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Chapter1 General Introduction
1-1 high-temperature solid-state reaction

The simplest and the most fundamental method for synthesizing inorganic materials, such as alloys,
glasses, and ceramics, is a solid-state reaction in which the powder starting materials are mixed and
heated using a furnace and is also known as the shake-and-bake method!'#!. In the solid-state reaction,
the constituent elements of the precursors must diffuse through the contact points between the powders
for the reaction to proceed. Due to the slow atomic diffusion in the solid phase, sufficient diffusion of
each element is often achieved using high-temperature heating for a long time to obtain a nearly single-
phase product. High-temperature heating generally results in the production of a thermodynamically

stable product and the agglomeration of product particles.

1-2 Low-temperature synthesis of materials

Lowering the reaction temperature is employed as a fundamental approach to obtaining novel
materials. DFT calculation of formation enthalpy indicated that the inorganic materials already
synthesized are not always thermodynamically stablel], and thermodynamically metastable phases

6. 71 catalysts[®-1%, and

can exhibit better performances than stable ones including superconductors
superionic materials(!'"'3], Furthermore, heating at low temperatures suppresses decomposition at
high temperatures, changes in composition due to the volatilization of consistent elements like Sulfur,

and aggregation of product particles. The reaction temperature can be altered by using different

reaction pathways and starting materials! 4], or by using a liquid phase!!'>-°1,

1-3 Approaches for low-temperature synthesis
1-3-1 High-energy ball milling

High-energy ball milling is a mechanical approach to obtaining fine powders, glasses, and amorphous



materials!?’l. The starting materials are sealed in the pots with balls and rotated at a certain rate. The
milling shortens the diffusion length required for the reaction to happen. By using a high-energy
planetary ball mill and subsequent heat treatments, sulfide glass and glass ceramics such as Li3PS4 and

Li7P3Si; are synthesized and studied as solid electrolytes?! 221,

1-3-2 Solid-state metathesis reaction

Recently, solid-state metathesis reactions have been developed as a thermodynamical approach in
which the reaction is initiated by heating at low temperatures and finishes in a short time[?* 241, In the
metathesis reaction, the precursors exchange the components with each other and produce materials
with byproducts. When the product AB is synthesized by the simple reaction between each element,
the reaction can be expressed as the equation (1). The metathesis reaction is generally represented as
the following equation (2), where AB is the target material and XY is the byproduct.

A+B—AB(1)
AX +BY - AB + XY (2)

The reaction is thermodynamically driven by the large reaction enthalpy enhanced by the formation
of thermodynamically stable byproducts. By using an alkali(earth) metal compound and metal halides,
many materials such as oxides[?*), nitrides??® 271, and sulfides!?®! can be obtained with alkali(earth)
halides by reaction for several seconds. These reactions generate large amounts of heat and proceed in

a self-promoting manner.

1-3-3 Liquid-assisted solid-state synthesis
Liquid-assisted solid-state synthesis uses a liquid solvent to accelerate the reaction followed by

16,29-31

heating the solution to produce a product powder! 1 The liquid phase including molten salts, water,

and organic solvents provides the uniform distribution of consistent elements which favorable for the



reaction. The Sol-gel method also has been employed to obtain the oxide materials at low
temperatures®2l. Oxide solid electrolyte, Lis;LasZr,O12 (LLZ), usually requires sintering at about
1000 °C or higher to synthesize from oxide precursors!®3l. The sol-gel method is another way to obtain
LLZ only with low-temperature heating around 700 °CP#). More recently, the water vapor-assisted
solid-state reaction of dielectric oxide, BaZrQOs, is reported!!”). In the WASSR, a small amount of water
is added to the starting material to accelerate interfacial reactions by covering the particle surface with
water and increasing the reaction rate. However, due to the limited theoretical understanding of the

reaction, each reaction condition must be determined by experiments.

1-4 Understanding of the synthesis reaction of solid-state materials

The energy landscape has been used in organic chemistry, physics, and biochemistry. The energy
landscape is a multi-dimensional curved surface map that shows the relationship between different
configurations and is the function of temperature, pressure, reaction process, precursor structure, and
composition. Figure 1-1 shows the schematic image of the energy landscape where four different
reactions are represented as colored arrows. By using the energy landscape, it is possible to design the
synthesis reaction of the target substance. If the free energy of the target material is the lowest in the
reaction pathway and decreases along the reaction proceeds as shown in fig. 1-1 as reaction route 1,
the reaction to produce the target material can be successful. When thermodynamically competing
materials exist such as route 2, additional treatment is necessary for the selective synthesis. However,
creating multi-dimensional energy landscapes for inorganic materials is undergoing since quantitative
knowledge is limited. Although the thermodynamic feasibility of a reaction can be predicted from the
reaction enthalpy change, the thermodynamic stability does not fully express the synthesizability of
target materialsl®l. Thus, the reactions to synthesize solid-state materials must be understood from both

thermodynamics and kinetics.



Figure 1-1: Schematic image of energy landscape which visualizes the energy change during the
reaction modified from the reported one by M. Dmitri ef all**. Red and white arrows were added to

represent the possible reaction pathways with different energy minima.

1-4-1 Thermodynamics of the synthesis reaction of solid-state materials

Thermodynamics is the study of the transformations of energy. The free energy change (AG) indicates
that the reaction can proceed spontaneously when the AG is negative under ambient conditions. AG is
the sum of the enthalpy change (AH) and the product of the absolute temperature (7)) and the entropy
change (AS). Phase diagrams and reaction coordinate diagrams are used to explain reactions based on
thermodynamics. A phase diagram generally shows the state at a certain point, with composition on
the horizontal axis and temperature on the vertical axis. Since the phase diagram tells the composition
at equilibrium, phase diagrams are widely used to design reactions. On the other hand, it is necessary
to reduce the number of variables by projecting a multi-dimensional complex system onto a certain

surface to improve readability.



1-4-2 Kinetics of the synthesis reaction of solid-state materials

In the solid-state reaction, several models assuming ether nucleation, geometrical contraction,

diffusion, or reaction order as rate-limiting processes have been employed to rationalize the solid-state

kinetics. These reaction models describe the reaction assuming different mechanisms. Nucleation

presumes that the formation and growth of nuclei restrict the reaction. Geometrical contraction deals

with the progress of the product layer and is affected by the morphologies. Diffusion assumes that the

diffusion of consistent elements to the reaction sites governs the reaction limit. Reaction order

describes the reaction in the same way as a homogenous system.

Table 1-1 lineup the reaction rate equation of proposed models by A. khawam and D. Flanagan!3°l,

Table 1-1 Solid-State Rate Expressions for Different Reaction Models

Muodel

Dillerential Form" f{a) f-ﬂ

£ Integral Form™ gix) = k¢

Nucleation models
Power law (P2)

Power law (P3)

Power law (P4)
Avarami-Erofe’ev (AZ)
Avarami-Krole'ev (A3)
Avarami-Erofe’ev (Ad)
Proul—Tompkins (B1)

Geomelrical Contraction models
Contracting area (R2)
Contracting volume (R3)

Dillusion models

1-1 diffusion (1)

2-D diffusion (D2)

3-D diffusion-Jander eqn.(1:3)
Ginstling-Brounshtein (D4)

Reaction-order models
Zero-order (FO/R1)
First-order (F1)
Second-order (F2)
Third-order (F3)
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Diffusion is often the rate-limiting step in the solid-state reaction. Although the constituent elements

of the precursors must diffuse through the contact points between the powders for the reaction to

proceed, the diffusion coefficient in the solid phase is about 10-'° cm?/s, which is lower than that in



the liquid phase (105 cm?/s) and the gas phase (107! cm?s) by more than five orders of magnitude.
Due to the slow atomic diffusion in the solid phase, sufficient diffusion of each element is often
achieved using high-temperature heating since the diffusion coefficient in the solid phase depends on

the temperature.

1-5 In-situ X-ray diffraction measurement to understand the synthesis reaction

In recent years, in situ X-ray diffraction techniques have been used to quantitatively understand
processes during reactions3”4], In-situ XRD can visualize the phase evolution of crystalline products
depending on the time and temperature. Synchrotron XRD has been used due to the higher angle
resolution, detection sensitivity, and response than conventional XRD which employed CuKa radiation.
For example, the reaction of Y03, Ba(OH),, and CuO oxide starting materials to produce the
superconductor YBa,Cu3O7 was investigated by using synchrotron diffraction. It was found that the
reaction was primarily driven by thermodynamics and secondly kinetics including the formation of a
liquid Ba-Cu-O phase governing the reaction*®l. A comparison of the reactions using elemental Fe, Si,
S or FesSs, FesSi, S revealed that Fe,SiSs4 is formed quickly by circumventing the slow reaction

between Si and S[31.

1-6 Selection of materials
MgCr,S4 had attracted attention as a positive electrode material candidate for Mg secondary
batteries*”> 48], and Li;YCls has been actively studied in recent years as one of the chloride solid

electrolytes for all-solid-state Li secondary batteries! 3,

1-7 Secondary battery materials

The all-solid-state Li secondary batteries have advantages since replacing combustible organic



electrolytes with flame-retardant inorganic solid electrolytes improves the thermal stability of battery
cells. Moreover, using a Li metal anode increases the specific capacity. In addition, oxide and chloride
solid electrolytes are expected to be applied to the next-generation batteries, and the synthesis methods

and properties of new electrolytes have been actively researched

1-7-1 Ternary spinel sulfide MgCr2Sy4

MgCr,S4 has been anticipated to have a high specific capacity (209 mA h g!') and energy density
(244 W h kg?'), a relatively low Mg ion diffusion barrier of 540 meV from first-principles
calculationsP!l, and was a candidate of cathode material for Mg ion batteries. It has been expected that
Mg batteries can exhibit higher specific capacity than Li ones because the charge carrier is divalent
Mg ions. The Mg metal cathode is also attractive since Mg is hardly deposited in a dendrite shape.
Already, the intercalate and deintercalation of Mg in chevre sulfide MosSs and the operation of
MosSs/THF/02-6 (Mg(AICLEtBu,)/Mg battery has been reported. The cubic Ti>S4 spinel also has
exhibited a capacity of 200 mAh using an organic electrolyte, APC/tetraglymel>?]. Since MgCr,S; is
thermodynamically stable, MgCr»S4 is successfully synthesized from elemental Mg, Cr, and S. Figure
1-2 shows the schematic image of the synthesis reaction of MgCr2S4 reported by A. Wustrow et al.
Neary phase pure MgCr.S4 was obtained using excess MgS and washing with acid. However, the
synthesis of MgCr2S4 took over one week since the reaction between MgS and Cr,S3 is slow due to
the small reaction enthalpy change even at 800 °C. Furthermore, MgCr,S4 decomposes into MgS and
Cr2S3 when heated above 900 °C, suggesting that the reaction at a higher temperature will not yield a
nearly single-phase product.

The synthesis and charge-discharge capability of MgCr,S4 was been investigated whereas the recent
studies on the charge reaction of MgCr,S,4 revealed that MgCr,S4 does not exhibit charge capacity due

to framework instability.
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50% MgS 75% MgS
50% Cr.S, 25% Cr,S,

Figure 1-2: Schematic image of the synthesis reaction of MgCr»S4 from the mixture of MgS and Cr»S3

reported by A. Wustrow et al.

1-7-2 Ternary chloride LisMCls (M=trivalent element)

LisYCls has been attracting attention as a chloride solid electrolyte for all-solid-state Li batteries
since it showed a high Li ion conductivity of about 1 mScm™. Figure 1-3 shows the structures and
ionic conductivity of ternary chlorides made by X. Li et a/l*. This figure depicts the variety of
structures of chlorides. The all-solid-state battery using LizYCls, and LiCoO; as the cathode active
material and Li-In alloy anode have been reported to operate for 100 cycles*’l. LisYCl is synthesized
by planetary ball milling or high-temperature heating of a mixture of 3LiCl and YCl3, and crystalline
samples with slightly different structures are obtained depending on the synthesis conditions>"l.
LisYClg is crystalized with a layered structure in which Li and Y partially occupy octahedral spaces
in the hexagonal close-packed lattice formed by Cl. The stacking fault along the c-axis in LizYCls
which was produced only by mixing has been revealed. Furthermore, the correlation between the
atomic displacement of Li in the structure, the occupancy of Y, and the volume of the octahedron have

been shown from neutron diffraction®”). In this study, I assumed that synthesis using salts consisting

11



of low valent anions and cations including Li* and Cl-is expected to result in high diffusion rates due

to weak Coulomb attraction. For example, it has been reported that the reaction between AgCl and

layered YCls proceeds at temperatures below 400 °CF4,

Sa Lo Li InCl,
o 2 LL,InBr, (HT phase)

LL,YC,, Li,YbCl,
ccp, monociinic

LIAICI, LiGaCl,
Suzuki Liinl,

L,ZnX,(X=F.CL,Br) ° ulmr Li,FeCl,, Li,MnBr,

‘IE-OZI
1E-03!
1E-04~!
|E-O5~|
1E-06!

2 1E-07;

lonic Conductivity (S/cm) oo

nl
b 1608 d....
o

LiF-YF.

————d

1E-09
M=8c,Y, La-Lu M=Al Ga, In M = divalent metal

Halide-based SSEs LiMX, (X = F, Cl, Br, )

Figure 1-3: Structures and Li* conductivities of ternary halide-based solid-electrolytes reported by X.

Lietal
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1-8 Aim and strategies of this work

In this study, I synthesized MgCr»S4 and LizY Cls at low temperatures and discussed their reactions.
Specifically, I proposed two strategies to lower the reaction temperature; 1) the increase in the reaction
enthalpy change using the metathesis reaction and the enhancement of the diffusion coefficient by the
presence of the liquid phase for the synthesis of MgCrS4, and 2) the weak Coulombic attraction
between the anion, CI', and cation, Li*, in the starting materials of the solid-phase reaction, that leads
to high diffusion rates and lowers the reaction temperature for Li3 Y Cls. The structure of this paper is

shown below.

1-9 Contents of this paper

The second chapter reports the low-temperature synthesis of MgCr,S4 by modifying the reaction
process. In this study, the five-dimensional K-Mg-Cr-S-Cl phase diagram was transformed into a
pseudo-three-dimensional Na,S-MgClL-CrCls phase diagram by calculating the reaction enthalpy
from the starting material to the product based on the first-principles calculation. Based on the
projected quasi-ternary phase diagram, I focused on the synthesis of MgCr,S4 using the metathesis
reaction, in which ionic recombination occurs between the starting material and the product. The
metathesis reaction of MgCr2S4 adopted in this paper: 2NaCrS; + MgCl,—MgCr,S4 + 2NaCl has a
AH,ex of =47 kJ mol’!, which is a reaction enthalpy change compared to the solid-state reaction MgS
+ Cr2S3 — MgCr2S4 (-2kJ/mol) is more than 20 times larger. Furthermore, by using molten salt, which
is a liquid phase with a high diffusion rate, as a flux, the diffusion rate at low temperatures was
improved, and the reaction rate was improved even at a low temperature of 500°C compared to the
previous report that used heating for two weeks at 800°C. A novel low-temperature synthesis of
MgCr,S4 has become possible in as short a time as 30 minutes.

Chapter 3 reports the discovery of the novel polymorphs of LisYCls using the in-situ observation

13



method. In-situ XRD measurements revealed the existence of a novel polymorph of LizYCls, the
average structures were determined by Rietveld analysis and the local structure was clarified by "Li
NMR and X-ray absorption. The occupancy of Y in the crystal structure and lattice volume of each
polymorph changed slightly with synthesis. Furthermore, I clarified the changes in the surrounding
environment of Li from the ionic conductivity obtained from the AC impedance method Moreover,
the reversibility of the phase transition reaction was confirmed by annealing the high-temperature
phase.

Chapter 4 summarizes the types of metastability and determined the metastability of LisMCls. The
type of reaction coordinates and designs to obtain metastable phases proposed so far are revisited.
From the annealing of Li3 Y Cls shown in Chapter 3, it was clarified that the high-temperature phase of
Li3YCls with formula weight Z=3 in the crystal structure is “remnant metastable” at ambient
temperature.

Chapter 5 summarizes the low-temperature syntheses of MgCr,S4 and LizY Cls mentioned above, and
emphasizes the importance of understanding thermodynamics and kinetics for lowering the

temperature of material synthesis.
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Chapter 2 Low-temperature synthesis of MgCr,S4
2-1 Problems of high-temperature synthesis

Synthesis is the bedrock of inorganic materials chemistrylll, serving as the first step to any further
investigation into the structure-property relationships of materials. For ceramic materials, the
traditional approach to solid-state synthesis involves grinding or milling precursors into powder form,
followed by the firing of these precursors at high temperatures to form more complex materials. While
this approach has led to the synthesis of many inorganic materials, it remains limited by many
thermodynamic and kinetic constraintsl?l. For example, the synthesis temperature should be high
enough to facilitate fast diffusion and reaction kinetics, but low enough that the target compound does
not melt or decompose. However, high temperatures also lead to the ripening of large particles, which
eliminates interfaces and thereby reduces reaction kinetics!®l. Because of these often conflicting
constraints, solid-state synthesis occasionally proceeds with slow reaction kinetics, non-equilibrium

intermediates, or impurities*-%], which hinder the phase-pure synthesis of the desired target material.

2-2 Synthesis and properties of MgCr;S4

One such material that has proven difficult to synthesize via traditional solid-state synthesis is
MgCr,S4 thiospinel. In the search for Mg-ion cathode materials beyond the dominant Chevrel MosSs
phasel’l, Mg-thiospinels emerged as a promising class of compounds. Thiospinels benefit from a soft
sulfur anion sublattice, which enhances Mg-ion mobility compared to oxides, and a spinel framework,
which provides a favorable tetrahedral — octahedral — tetrahedral Mg?" migration path with a low
diffusion barrier® %, MgTi,S4 was the first demonstrated Mg-thiospinel cathode material, successfully
cycled at a C/5 rate at 60 °C and achieving a specific energy density of 230 W h kg '[1-10- 111 ' M, Liu
et at. reported the computational search for other candidate Mg-thiospinels found MgCr»S4 to possess

compelling properties, including a high specific capacity (209 mA h g'!) and energy density (244 W
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h kg "), as well as a relatively low Mg-ion diffusion barrier of 540 meV!'%. Notably, MgCr,S4 was
calculated with density functional theory (DFT) to fall upon the Mg—Cr—S convex hull, meaning it is
thermodynamically stable concerning competing compounds and should therefore be synthesizable

Following this prediction, Wustrow et al. successfully synthesized MgCr,S4 through a traditional
solid-state synthesis approach—although it was found to be a laborious reaction!'?]. Starting from
elemental (Mg + Cr + S) precursors, the binary sulfides, MgS and Cr»S3, formed rapidly upon heating.
However, the subsequent reaction from MgS + Cr»S; to ternary MgCr,S4 required holding at 800 °C
for two weeks, with numerous intermediate regrinds. Notably, the reaction could not be accelerated
by carrying out the synthesis at higher temperatures as MgCr,S4 decomposes into MgS and Cr;S;
above 900 °C. Although MgCr,S; is indeed a thermodynamically stable compound, I calculate the
driving force (reaction enthalpy, AH;) for its formation from MgS + Cr2S3 to be extremely small (-2
kJ mol™!, Eqn. (2-1)).

MgS + Cr2S3 — MgCr,S4; AH; = -2 kJ mol™! (2-1)

All reaction energies in this work utilize the publicly available DFT-calculated thermochemical data
in the Materials Project database (Methods). The slow reaction kinetics observed by Wustrow et al.
can be attributed to this small thermodynamic driving force. Moreover, long synthesis times can lead
to the ripening of large MgCr,S; particles, which reduces the interfacial area needed to activate Mg-

ion intercalation and further slows down the reaction kinetics.

2-3 Aim of this chapter
In this chapter, a new low-temperature synthesis of MgCr»S4 is proposed. The effect of the increase
in the reaction enthalpy change using the metathesis reaction and the enhancement of the diffusion

coefficient by the presence of the liquid phase on the product were also discussed.
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2-4 Metathesis reaction

Metathesis reactions offer an intriguing synthesis route to solid-state materials with otherwise small
reaction energies. In a metathesis reaction, an alkali or alkaline earth metal compound is combined
with a metal halide, which drives a highly exothermic double ion exchange reaction. For example, a
compelling metathesis reaction for MgCr,S4 can be written as:

2NaCrS; + MgCl, — MgCr,Ss + 2NaCl; AH; = —47 kJ mol™! (2-2)

The >20x increase in thermodynamic driving force from AH, =2 kJ mol™! to —47 kJ mol ™' is because
Na* and C1™ are separated in the precursors but rejoined to form the very stable NaCl salt on the product
side. Along with a dramatic increase in reaction enthalpy, other advantages afforded by metathesis
reactions include faster reaction kinetics and the potential to form nanocrystals and porous materials!!3].
Not only can metathesis reactions be used to synthesize stable materials with otherwise small reaction
energies, but the increased thermodynamic driving force and fast reaction kinetics also afford the

synthesis of metastable materials!'¥], as were previously demonstrated on nitrides!'3 15171 sulfides!!3:

18, 19 20-22

1, and oxides!?*-?21. Motivated by the metathesis reaction shown in Eqn. (2-2), I designed a two-

step sequential metathesis reaction to synthesize MgCr»S4, as visualized in Scheme 2-1.
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Na,S, CrCl, KCI, MgCl,

Na,S:CrCl, = 2:1, 2.05:1, 2.5:1 KCl:MgCl, = 2:1
Mixed at 450 rpm Mixed at 450 rpm
for 14 h for4 h
NaCrS,, NaCl, (Na,S) Mixture of KCI-MgCl,

NaCrS,:MgCl, = 1:5
Heat at 500 °C

MgCr,S,, NaCl, KCI, MgCl,

Washed with distilled water

|

MgCr,S,

Scheme 2-1: Two-step metathesis flux synthesis of MgCr2Sa.

In the first reaction, I ball-milled CrCl; and NaxS to form NaCrS» (Eqn. (2-3)). This reaction is highly

exothermic (AH: =—359 kJ mol ") and proceeds even without external heating.
CrCl; + 2NayS — NaCrS; + 3NaCl; AH, = =359 kJ mol™! (2-3)

To conduct the metathesis reaction described in Eqn. (2-2), I next heated the byproducts from Eqn.
(2-3) in a KCI-MgCl, flux at 500 °C in a nitrogen atmosphere. I prepared the KCI-MgCl, flux at the
eutectic composition of KCl:MgCl, = 2: 1, which has a melting point of ~430 °C[?3l. T chose to
conduct the reaction in a mixed chloride flux media because the eutectic temperature of a mixed
chloride flux can be relatively low, which provides a liquid reaction media to facilitate fast diffusion
kinetics. Here, I considered LiCl, NaCl, and KClI as candidate flux chemistries to mix with MgCl. I
disqualified a LiCI-MgCl, flux because the ion-exchange reaction of NaCrS, with LiCl has a favorable
driving force to form LiCrS,, which could compete with the formation of MgCrS4 (Eqn. (2-4)). I also

disqualified NaCl-MgCl, as a potential flux media because NaCl is a byproduct of the metathesis
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reaction, meaning the NaCl composition of the flux would change as the metathesis reaction proceeds.
Any deviation away from the eutectic composition would increase the melting temperature of the
NaCl-MgCl, flux; which, if increased too much, could cause the flux to solidify and thereby disrupt
the reaction. KCI-MgCl, emerges as the ideal flux media, because the formation of KCrS; from
NaCrS; + KCl is not thermodynamically favorable (Eqn. (2-5)), and the eutectic point of KCI-MgCl,
(~430 °C) is lower than that of NaCl-MgCl, (~445 °C)?4, Furthermore, the formation of NaCl
byproduct in a KCI-MgCl, flux would lower the KCI-MgCl, eutectic temperature?*], and thereby
would not impede the flux-mediated reaction kinetics.
NaCrS; + LiCl — LiCrS; + NaCl; AH; = —16 kJ mol™" (2-4)
NaCrS; + KCl — KCrS; + NaCl; AH; = +33 kJ mol ™! (2-5)
These reaction thermodynamics are also straightforward to evaluate using the Materials Project

Reaction Calculator app, which can help guide the rational design of flux chemistries.

2-5 Experimental

I synthesized NaCrS: in a reaction between CrCl; and Na,S by ball-milling at 450 rpm in a zirconia
jar with zirconia milling media. I tried three molar ratios for CrCls:Na,S = 1:2 (stoichiometric),
1:2.05 (2.5% NaxS excess), and 1:2.5 (25% NaxS excess) producing NaCrS; and NaCl (Eqn. (2-3)).
In the second step, the ball-milled mixture of NaCrS; and NaCl was placed in a carbon crucible
together with the MgCl,—KCl flux at a molar ratio of NaCrS;: MgCl, = 1:5. The phase diagram of
MgCl,-KCl is shown as figure 2-1. The reaction was performed at 500 °C for 30 minutes in an inert
nitrogen atmosphere. After cooling, the synthesized products were washed with distilled water and

centrifuged in the air to remove the flux and excess MgCl, and NasS.
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Figure 2-1: phase diagrams of KCI- MgCl.. The molar ratio was determined to obtain the liquid phase

at 500 °C.

The thermodynamics for all reactions discussed in this work are obtained from density functional
theory calculations of the reaction enthalpy, AH:, as calculated using the Reaction Calculator app on
the Materials Project database!?’l. The deviation between calculated and experimentally obtained AH;
for solid-state reactions, such as those discussed in this work, is expected to be on the order of 5~10
kJ mol '26:27] T note that AH calculations do not account for the effects of temperature and entropy
on the free energies. For solid-state reactions, the TAS contribution to the free energy is generally
negligible when all products and reactants are solids. I demonstrated this by calculating the Gibbs
energies of reaction, AGy, at 1000 K for each of the reactions in this work using the model described
in ref. 28 (Table 2-1). AH; and AGr (1000 K) are —2 and —9 kJ mol™!, respectively, for Eqn. (2-1), and

—47 and —50 kJ mol™! for Eqn. (2-2). The syntheses were performed by two-step metathesis reactions.
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First, the reaction between CrClz (99%, Sigma-Aldrich) and Na,S (Nagao & Co., Ltd) with the molar
ratio of 1:2, 1:2.05 (2.5% NaxS excess), and 1:2.5 (25% NaS excess) were performed to produce
NaCrS; and NaCl. This reaction was performed by ball-milling at 450 rpm with a zirconia pot and ball.
The second step was the reaction of NaCrS, with MgCl,. This reaction was performed at 500 °C for
30 minutes in an inert atmosphere. The ball-milled mixture of NaCrS, and NaCl was placed in a carbon
crucible together with an MgClL—KCl flux: MgCl, (99.9%, Kojundo Chemical Laboratory), KCl
(>99.5%, Wako Chemicals). The molar ratio of NaCrS; to MgCl, was 1:5. After cooling, the
synthesized products were washed with distilled water and centrifuged in an ambient atmosphere to
remove flux and excess MgCl, and Na,S. XRD diffraction was measured by MiniFlex 600 (Rigaku).
The composition ratio was determined by EDX equipped with scanning electron microscopy (SEM:
TM3030). Morphology was observed by scanning transmission electron microscopy (STEM: Hitachi
HD-2000). The diffuse reflectance spectra of MgCr.S4 were measured using a UV-vis
spectrophotometer (JASCO V-750) at room temperature. Mott—Schottky plot measurements were
conducted using an ALS760Es electrochemical analyzer (BAS) at room temperature. The
electrochemical cell was made of Pyrex glass and was a three-clectrode-type system using Pt wire and
an Ag/AgCl electrode (in saturated KCI aqueous solution) as the counter and reference electrodes,
respectively. The pH of the electrolyte solution was adjusted to be 7.0 by mixing NaH,PO4-2H,0
(99.0-102.0%, Kanto Chemical) and Na;HPO4-12H>0 (>99.0%, Kanto Chemical), while keeping the

total phosphate concentration of 0.1 M.
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Table 2-1. Comparing reaction enthalpies, AH;, with Gibbs energies of reaction at 1000 K, AG(1000

K), for each reaction.

Eq AH, AG,(1000 K) Reaction
(kJ/mol) (kJ/mol)
1 -2 -9 MgS + Cr,S; — MgCr,Sy
2 -47 -50 | 2 NaCrS, + MgCl, — MgCr,S, + 2 NaCl
3 -359 -326 CrCl; + 2 Na,S — NaCrS, + 3 NaCl
4 -16 -5 NaCrS, + LiCl — LiCrS, + NaCl
5 33 36 NaCrS, + KCl — KCrS, + NaCl
2-6 Results

Fig. 2-2 shows the XRD characterization of the synthesis products. The ball-milling of Na,S and
CrCls indeed produced NaCrS; with NaCl byproduct, as anticipated from Eqn. (2-3). The reaction of
NaCrS; + NaCl in the MgClL—KCl flux resulted in MgCr2S4, Cr2S3, and MgO, where the ratios of these
products varied with the Na,S excess in the precursor (Fig. 2-2). For a stoichiometric ratio of
CrClz:NaxS = 1:2, I observed a coexistence of Cr,S; and MgCr>Ss. When the excess Na,S was
included in the synthesis of NaCrS, (Eqn. (2-3)), the Cr2S3 impurity from the flux reaction is

diminished. With 25% NaxS excess, the reaction yields nearly phase-pure MgCr2Sa.
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Fig. 2-2: XRD patterns of NaCrS, powder synthesized via ball milling from CrClz and Na,S, and
MgCrS4 powder synthesized by NaCrS; and MgCl,—KCl flux at 500 °C and subsequent wash with

water. Different molar ratios of CrCls : Na,S were utilized for producing MgCr»Sa.

All metathesis byproducts and flux media (KCI, NaCl, MgCl,, Na,S) and any possibly synthesized
MgS are soluble in water and were removed from the system by washing with distilled water. Although
our final product yields MgCr,S4 as the dominant phase, it contains MgO as a minor impurity. These

reactions were conducted in an inert nitrogen atmosphere, suggesting the incorporation of oxygen in
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MgO may have arisen from washing with water. To examine the effect of washing with water, I
performed the same synthesis reaction of NaCrS; with MgBr,—KBr flux, with excess MgBr; and NasS,
and subsequently removed metathesis products by washing with anhydrous methanol. In the MgBr;
synthesis, MgO still forms as an impurity phase, in fact with an even larger phase fraction than when

synthesized in the MgCl,—KCl flux (Fig. 2-3).

I J I = 1 g I o
+ MgO
£
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A T l . . T . l |l A
10 20 30 40 50 60
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Figure 2-3: XRD patterns of MgCr2S4 synthesized from NaCrS; and MgBr;-KBr flux with excess

NasS and subsequent washing with methanol.

This suggests that the oxygen does not originate from the water. Oxygen impurities may have
therefore already existed in the MgCl, or MgBr; precursors, or from a low but nonzero pO; and/or
pH20 in the nitrogen atmosphere.

I performed three control experiments to validate the importance of the designed synthesis parameters

for the metathesis reaction of MgCr;Ss. In our first control experiment, I reacted the traditional
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precursors MgS + CrS;3 in the MgClL—KCl flux at 500 °C for 30 min, and in the second control
experiment, I reacted NaCrS; + MgCl, without the flux at 500 °C for 30 min. Neither of these two

control experiments was found to form MgCr,S4 (Fig. 2-4 and 2-5, respectively).

A\V4 Z
" f ¥V NaCl |-

CrCl,:Na,5=2:3

Int. X5 Ball

milling

Cr,S;:MgS=1:1
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],,‘1 N [ - -

MgCr,S,
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Figure 2-4: XRD patterns of (black) the mixture of Cr,S3; and NaCl ball-milling of CrCl; and Na,S
in the molar ratio of 2:3 according to 2 CrCl; + 3 Na,S — Cr,S3 + 6 NaCl, and (red) the product of
the subsequent reaction between Cr2S3 and MgS with KCI-MgCls flux at 500 °C for 30 min and wash

with water. The product phase primarily shows Cr»S3, and no MgCr»S4 is seen.
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Figure 2-5: XRD pattern of the product of the reaction between NaCrS, and MgCl, without KCI at
(black) 500 °C and (red) 800 °C for 30 min. No Na,S excess was added. The reaction at 500 °C does
not yield MgCr,S4 peaks. The 800 °C sample does show MgCr,S4 peaks, whose formation is likely

facilitated by MgCl, melting at 714°C?],

The former reaction supports the importance of metathesis precursors, NaCrS; + MgCl,, while the
latter reaction supports the need for a liquid phase (i.e., MgCl,—KCl flux). For the third control
experiment, I reacted NaCrS, with MgCls at 800 °C, where MgCl, becomes liquid even without KCl
(the melting point of MgCl, is 714 °C). This reaction did form MgCr,S4, along with Cr2S3; impurity
(Fig. 2-5). This final control reaction shows that MgCl, liquid is important for this reaction, and the
presence of KCI enables this liquid phase to form well below the MgCl, melting point, decreasing the
required temperature from 714 °C to 430 °C. Together, these experiments show that the rapid synthesis

of MgCrS4 at 500 °C requires the metathesis precursors (NaCrS; + MgCl,) and the MgCl,—KCl flux.
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The reaction process was also examined by in-situ synchrotron XRD. Fig 2-6a depicts the
temperature dependence of peak intensities for the reaction. Peaks were colored blue to white
according to their intensities. All peaks can be indexed as starting materials under 700 K and were not
observed from 700 to 900 K, suggesting the melting of MgCl,-KCl flux and dissolution of NaCrS,,
NayS, and NaCl. The products crystalized under 700 K during the cooling down to 300 K. Fig 2-6b
shows the XRD pattern of the sample after heating and cooling. Only the temperature sweep between
300 and 900 K at the sweep speed of 30 K/min produced MgCr»Ss, indicating the importance of

metathesis reaction and flux.
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Figure 2-6: Synchrotron XRD measurement of reaction between MgCl,-KCl flux and NaCrS». (a) in-
situ XRD patterns during the reaction, and (b) XRD patterns of the same sample after cooling down
to 300 K. The peaks were not observed over 700 K which corresponds to the melting point of the flux,

K>MgCls, suggesting the molten flux was the key for the reaction.
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Rietveld refinement of MgCr,S4 synthesized from NaxS and MgCl, excess (Fig. 2-7a) shows that the
lattice parameter of MgCr2S4 is 1.01426(12) nm, agreeing with the previously reported MgCr2S4
synthesized by high-temperature solid-state synthesis (1.01415(2) nm)['?!, Rietveld refinement shows
no inversion between Mg and Cr sites in the spinel structure. Fig. 2-7b shows the STEM images and
corresponding EDX mapping of MgCr,S4 particles synthesized via metathesis reactions with Na,S
and MgCl, excess. The as-synthesized particles are 50-200 nm in size and 20—-50 nm in thickness. The
relative surface area of powder by N, absorption is found to be 55 m? g”!. These small MgCr,S4 particle
sizes result from the low temperatures and short reaction times of metathesis synthesis, which quench
the nanoparticles shortly after nucleation and before significant crystal growth occurs!'3l. This can be
contrasted against conventional solid-state synthesis, where high reaction temperatures and long
anneal times tend to yield large particle sizes due to Ostwald ripening and particle coarsening during
crystal growth!> 3%, The molar ratio of Mg/Cr/S determined by EDX of the product is 1/2.4/4.1, which
is close to the stoichiometric ratio of MgCr,S4. EDX mapping showed homogeneously distributed Mg

and Cr, further supporting the formation of MgCr»Sa.
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Fig. 2-7: (a) Rietveld profile of MgCr,S4 synthesized with excess NaxS. The residual is shown as the
blue line. (b) STEM image of MgCr»Ss platelet particles. The right side is STEM and EDX mapping:

red and green signals represent Mg and Cr signals, respectively.
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The electronic properties of MgCr»S4 are an important consideration for Mg-ion battery performance
and photochemical applications because Cr,S3 has been reported as an n- and p-type semiconductor
(band gap, Eg = 0.8 eV)B!. I measured the optical band gap of MgCr,S4 using diffuse reflectance
spectroscopy, which I estimate from the Tauc-plot to be 2.2 eV (Fig. 2-8). Using Mott—Schottky plot
analysis (Fig. 2-9), MgCr»S; is shown to be an n-type semiconductor with a flat-band potential of ca.

—0.6 V vs. Ag/AgCl at pH 7.0, indicating it is also a candidate H, evolution photocatalyst under visible

light radiation!3?],
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Figure 2-8: Tauc plot of MgCr2S4 powders synthesized under Na,S excess condition.
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Figure 2-9: Mott—Schottky plot of the MgCrS4+/FTO electrode measured in aqueous NaH,POs—
Na;HPOj4 solution (PO4* = 0.1 M) at pH 7.0. The electrode was prepared by electrophoretic deposition
in a 50 mL acetone solution (>99.5%, Kanto Chemical) containing 0.05 g MgCr2Ss powder
(synthesized under Na,S excess condition) and 10 mg iodine (>99.8%, Wako Pure Chemicals). Two
parallel FTO electrodes were immersed in the solution with ca. 15 mm separation, and a 20 V bias was
applied between them for 30 s using a potentiostat (PSW 80-13.5, GW Instek). The MgCr>S4-coated

area was fixed ca. 1.5 cm x 3.5 cm.

2-7 Discussion

The accelerated formation of MgCr2S4 during metathesis (~30 minutes) compared with solid-state
synthesis (~2 weeks) can be rationalized from the thermodynamic topology of each synthesis space.
Fig. 2-10a shows the ternary convex hull phase diagram for Mg—Cr—S, and Fig. 2-10b shows a pseudo-
ternary convex hull phase diagram for MgClL—CrCl—Na,S, which is a slice of the larger five-
component Mg—Cr—S—Na—Cl phase diagram. The color bar illustrates the ‘depth’ of the convex hull,

corresponding to the reaction energy at each composition relative to the precursor endpoints. Even
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though MgCr,S4 has a very favorable formation enthalpy of —1.289 eV atom™!, MgS and Cr,Ss also
have very negative formation enthalpies of —1.76 and —1.097 eV atom™!, respectively. In the Mg—Cr—
S phase diagram, the deepest point is at the MgS composition, meaning MgS acts as a thermodynamic
‘sink” in the traditional ceramic synthesis and explains why MgS tends to persist during the traditional
ceramic synthesis. Fig. 2-10c depicts the tiny energy gain to form MgCr:S4 along the MgS—Cr»S;3

reaction tie-line, which further underlies the slow reaction kinetics.
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Fig. 2-10: Ternary phase diagrams for (a) Mg—Cr-S, corresponding to a traditional ceramic synthesis

reaction, and (b) MgCl,—CrCl3—Na,S, corresponding to a metathesis reaction. The color bar indicates

the reaction enthalpy between the corners of each triangle and the convex hull, which represents the

minimum energy phase or a mixture of phases at each composition. For (b), AH; is calculated by

considering the formation of NaCl where appropriate and therefore is a pseudo-ternary representation

of the quinary Mg—Cr—S—Na—Cl chemical space. (c¢) Driving force for MgCr,S4 formation from three

routes, highlighted by their color in the corresponding pseudo-ternary phase diagram. The reaction

relevant to ceramic synthesis (Eqn. (2-1)) is shown in red, the metathesis reaction (Eqn. (2-3)) is shown

in blue, and the reaction that proceeds with excess Na,S + MgCl,, and consumes impurity Cr2Ss, is

shown in orange.
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On the other hand, the MgCl,—CrCl3—Na,S metathesis phase diagram exhibits a qualitatively different
thermodynamic topology. Here, each Mg—Cr—S composition must also be accompanied by a
stoichiometrically balanced amount of NaCl, which modifies the reaction energies at each composition
in the pseudo-ternary space. MgCr»S4 is balanced by 8 NaCl, whereas MgS is balanced by 2 NaCl,
NaCrS; by 3 NaCl, and Cr,S; by 6 NaCl. In the MgCl,—CrCl;—NaxS phase diagram, the inclusion of
NaCl shifts the deepest thermodynamic point from MgS to MgCr2S4 + Cr2Ss, which are indeed the
observed reaction products in Fig. 2-1 when synthesized without Na,S excess. The metathesis route,
therefore, enhances the selective synthesis of MgCrSs by relocating the thermodynamic sink in
composition space. Furthermore, because S is tied up with Cr in the NaCrS; precursor, MgS is unlikely
to form in the metathesis reaction, as this would require NaCrS, decomposition and subsequent
reaction of S with the MgCl, flux.

By increasing the amount of Na,S excess in the precursor, the diffraction peaks of MgCr.S4 became
dominant and the Cr>S3 impurity is eliminated (Fig. 2-1). This can be rationalized from Le Chatlier's
principle, as illustrated in Fig. 2-10c, where Cr,S3 impurities react with excess Na,S as well as excess
MgCl; from the flux, which further drives the reaction towards the MgCr,S4 product side. The reaction
between Cr2S3, MgCl,, and NayS (Fig. 2-10c, orange line) has a larger thermodynamic driving force
than that between NaCrS, and MgCl, (Fig. 2-10c, blue line). Operating with excess Na,S and MgCly,
therefore, encourages the formation of MgCr2S4 at the expense of the Cr2S3 impurity. Wustrow et al.
used a similar strategy in the traditional solid-state synthesis route, providing excess MgS to react with

Cr,S;3 impurities to achieve high-purity MgCr»Sa.
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2-8 Conclusions

In summary, I demonstrated low-temperature metathesis reactions as a powerful synthesis route to
inorganic materials with otherwise small thermodynamic driving forces. The formation of NaCl as a
byproduct not only increases the reaction enthalpy of forming the target phase but shifts the topology
of the phase diagram, changing the composition of the deepest point of the convex hull and thereby
enhancing structure-selectivity. Here, I demonstrated the metathesis synthesis of MgCr»S4 in only 30
minutes at 500 °C, in contrast to a two-week traditional ceramic synthesis at 800 °C with multiple
intermediate regrinds. Furthermore, the synthesized MgCr,Ss particles were 100-200 nm in size,
which is a smaller particle size than would be realized in a direct solid-state ceramic synthesis. Thus,
the metathesis synthesis of MgCr,S4 enables future studies of its electrochemical performance for Mg-
battery and photocatalytic applications.

From a more general perspective, the concept of the metathesis reaction broadens how we evaluate
synthesis and synthesizability. Traditionally, I take an ‘addition’ approach to materials synthesis, where
one mixes simple precursors to form a more complex multi-component material. In the metathesis
route, the reactions are driven by stable but removable byproducts, which include but are not limited
to alkali metal halides. For example, the reaction of chlorides/oxides with H>S or NH;3 gas could also
be used to synthesize sulfides, oxysulfides, nitrides, and oxynitrides by generating HCI/H,O gas as a

33331 The inclusion of these extra species into the phase diagram provides new degrees of

byproduct!
freedom for synthesis design, opening up a vast and promising design space for clever metathesis
reactions, which can be rapidly screened and evaluated using publicly available DFT thermochemical
data. Creative new precursor combinations are still waiting to be exploited within a metathesis

synthesis paradigm, which may currently be overlooked due to preconceived notions about precursor

selectionl3®],
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Chapter 3 Novel polymorphs of LizYCls
3-1 Li*-ion conducting ternary halide electrolytes

Li*-ion conducting electrolytes are the key materials for all-solid-state batteries, which are attractive
next-generation batteries with high safety and high energy density. Various oxides, sulfides, halides,
and hydride solid electrolytes have been developed!'-3l. Halide-based electrolytes have been studied
for several decades; however, except for the high-temperature phase of LizInBrs, their conductivities
had been considered to be rather small at room temperaturel*). After the discovery of the high Li+
conductivity of Li3YCle and LizYBrg, i.e., 104-1073 S cm™! at room temperature, and their capability
as solid electrolytes for all-solid-state batteries reported by Asano ef al.l’), many ternary halides have
been (re)investigated as solid electrolytes(®!3], some of which have shown a conductivity of 10741073
S ecm™!. The highly conductive features of Li" in chlorides, bromides, and iodides can be understood
as large and monovalent halide ions with weak interactions with Li*, which facilitates fast Li* diffusion.
Moreover, their wide electrochemical stability window and good stability toward oxide cathodes are
advantageous!®l.

Ternary chlorides are formally represented as LisMXes (M = rare earth metal of La-Lu, Sc, Y; X = Cl,
Br) composed of closely packed structures of X~ and different cation occupancies in octahedral holes®!.
For instance, Li3YCls is composed of hexagonal close-packed CI-, whereas LizYBrs is composed of
cubic close-packed Br 1. Cation arrangements depend on the composition and synthesis method( '!:
121 For LizYCle, ball milling and subsequent heating produced low crystallinity and crystallized
samples. Furthermore, cooling after heat treatment resulted in structural diversity, which was further
explained by the formation of stacking faults and local structural changes. Considering that different
cation arrangements of LisErCls show comparable calculated energies!!!], the cation arrangements of
these halides would be rather flexible. Indeed, various average structures as well as local structures

have been reported, even for the same composition, which depends on the synthesis methods and
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heating temperatures!'!- 14 151, The effect of the Li* concentration], the blocking effect of rare earth
elements® '], the disordering of M atoms!'"), and the volume and distortion of MClg* !> 1] on Li*
conductivities have been discussed. Because these cation sublattices are correlated with ion
conductivities, the polymorphs with different cation arrangements can exhibit higher conductivity than

that of the reported one.

3-2 Aim of this chapter

The synthesis of Li3YCls was examined using in-situ XRD to demonstrate the low-temperature
synthesis based on the assumption that the weak Coulombic attraction between the anion, CI-, and
cation, Li*, in the starting materials leads to high diffusion rates and lowers the reaction temperature.
Herein, a new metastable phase of LizYCls with a smaller lattice and high Li* conductivity was
discovered through in situ X-ray diffraction (XRD) analysis of the solid-state reaction between LiCl
and YCls. Structural analysis using XRD and neutron diffraction, X-ray absorption, and ’Li NMR

revealed different arrangements of Li and Y in the crystal structure.

3-3 Experimental Section
3-3-1 Experimental

All experiments were conducted within a glovebox filled with Ar at a dew point of =80 °C. LiCl
(Kojundo Chemical Lab.) was used as a reagent after grinding with a planetary ball mill (Fritsch P-7)
while YCl; (Sigma-Aldrich) was used as received without any treatment. The mortars were dried
overnight at 50 °C under a vacuum. In addition, LiCl and Y Cl; were mixed and sealed in a quartz glass
capillary under a vacuum. Synchrotron X-ray diffraction patterns were measured at the BLO2B2 beam
line of Spring-8 (Proposal Nos. 2019B1195). The wavelength of the incident X-rays was 0.496391 A.

The sample capillaries were heated at a rate of 30 K min'. Diffraction data were collected using a
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high-resolution one-dimensional semiconductor detector!!”). The X-ray diffraction data were analyzed
using the Rietveld method with the RIETAN-FP program!'®), and crystal structures were drawn using
the VESTA program!'®, An S-Li3; Y Cls powder sample was synthesized by heating a cold-pressed pellet
of 3LiCI+YCls at 595 K for over 50 h. The time-of-flight powder neutron diffraction data of S-Li3YCls
were collected on the SPICA diffractometer installed at the Material and Life Science Facility in the
Japan Proton Accelerator Research Complex (Proposal No. 2017L1302). The neutron diffraction
pattern obtained with the low-angle bank and backscattering bank was refined using the Z-Rietveld
program!?Y), In this paper, the result for the backscattering bank was shown in the main body since the
resolution with the backscattering bank is higher than that of the low-angle bank. XANES
measurements of the Y K edge were performed at the Aichi Synchrotron Radiation Center BL5S1
(Proposal number: 2022D3006). The local structures around Y were refined from the EXAFS spectra
using the ATHENA and ARTEMIS software packages(?!l. Solid-state NMR spectra of 7Li were
recorded on a 500 MHz Bruker NMR spectrometer with a magic angle spinning at 15 kHz.

The ionic conductivity of pelletized S-LizYCls was determined using electrochemical impedance
spectroscopy. The sample powder was pressed into a pellet with a diameter of 6 mm, and two stainless
steel current collectors were used. Electrochemical impedance spectroscopy (ESI) was measured in an
Ar-filled glovebox under =280 MPa using an impedance analyzer (S11260) within the frequency range
of 0.1-107 Hz at a voltage amplitude of 30 mV. During the ESI measurement, the dew point of the Ar-
filled glovebox was below —70 °C. Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) observations were performed by JEM-2010 and JIB-4600F, respectively, without

exposure to air during sample transfer.
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3-3-2 Rietveld Refinement Details

The crystal structure, proposed in Figure 3-6, was proposed in three steps. First, Rietveld refinement
of SXRD was conducted by optimizing the lattice parameters, occupancies, and displacement
parameters of Y (2b) and Cl (6f). First, the occupancy and the displacement parameter of Cl (6f) were
fixed, and those of Y (2b) were refined. Second, those of both Y (2b) and Cl (6f) were refined. As these
occupancies converged at 0.5 and 1 within the error, I applied further refinements with these fixed
occupancies. Final refinement was performed with fixed atomic occupancy and displacement
parameters determined by ND. I applied an ND diffraction to refine those of Li (4d). There are two
ND settings. One is a low-angle bank showing a wide-angle range, but the resolution is moderate. The
other is a backscattering bank giving only a low-angle range, but the resolution is high. Accordingly,
the reported crystal structure shown in Table 3-1 is about the ND measurement at the backscattering
bank while the diffraction data of the low-angle bank shows no diffraction peaks corresponding to the
superlattice of the proposed lattice. For the ND refinements, the first refinement was performed with
the isotropic atomic displacement parameter of Li(4d), and further refinements were performed with
anisotropic atomic displacement parameters for Li (Ui1(Li) and Us3(Li)). Although the anisotropic
displacement parameters for Y and CI had been refined, these atomic displacement parameters were
isotropic within error. Thus, Y and Cl were refined using isotropic displacement parameters.
Furthermore, each refinement of occupancies of Li(4d), Y (2b), and Cl (6f) did not converge with

better refinement parameters.

3-4 Results
In-situ XRD upon heating the mixture of LiCl and YCl; at 30 K min™!, as shown in Figure 3-1a,
shows that the diffraction peak at =5.0° appeared above 450 K and an additional peak appeared at

=5.4° above 600 K. Both peaks can be assigned to the reported hexagonal LizYCle!*); however, the
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absence of the peak at =5.4° in the temperature range of 450—-600 K indicates the formation of a new
phase with higher symmetry and/or smaller lattice parameters. Hereafter, the previously reported phase
and this new phase are referred to as T-Li3Y Cls and S-Li3Y Cle, respectively. The new phase, S-Li3Y Cls,
can be assigned as the cell with a 1/v/3 a-axis and a similar c-axis to the reported T-Li;Y Cls. Thus, the
reaction can be formulated as follows, and their mass fraction using the structural model described
later is shown in Figure 3-1b. Refinement profiles with different temperatures were shown in figure
3-2.
3 LiCl+ YCl3— S-LisYCls  (3-1)

S-Li3YCls —»T-Li3YCls  (3-2)

(a) (b) (c) EzzkTh3585Ks5N S e,
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Figure 3-1: Solid-state reaction between LiCl and YCl; for the synthesis of LizYCls: a) temperature
dependence of synchrotron X-ray diffraction and b) mass fraction calculated from Rietveld refinement
results. The wavelength of incident X-ray was 0.496391 A. ¢) XRD patterns of Li;YCls synthesized

at different temperatures and heating times measured using CuKa radiation (A = 1.5418 A).
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Figure 3-2: Rietveld profiles of in situ XRD patterns for LiCl and YCI3; measured at 400, 600, 650,
and 700 K. The experimental and calculated results are indicated by red dots and green solid lines,

respectively, in each graph. The bottom blue lines are the residuals.

The S-LisYCls sample synthesized by heating a mixture of LiCl and YCl; at 595 K for 50 h produced
a nearly single-phase powder (Figure 3-1c), which was used for structural and impedance
measurements, as described later. There were two unindexed peaks. No electron diffraction spots
corresponding to these unindexed peaks were seen in the electron diffraction image (Figure 3-3),
indicating no superlattice structures of S-Li3YCle. Intensities of these unindexed peaks increased when
the sample was exposed to air for =1 min before heating (Figure 3-4). Although these diffractions
cannot be assigned as oxides, chlorides, and oxychlorides recorded in the ICSD database, these peaks
are likely attributed to an unknown impurity phase composed of Li*, Y3*, 0", OH", COs™, CI", or H;O.

After the report of the synthesis of S-LizYClg, E. sebti ef al. found that these broad peaks can be
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observed for the sample synthesized by milling and heat treatment. The details of the structural
differences are discussed in the next chapter. A decrease in temperature remained in the unreacted
starting materials, whereas a further increase in temperature above 600 K yielded a T-Li3 Y Cls phase
even after heating for only 15 min. At 595 K, the heat duration from 5 to 500 h showed S-LizYCls and
did not bring about significant changes (Figure 3-5). Furthermore, the synthesis by heating to 823 K
and then annealing at 595 K for 50 h did not yield the S-Li3YClg; thus, the phase transition from S-
Li3YCls to T-Li3Y Clg was irreversible, and S-Li3 Y Cls was metastable. As reported, the ball milling of
LiCl and YCls together and subsequent heating did not produce S-LisYCle> 1. YCls is composed of a
hexagonal close-packed anion arrangement as that of Liz;YCle but only one-third octahedral site is
filled with Y. Thus, I considered that a topotactic reaction occurs by diffusing Li and Cl from LiCl into
YCIs even below 600 K, leading to the formation of metastable S-LizYCls that cannot be obtained

through high-temperature heating or ball milling treatment.
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Figure 3-3: Electron microscope image of S-LizsYCls. (a) TEM and (b) corresponding electron
diffraction images of S-Li3Y Cls synthesized by heating at 595 K for 50 h. The numbers are indexes of
S-LizYCls, and a weak spot shown as X cannot be indexed as S-LizsYCls. SEM images of the sample
(c) after ~10 sec and (d) after ~60 sec. The change in morphology indicates an unstable feature under

the electron beam
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Figure 3-4: in-situ XRD patterns of LizYCls synthesized at 595 K with/without exposure to Air.

Precursor powders were pressed into a pellet with a diameter of 6mm and exposed to air for ~1 minute

before being sealed in an evacuated quartz tube.
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Figure 3-5: Time dependence of ex-situ XRD patterns of Li3YCls heated at 595 K for 5 to 500 h. The

d value was set as an x-axis to compare patterns obtained by synchrotron XRD and conventional XRD.
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Figure 3-6a—c shows the Rietveld profiles of S-LisYCls obtained through SXRD and ND,
respectively. The main peaks in SXRD are assigned to the hexagonal cell with lattice parameters of a
= 6.4604(1) A and ¢ = 6.0302(1) A. Both the a- and c-axes are expanded (per the same number of
atoms) when compared with the lattice parameters of T-LisYCls synthesized at 700 K (1/¥3a =
6.45754(2) A, ¢ = 6.02606(9) A [Table 3-1]). Thus, the density of S-Li;YClg is lower than that of T-
Li3YCle. Rietveld refinement results of neutron diffraction data collected at the backscattering bank
are shown in Table 3-2; the refinement results of SXRD and ND collected at low angle bank are
summarized in Table 3-3 and 3-4, respectively. S-Li3Y Cls was crystallized with the space group P3cl.
Here, CI” is in a hexagonal close-packed anion arrangement, and every action is octahedrally
coordinated. There are two cation sites, as shown in Figure 3-6d. One is the Wyckoff position 25,
where Y is statistically occupied at the edge of the lattice along the c-axis. In comparison with T-
Li3YCle, S-LisYCls would be less stable because more Y3* statistically exists as the second nearest
atoms induce the electronic repulsion between Y3*: Pauling's third rule. The phase transition from S-
to T-LisYCls can be understood by the migration of Y along the c-axis, as shown in red arrows in
Figure 3-6d. The other is the Wyckoff position 4d, where the Li occupation is 0.75. The off-
stoichiometric and antisite defects did not improve the Rietveld fitting. The bond length between Li
(4d) and C1 (2.62871(4) A) was longer than that in LiCl (2.5730(15) A: ICSD No. 52235), leading to
the bond valence sum slightly less than one (0.857). The atomic displacement parameter of Y site was
smallest (U = 0.0133(2) A?), larger in C1 (U = 0.02097(6) A?), and the largest in Li (U = 0.0522(4)
A2), as expected. Larger atomic displacement parameter of Li" along the c-axis was proposed: Uy =
Ux =0.03710(6) A2, Us3 = 0.0858(13) A2 This anisotropic displacement suggests the Li* conduction
path along the c-axis; this is also supported by the bond valence sum map (Figure 3-7). Compared
with T- and S-Li3YCls phases, no significant difference in effective coordination numbers!??! derived

by average structure is determined by diffraction techniques.
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Figure 3-6: Rietveld profiles of a) XRD and b,c) neutron diffraction data for S-Li3 Y Cls synthesized at
595 K. The measurements are conducted at room temperature. Cross marks denote unidentified small
diffraction peaks likely from an unknown impurity phase. The experimental and calculated results are
indicated by dots and solid lines, respectively. The green bars are the diffraction position of S-Li3YCle
and LiCl. The bottom lines are the residuals. d) Crystal structure of S-Li3Y Cls and T-Li3Y Cls. The unit
cells are denoted through the black lines, and the migrations of Y during the phase transition from T-

LisYCls to S-Li3YClg are represented by red arrows.
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Table 3-1: Synthesis condition, lattice parameters, and ionic conductivity of LizY Cle.

Precursor, molar ratio

Heating condition

Lattice parameter /A

lonic conductivity at

a c 25°C /S-cmt
S-LisYCls (this paper) LiCl: YCl3=3:1 595 K for 50 h 6.4604(1) 6.0302(1) 1.2x10*
T- Li3YClg (this paper) LiCl: YCI3=3:1 700K for 0.5h 11.1848(1) | 6.02606(9) 1.4x10°
Ball-milled LizYCls (1) LiCl: YCI3=3:1 Only ball milling 11.2217(7) | 6.05517(6) 5.1x10*
T- LizYCls (2) LiCl: YCl3=3:1 Annealing at 823 K 11.1969(0) 6.03112(3) ~3.0x107
) ) 823 K for 1 week + slow
T- LisYCls (3) LiCl: YCl;=3:1.1 _ 11.20934(9) | 6.04694(9) ~6.1x10°
cooling
T- LisYClg (4) LiCl: YCI3=3:1.1 823 K for 5 min + air quenching | 11.20926(9) 6.0382(1) ~3.7x107
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Table 3-2: Fractional coordinates, occupancies, atomic displacement parameters, and bond valence
sum of S-Li3YCls. Neutron diffraction was collected at the backscattering bank. Anisotropic atomic
displacement parameters, U;; and Uss, were used for Li. Lattice parameter: a = 6.464667(7) A, ¢ =
6.043934(14) A, Ryp=4.28%, Rp=3.25%, R. = 1.15%, Re(Li3YCls) = 8.53%, Rr(Li3YClg) = 10.25%,

Space group:165 P3c1, The second phase: 2.5 mass% of LiCl

Atomic coordinates
Atom Wyckoff position Occupancy U/A? BVS
a b c
Y 2b 0.5 0 0 0 0.0113(2) 3.206
Li 4d 0.75 1/3 2/3 0 0.0533(4)" 0.853
Cl 6f 1 1/3 0 1/4 0.02097(6) 0.961

* Uyi(Li) = Usa(Li) = 0.03710(6) A2, Uss(Li) = 0.0858(13) A2,

Table S3-3: Fractional coordinates, occupancies, atomic displacement parameters, and bond valence
sum of B-LizYCle refined using synchrotron X-ray diffraction. Anisotropic atomic displacement
parameters for Li were fixed, and the isotropic displacement of Y and Cl were refined. Lattice
parameters: a = 6.4604 (1) A, ¢ =6.0302(1) A, Ry;=5.16%, Ry=3.63%, Rx=50.34%, R.=2.58%,

§=2.0009, Space group:165 P3cl, The second phase: 9.32 mass% of LiCl

Atomic coordinates
Atom Wyckoff position Occupancy U/A? BVS
a b c
Y 2b 0.5 0 0 0 0.008(1) 3.234
Li 4d 0.75 1/3 2/3 0 0.013(fix) 0.86
Cl 6f 1 1/3 0 1/4 0.017(1) 0.969
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Table S3-4: Fractional coordinates, occupancies, and atomic displacement parameters of B-Li3YCIl6
refined using Neutron diffraction collected at low angle bank. Isotropic atomic displacement
parameters for Y and CI were fixed, and anisotropic atomic displacement parameters, U and Uss,
were employed only for Li. Lattice parameter: a = 6.47636(2)A, ¢ = 6.05680(4) A, Ry =9.51%, Rp =
5.51%, R = 0.45%, Rp(LisYClg) = 10.18%, Rr(LisYCls) = 3.72%, Space group:165 P3c1, The second

phase: 2.6 mass% of LiCl

Atomic coordinates
Atom Wyckoft position Occupancy U/A? BVS
a b c
Y 2b 0.5 0 0 0 0.0110(3) 3.163
Li 4d 0.75 1/3 2/3 0 0.0649(7)" 0.841
Cl 6f 1 1/3 0 1/4 0.0206(1) 0.948

* Uni(Li) = Un(Li) = 0.058(1) A2, Uss(Li) = 0.079(1) A2.

Figure 3-7: Oak ridge thermal ellipsoid plot drawing (75% thermal ellipsoids) and bond valence sum
(BVS) mapping for LisY Cle. Blue, orange, and green ellipsoids represent lithium, yttrium, and choline,
respectively. The isosurface is drawn in transparent blue at a BVS mismatch level of 0.35 valence units

for Li".
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To understand the local structure, the EXAFS of Y and the NMR spectra of Li’ were measured. The
Y K-edge X-ray absorption spectra of S- and T-Li3YCls were shown in Figure 3-8. The XANES and
EXAFS spectra of S- and T-Li3YCls were comparable (Fig. 3-8a and b). The Fourier-transformed
EXAFS data of S-Li3YCls fit well with the simulated data based on the model without the nearest-
neighboring Y-Y, as depicted in the inset of Figure 3-8c. Accordingly, the structural model composed
of 1D atomic chains with alternate Y was proposed (Figure 3-8d). The difference between S- and T-
LisYCle reflects in the periodicity of the different lattices. In the T-phase, Y is located at the lattice

corner, whereas in the S-phase, Y loses this periodicity. This periodicity appears as the 101 diffraction

peak in the XRD pattern, as described above.
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Figure 3-8: Local structure of Y in Li3YCls. (a) XANES spectra (b) EXAFS spectra of LizYCls (c)
Fourier transform of EXAFS analysis of T-LizYCls; inset shows the structure model for XANES
derived from XRD. (d) Schematic image of the YCls-V/yCls-YCls chain along the c-axis. V'y denotes

the vacancy at the Y site. (¢) Schematic image of the arrangement of chains in S- and T-Li3 Y Cls.
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The 7Li NMR spectra of the Li;YCls polymorphs exhibited peaks at different positions. Figure 3-9
shows NMR spectra with different scales. Peaks of ’Li were observed at —0.80 ppm for S-Li3Y Cls and
—0.89 ppm for T-Li3Y Cls. The negative shift in the peak maximum indicates a lower electronic density
around Li. The peak was the sharpest for T-LizYCle, and a slightly broader peak was observed for S-
LizYCle. The different widths of these peaks suggest that the number of sites in which Li can exist is

greater in S-Li3YCle than in T-LizYCle.
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Figure 3-9: NMR spectra of S- and T- LizYCls were collected with the magic angle spinning of 15

kHz.

Figure 3-10 shows the electrochemical impedance spectroscopy and temperature dependence of Li*
conductivity acquired through impedance measurements of cold-pressed pellets of T- and S-Li3YCle
synthesized at 595 and 700 K, respectively. Li* conductivity for S-LisYCls (1.2 x 10# S cm™!) at near
room temperature is higher than that in the T-LizYClg (1.4 x 1073 S cm™"), and their activation energies
of S-LizYCls (11 kJ mol™") are lower than that in the T-Li3YCls (16 kJ mol ™). The values of the pre-
exponential factor of the Arrhenius equation, which are a product of the carrier concentrations and
diffusion coefficients (equation [3-6]), are comparable. The ionic conductivity ¢ can be expressed as

a product of the number of ions per unit volume, N, ionic charge, ¢, and mobility of the particles.
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wo=Nqu(3-3)
From the Nernst-Einstein equation, x« can be also given by:
w=DqlksT (3-4)
The influence of temperature on the diffusion constant D is represented by the Arrhenius equation.
D =Dy - exp(—EJ/RT) (3-5)
From eq. (3-3), (3-4), and (3-5), o is given by:
In 0 = —Eo/R(1/T) + In (Ng*Do/ksT) (3-6)
Although I cannot deny the possibility that these conductivities are limited by the grain boundaries,
the crystallographic feature of the S-LizYCls can account for the high Li" conductivity and low
activation energy. The larger lattice parameters (per atom) due to the repulsion between Y3* widens

the Li* pathway in S-LizYCls, and thus lowers the activation energy and increases the conductivity of

S-LizYCle.
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Figure 3-10: a) Nyquist plots of the AC impedance measurements of S-LizYCls. b) Temperature
dependence of Li* conductivity in T- and S-LizYCl synthesized at 700 and 595 K, respectively. The
values of the pre-exponential factor in the Arrhenius equation were calculated as 4.31 for S-LizYCls

synthesized at 595 K and 4.68 for T-Li3 Y Cle synthesized at 700 K.
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3-5 Summary

Notably, the a-axis lattice parameter of S-LisYClg is 1/4/ 3, which is the first example of a LisMCls
system. The low density of S-LizYCls due to large electronic repulsion between Y3* can account for
the low activation energy of Li" transport and high conductivity. Comparison with the ionic
conductivity of other reported T-LisYCls samples (Table S1, Supporting Information) shows that the
conductivity of S-Li3sYCls was higher than that of reported T-LizYCls, but was lower than that of
Li3YClg synthesized by ball-milling. The diffraction pattern of the ball-milled Li3Y Cls can be indexed
as T-Li3YCls, but the broad diffraction peak does not yield a detailed structural model®. Nonetheless,
the partial disordering of Y is discussed because a broad and weak 101 diffraction peak was detected,
which only appeared in the case of T-LisYCle. A related study on the effect of Er disorder in ball-
milled Li3;ErClg proposed that this disorder broadens the diffusion channel of Lil''l; we can understand
the enhancement of Li* conduction in S-LizYCls with the disordered Y site in a similar way. However,
the best cation arrangement for achieving high Li conductivity is still unclear. In this work, a new
cation arrangement in Li3 Y Cls with a different unit cell was discovered through the solid-state reaction
between LiCl and YCl; powders, the conductivity of which is higher than that of T-LizY Clg (Table S1,
Supporting Information). Thus, in situ analyses of solid-state reactions can facilitate the detection of
various cation orderings, which would aid in the discovery of new ion conductors with high

conductivity.
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Chapter 4 The thermodynamic stability of S-LizYCls
4-1 Introduction

4-1-1 Definition of the metastability

The term metastable is defined in the oxford languages as follows; theoretically unstable but so long-
lived as to be stable for practical purposes. That is, the stable product must be settled to describe the
other polymorph as metastable, and the metastable products are just trapped at the local minima of the
energy landscape for a certain period. Figure 4-1 shows an image of the energy landscape of blocks
with different stacking patterns. The structure on the right is metastable within the area inside the green
line but becomes the stable phase in the area shown by the blue square. In addition, the state in the
middle of the collapse on the right can also be regarded as a metastable phase that exists momentarily.
Furthermore, the relation of the stability between starting materials and product polymorphs can be
changed depending on the situation since the free energy is affected by the temperature, pressure, and

surface areal!l.

[ Metastable

Stable - Metastable

Metasta@

Stable

Potential Energy

Figure 4-1 Schematic image of energy landscape where structures locate energy minima, and the

ground state is a completely disordered structure.
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4-1-2 Variety of observed and hypothetical structures with metastability
Metastability affords a variability of crystal structures, resulting in different properties than that of a

2111 One of the most popular metastable materials is glass. The glass including simple

stable phasel
Si0O; is less thermodynamically stable than crystals at ambient temperature. Metastable ion conductors
such as Li3PS4® and LiAIC14"?! formed via solid-state synthesis also have been studied as a candidate
for solid electrolytes. Figure 4-2 shows the formation enthalpy of reported and hypothetical structures
calculated based on the density functional theory (DFT)I!. Some polymorphs showed higher energies

than the ground state, suggesting that the free energy calculated based on the DFT does not rationalize

the synthesizability as mentioned in the literature.
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Figure 4-2: Examples of the formation enthalpy calculated based on the DFT. The reported structure

does not always exhibit the minimum formation enthalpies.

4-1-3 Examples of metastable materials obtained by different synthesis ways
Metastable materials have been synthesized using different processes. The melt quenching technique
is the most common technique for the production of glass materials ranging from traditional silica to

metallic glass!!316], Also, ball-milling and subsequent heat treatment are now widely employed to
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synthesize glass electrolytes!!”]. With some retention of liquid structure, glass possesses a more random
structure than stable crystalline. Another synthesis way for metastable materials is the use of well-
designed starting material and low-temperature heating to interrupt and prevent the formation of a
stable product. For example, physical vapor deposition controls the layered structure of layered Pb-
Nb selenides. Further heat treatment can selectively synthesize six different polymorphs with different

stacking patterns of PbSe, and NbSe; layers!'8-21,

4-1-4 Kinetical representation of synthesis strategies

Figure 4-3 shows the reaction coordinate diagrams corresponding to the type of kinetical stabilization
methods by A. Martinolich and J. Neilson?!l. They introduce the reaction coordinate diagrams to
understand and design the reaction only using kinetics. In Fig. 4-3a, the reaction spontaneously
proceeds without any control. Therefore, the synthesis reaction has been modified to stabilize the
materials with metastability under ambient conditions. Fig 4-3b depicts the reaction coordinate
diagram of kinetic trapping. Product 1, which is stable only under specific pressure and temperature
conditions kinetically trapped by the rapid change of the conditions. Another way to obtain a
thermodynamically metastable product is kinetic control (fig. 4-3(c)). The activation energies of
reactions are controlled, and the metastable product 2 can be synthesized. The Chimie douce
approaches including sol-gel methods and topochemical reactions have been employed as kinetic
control techniques to synthesize the metastable oxide materials??l. The use of redox reaction, flux, and
structure-controlled raw materials alter the activation energies. However, the term kinetic control does

not represent the change in the relation of free energy between products.
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Figure 4-3.Reaction coordinate diagrams depicting (a) thermodynamic control, (b) kinetic trapping,

and (c) kinetic control by A. Martinolich and J. Neilson in Ref. 21.

4-1-5 Thermodynamic representation of metastability

The energy diagram which describes the change in the relative stabilities between polymorphs is
already proposed by W. Sun et al. and the metastability of polymorph 2 in fig. 4-3b is named as the
remnant metastabilityl'l. The energy diagram visualizes the free energies as the function of the multiple
thermodynamic parameters including temperature and pressure. In this paper, the absolute temperature
is chosen as the x-axis of the free energy diagram to simplify the discussion in the following sections.
In fig. 4-3, the main feature of remnant metastable materials is that the free energy curve of the
metastable material interacts with that of the stable product at a certain temperature. As a result,
polymorph 1 become remnant metastable while polymorph 2 is stable at ambient temperature. The
energy curves for remnant metastability are shown in Fig. 4-4. Remnant metastable polymorph can be
synthesized by once stabilizing at high temperature and quenching to room temperature. An example

of remnant metastable materials is glass as shown in section 4-3.
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Figure 4-4: Free energy curves representing the remnant metastability.

4-1-6 Evaluation of the energy curve

The temperature dependence of the free energy of materials has been evaluated by thermal analysis.
Although differential scanning calorimetry, DSC, has been employed to observe heat effects associated
with phase transitions. The monitoring of the small change in the enthalpy of polymorphs with a
similar structure and calculation of the enthalpy and entropy of materials from experiments are difficult
for heat-flux DSC. A high heating rate is required to obtain well-defined peaks and separate them from
the background.

In recent years, with the development of computers such as DFT and machine learning, the enthalpy
of the formation of matter has become widely available. The enthalpy change (AH) can be obtained
by integrating the specific heat capacity, C,, measured by DSC with temperature (Eqn. (4-1)).
Furthermore, entropy can also be calculated from the integration of C, from initial temperature, 7;, to
final temperature, 7 expressed by the following equation (4-2) while the entropy at 0 K must be

estimated assuming the Debye extrapolation.
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AH = fTTif C,dT (4-1)

T¢ CpdT
STy =8I+ /2=

(4-2)
4-1-7 Remnant and intermediate metastability

In this paper, two different types of metastabilities are (re)categorized as a remnant and intermediate
metastability. The types of metastability where metastable material located between the intermediate
of starting materials and stable material in the free energy diagram were referred to as intermediate
metastability. Figure 4-5 depicts the energy diagram of intermediate metastability. The major
difference from the remnant metastable system is that the free energy curve of the metastable material
does not cross that of a stable product. Therefore, metastable materials cannot be obtained by heat
treatment of stable polymorph, and kinetic control and low-temperature synthesis are required to
suppress the phase transition from metastable to a stable product. Examples of intermediate metastable

materials can be layered chalcogenides such as VS,[?* 24l and CuSe»[?*), and Pb-Nb selenides!!8-201,

b
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Figure 4-5: Energy diagram representing the intermediate metastability.



Since the temperature dependence of products is different in the remnant and intermediate testability,
the reversibility of the phase transition from metastable to the stable product can be used to determine
the type of metastability. The phase transition is reversible in the remnant metastable system whereas
the transition is irreversible for the intermediate one at a moderate temperature. This classification is
possible for materials with similar specific heat capacities, which are difficult to measure by DSC
measurement. Moreover, the type of metastability can be useful for understanding and designing the
synthesis process of metastable materials. By clarifying metastability, we can understand whether a
substance is metastable without depending on temperature, or it becomes stable at a certain
temperature, and we can predict the synthesis process including starting materials, heating temperature,

and cooling speed.

4-1-8 Aim of this chapter

In Chapter 3, a novel polymorph S-Li3YCls was synthesized. The lower density of S-LizYCls can
explain the lower activation energy of Li* conduction and higher Li* conductivity than that of reported
T-LizYCls. On the other hand, an understanding of stability between polymorphs is insufficient. To
determine the type of metastability of LisYCls, annealing of T-LisYClg is performed, and the
reversibility of phase transitions was examined. Furthermore, the presence of defects and
compositional changes in LisYCls were discussed to rationalize the stability of S-LisYCls at
low temperatures.
4-2 Experimental section

The synthesis and annealing of T-Li3Y Cls were performed under the Ar atmosphere with a dew point
of -80 °C. T-Li3YCls was synthesized by heating the mixture of 3LiCI+YCls at 700 K for 3 h and fast
cooling by taking the crucible out from the furnace soon after the end of heating. The annealing

temperature was determined to be 573 K since the phase transition occurred at 595 K in the in-situ
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measurement. The samples were annealed for 6 h and cooled to 300 K in the furnace. The XRD
patterns of the samples before and after annealing were collected by the Rigaku mini flex with CuKa

radiation.

4-3 Result: Reversibility of phase transition revealed by XRD measurements

Figure 4-6 shows the XRD patterns of T-Li3 Y Cls before and after the annealing. Before the annealing,
the main peaks were indexed as T-Li3YCls. The annealing brought about significant change in the
relative intensities of peaks such as 101 and 210. Although the additional peaks around emerged, the
main products were indexed as S-LizYCle. These results indicated that the phase transition of Li3YCls
was reversible. Additionally, the peaks of LiCl emerged after annealing, and the peaks of 17 and 24 °

after annealing suggested the existence of impurity phases.
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Figure 4-6: Temperature profile of heating and XRD patterns of T-LizY Cls before and after annealing
at 573 K. Decrease in the intensity of the 101 peaks of T-phases upon annealing indicated the formation

of the S-phases.
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4-4 Discussion

The changes in XRD patterns before and after annealing indicate that T-Li3Y Cls was metastable at
573 K against the S phase. Fig. 4-7 shows a schematic diagram of the energy diagram of the LizYCls
crystal polymorph in which the S phase has remnant metastability. The free energy of T-LizYCls is
lower at higher temperatures than that of the S phase, as the phase transition from S to T phase was
observed by in-situ XRD, and becomes higher near room temperature as suggested by annealing. Also,
the temperature at which the S-phase and T-phase energy curves cross each other was estimated to be
around 573-595 K since the phase transition occurred above 600 K and was reversible at 573 K. The

Black arrow indicates the change of free energy during the annealing.

3LiCl+YCl,

Free energy

Temperature

Figure 4-7: Schematic image of energy diagram for Li3YCls polymorphs.

Although the experimental results suggest the remnant metastability of T-Li3 Y Cle, the origin remnant
metastability of T-phases was not fully rationalized from the structural point of view. As shown in
chapter 3, T-phases possessed slightly smaller volumes per formula unit, and Y in the structure exhibit
the ordering which resulted in a larger lattice than S-phases. I believe that the formation of stacking
faults and the formation of LiCl with the decomposition of Li3 Y Cls may have resulted in the lowering
of the free energy of the S-phase at low temperatures, promoting the phase transition from the T-phase

to the S-phase.
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After the report of S-Li3YCls, E.sebti et al. reported that Li3Y Cls synthesized by ball milling and heat
treatment of 3LiCl and YCls possess stacking faults of layers along the c-axis!?l. Fig. 4-8(a-c) shows
the structure model including stacking faults and the Rietveld profile of LizsYCls obtained by ball
milling. The structure consists of four layers as shown. Furthermore, heating at 500 K suppressed the
defects, and around 10% of stacking faults remained (fig. 4-8(d)). Refinement using a stacking fault
model reproduces the XRD pattern containing broad peaks with 20 near 2.7 and 3.6° at an incident X-

ray wavelength of 0.24177 A, which correspond to 17.5 and 23.6° for Cu Ko radiation.
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Figure 4-8: (a) Image of layers contained in the stacking model (b,c) crystal structure models without
and with stacking faults (d) Rietveld profile refined with stacking faults model (e) percentage of

occurrence of stacking faults for samples with different heat treatment temperatures by E. Sebti et al.

These results suggest that a large number of defects were contained in the structure of the products
obtained by annealing. Similar to the mechanochemically synthesized samples®®, two peaks were
observed around 17° and 24° after annealing. Furthermore, LiCl was produced during annealing and

additional peaks appeared at 30° and 35°, as shown in Fig. 4-6. Long-term periodic three-dimensional
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structures containing so many defects as detected by XRD are thermodynamically unstable. On the
other hand, many two-dimensional layered compounds with structural defects have been synthesized.
For example, the thermoelectric material In,Ge>Tegl?”! and the catalyst Bi12017CL1?}] crystalize in the
structures containing stacking faults, corrugations, and dislocations. Therefore, the presence of
stacking faults in Liz Y Cls suggests the two-dimensional nature of the structure. The annealing results
also demonstrate the compositional flexibility of the Li-Y-Cl compounds. In the phase diagram!?”,
Li3YClg is a linear compound, although the use of excess YCls leads to a nearly single-phase product.
These reports suggest the presence of hexagonal Li3xY Cls.x in addition to the reported orthorhombic
phasel301,

Future experiments on compositional and entropy changes are required to understand the reaction

quantitatively.

4-5 Conclusion

In chapter 4, I introduced the types of metastability; remnant and intermediate metastability from the
thermodynamical point of view, and the free energy curves of intermediate metastability were depicted.
The difference in the temperature dependence of products was emphasized by separating remnant and
intermediate metastability. Furthermore, it became possible to theoretically understand which of the
previously proposed kinetic controls and kinetic trapping are required to generate metastable phases
since the categorization of the type of metastability is independent of the synthesis procedures.
Moreover, the stability of Li3YCls polymorphs was determined by annealing the quenched sample.
From the annealing of LizYCls, it was clarified that the phase transition was reversible, and the high-
temperature phase of LizYCls which is referred to as T-LisYCls is “remnant metastable” at low
temperatures below 573 K. Furthermore, it was suggested that the annealing produced S-LizYCls

containing many defects in the crystal structure.
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Chapter5 General conclusion

In summary, I have demonstrated the selective synthesis of novel polymorphs of MgCr.S4 and
discovered a new polymorph of LizsYCls, and discussed the type of metastability using the Li3YCls
polymorph as an example.

The fine particle of MgCr2S4 was obtained by low-temperature synthesis involving the use of fluxes
and metathesis reactions, as shown in Chapter 2. The thermodynamic driving force of the reaction was
enhanced by the metathesis reaction, and sufficient diffusion was achieved using molten salt flux.
These results indicate that the inclusion of thermodynamically stable by-products and liquid phases
can be an attractive method for the synthetic design of new functional materials. Although the
understanding of complex reactions using parameters such as diffusion coefficient and standard
enthalpy of formation is not straightforward, recent advances in DFT and machine learning have
enabled the calculation of thermodynamic values for many hypothetical structures. It will become
possible to theoretically design reactions that selectively synthesize target substances at low
temperatures by combining the knowledge of reaction processes and thermodynamic parameters
obtained by in-situ measurements of model compounds and the computational calculation,
respectively.

Chapter 3 showed the low-temperature synthesis of a new polymorph of LizYCls. The in-situ XRD
measurements of the reaction between LiCl and YCI; revealed the existence of a novel polymorph at
middle temperature, and its crystal structure and Li conducting properties were examined. Furthermore,
the combination of XRD, ND, XAS, and NMR revealed slightly different average and local structures
of polymorphs. These results indicated that in-situ measurement is a powerful tool to explore new
materials and emphasize the importance of heating conditions to precisely control the structure to tune
its properties. The discovery of a new polymorph of Li3Y Cls demonstrated that the vast compositional

space available for mechanochemical synthesis is worth exploring using advanced in-situ techniques
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and low-temperature solid-state reactions.

In Chapter 4, 1 proposed intermediate metastability in addition to remnant metastability to
understand metastability from a thermodynamic perspective. Intermediate metastable is a concept that
corresponds to the stability in which a stable phase is irreversibly generated as the reaction progresses,
such as decomposition. Therefore, a metastable phase cannot be obtained from a stable phase by heat
treatment. On the other hand, the relative stability between two products depends on thermodynamic
handles, and it is possible to reversibly interconvert the product phases upon quenching or annealing
in remnant metastability. From the annealing of the known phase of LizYCls, a reversible phase
transition from the new phase to the reported phase was observed. This suggests that the known phase
is remnant metastable at low temperatures and is a high-temperature phase.

Overall, selective synthesis of thermodynamically competing phases was achieved by low-
temperature reactions. Furthermore, the reclassification of metastability allowed us to assess whether
the product obtained in the low-temperature solid-state reaction was a remnant metastable phase or a
stable phase. In the future, a deeper understanding of quantitative reactions will allow us to predict
more detailed reaction processes with high accuracy. Also, to determine the parameters that govern
the product selectivity, the experimenter must be aware of and record various things such as the state

of the raw materials, the material of the crucible, the dew point, and the cooling rate.
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