero-valence state, resulting in a contraction of
the ionic radius. (c) Assuming that 4 F~ ions are inserted into the 8g sites of the /4/mmm space

group, and the c-axis remains unchanged.
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Figure 6.20 Schematic of reaction mechanism of SFFOS during the 1st cycle. Probable space
filling models and ball-and-stick local configurations for different fluorination states are set
surrounding the central figure. At early state of charge, sulfide ion redox starts, accompanied by a
decrease in ionic radius, and fluoride ions predominantly insert into Sr—S interstitial layers. The
symmetry of the lattice structure is reduced after fluorination, and it is possible to classify it as a
P4/mmm space group. At near fully charged state, fluoride ions start bonding with Fe. Sulfur
forms S, units and gets further oxidized at this stage and the final valence state could be S,°. The
possible configurations in the Fe-anion stocks are shown in the blue frame. It has not been clear

where S—S bond and excess fluoride ions are in the charged SFFOS.

229




(a)3 —— 1st Dischg (b)
© - - R ot e L i
g x=2 7125+ Fe®* in a-Fe,0,
& °
Qo Fullchg %) 7120
< —— Dischg ~
§el u ° o o °
3 [ B0 0 SRR
= / 7115+ Fe?* in Sr,F,Fe,0S,
g = ® 1st-Discharge
S ) 7105 7110 7115 7120 ® Charge
y Fe K- ® Discharge
P4 = /. 1 L £ e g edge 7110 L ! L 1 ! L "
7100 7110 7120 7130 7140 7150 7160 o 1 2 3 4 5 6 7
( ) = _::2 Piechg 7 3 | — 1stDiscng S-S bond
b x=2 B o= S-Fe
% interaction
= = *
7} ; 7}
qc_) — Fliulichg qC) 3y
— —— Fullch
€ | —Dischg , = jumm Dischg
o} ] \\ N s ©
g") ,I ‘\\___;,__ ——— ﬁ ,’T\ PO
A ,' Fe':3 B P ey \\ pid V_,_._~—-:.‘_:
@ Il @© o 4 'I.’\~ < 7
= il £ |--- FeS, | A
5 ) (s o |- Sulfur /.7 e
= t—---"" F K-edge Al T R S K-edge
680 685 690 695 700 2460 2465 2470 2475 2480 2485
Energy / eV Energy / eV

Figure 6.21 Changes in electronic structures for SroF»+,Fe;OS; in the 2nd cycle. (a) Fe K-edge

XANES patterns at various fluorination states, the inset figure shows the pre-edge variation. (b)

The changes of E¢ summarized from the Fe K-edge XANES of Sr2F2+Fe,OS,. As-prepared

SFFOS and a-Fe;0s are provided as Fe?*/Fe’* references. (¢) F K-edge XANES spectra.

LagoBag.1F2.9 and FeF; are provided as references. (d)

S K-edge XANES spectra. FeS, FeS and

sulfur are provided as references.
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Table 6.9 Atomic parameters of the pristine SFFOS.

Atom Wyckoff x y z Oxidation
Position state

Srl 4e 0.5 0.5 0.1708(3) +2

Fel 4c 0.5 0 0 +2

S1 4e 0 0 0.09365(0) —2

01 2b 0.5 0.5 0 -2

F1 4d 0.5 0 0.25 -1

Table 6.10 Atomic parameters of the hypothetical SroFsFe;OS,.

Atom Wyckoff x y b4 Oxidation
Position state
Srl 4e 0.5 0.5 0.1708 +2
Fel 4c 0.5 0 0 +2
S1 4e 0 0 0.048 0
Ol 2b 0.5 0.5 0 -2
F1 4d 0.5 0 0.25 -1
F2 8g 0 0.5 0.11 -1
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Figure 6.22 i*-Weighted Fourier transform magnitudes of (a) Fe K-edge, (b) S K-edge, and (c) Sr

K-edge EXAFS at various fluorination states during the 2nd cycle.
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the Fe—S bond length is shorter compared to the pristine state. Not all F~ ions in the Sr—S

interstitial layers are extracted. The S—S bonds form near the fully charged state, and the

crystallinity is recuced due to the excessive F~ ion insertion. It has not been clear where S—S bond

and excess fluoride ions are in the charged SFFOS.
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Figure 6.24 (a) Galvanostatic Intermittent Titration Technique (GITT) measurement conducted on
the 2nd cycle at a current density of 10 mA g~!, with a 12-hour relaxation period after every
current pulse. (b) The open circuit voltage obtained from GITT measurement during the 2nd

charging process.
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Figure 6.25 (a) Comparison of charge/discharge profiles between Sr3Fe2OsF» and SraF2Fe,OS;

during the 2nd cycle, the average charging voltages are marked in the figure. (b) Comparison of

the open circuit voltage between Sr3Fe;OsF» and SraF2Fe,OS; during the 2nd charging process.
For Sr3Fe>OsF», it was proved in our previous research that the Fe?*/Fe3* redox contributed to the
charge compensation. And for SroF,Fe>0S,, Fe?*/Fe?* redox starts from the middle state of charge

(x > 3 in SroF2+,Fex08,).
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Chapter 7 General Conclusion

All-solid-state fluoride ion batteries (FIBs), recognized for their extraordinary
theoretical energy density and high safety, are considered as a potential next-generation
energy storage device alternative to lithium-ion batteries (LIBs). Currently, the research
on FIBs is in its nascent stage, necessitating continuous iterations and development of
the high-performance electrode materials comparable to the LiCoO|Graphite LIBs.
Pioneers in this field have provided invaluable insights, including elucidating the
conversion reaction mechanisms of the metal/metal fluoride electrodes, and developing
a class of intercalation-type electrodes that follow a topotactic (de)fluorination
mechanism similar to that of LiCoOsz. In this study, we initiate our discussion with the
objectives of achieving a zero-carbon society and the development of electric vehicles,
tracing the history of LIBs and shifting our focus to the future of FIBs. We have
modified a kind of the conversion-type cathode material, the composite material
prepared by a facile method has exhibited excellent practical performance.
Subsequently, we have developed several types of intercalation cathode materials with
different reaction mechanisms, including the use of multi-electron reactions of
transition metals or transition metal/anion redox reactions for charge compensation,
achieving high capacity, high energy density, and high rate capability. Using
synchrotron radiation X-ray absorption spectroscopy (XAS) techniques, we have
attained a more comprehensive and integrated understanding of these reaction

mechanisms.

In Chapter 1, we discuss the history and working principles of LIBs, based on
which we introduce the concept of fluoride ion batteries, research progress, current
challenges, and the motivation of this study. In Chapter 2, we employ a facile ball
milling method to synthesize Cu/Cu,0 nanocomposite cathode materials, achieving

superior cycle and rate performance compared to metal copper cathodes. The Chapter
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3 details the electrochemical performance of CuLaO; intercalation-type cathode
material and the elucidation of the multielectron reaction mechanism using XAS. The
2D diffusion pathway allows for rapid F~ diffusion in the lattice structure. Chapter 4 to
6 extensively utilize anion redox reactions for charge compensation, leading to the
development of high-capacity FIB cathode materials. Chapter 4 demonstrates that
fluoride ions can insert not only into both the two interstitial layers of the
Ruddlesden—Popper LaxNiO4+q4 structure but also into the perovskite slabs, achieving
high capacity through the charge transfer from Ni and O redox reactions. Chapter 5
presents infinite-layer LaNiO, cathode material, exhibiting high capacity and excellent
rate performance. This chapter also proves the relatively high reversibility of O
molecule formation/deformation mechanisms by RIXS measurement. In Chapter 6, we
utilize sulfur redox for the first time in all-solid-state FIBs. This compound features a
unique structure and interesting reaction mechanism, with the observation of stable S—S
dimers in the charged state. Its stable structure allows for excess fluoride ion
(de)intercalation, achieving high reversible capacity. These studies demonstrate that
utilizing anion redox reactions can enable intercalation-type cathode materials to
achieve high capacity, high energy density, and good cycle stability in solid-state

systems, undoubtedly filling us with hope for the future of fluoride ion batteries.
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