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Chapter 1. General Introduction

1-1. Background

With the increasing depletion of fossil energy and environmental pollution, the
development of clean, efficient, and sustainable new energy technologies has become a matter
of urgency.! Renewable energy sources such as solar, geothermal, and wind have been
mentioned as candidates for new energy sources.> > However, the output of renewable energies
are influenced by weather and time, and have obvious unforgettable stability, discontinuity and
uncontrollability. To achieve a stable energy supply, energy-storage media, such as rechargeable
batteries, have gained attention.

Rechargeable batteries are considered to be one of the most effective energy storage
technologies and play an important role in balancing the output power and storing the remaining
power efficiently. Among rechargeable batteries, lithium-ion batteries are considered to be the
most promising because of their high energy density and high power density. Today, lithium-
ion batteries are used not only as a power storage medium, but also in electric vehicles that emit
no exhaust gas and hybrid vehicles with reduced exhaust gas emissions. However, although
lithium-ion batteries have high performance compared to other rechargeable batteries, they are
insufficient for use as a power source for electric vehicles or as a large-scale power storage
medium.*® Therefore, post lithium ion rechargeable batteries are needed to achieve higher
capacity, higher output, and better safety.

1-2. Lithium-Ion Batteries

Rechargeable batteries continue to attract increasing interest in applications ranging
from microchips to grid-scale energy storage. A range of rechargeable batteries such as lead-
acid, nickel-cadmium, nickel-metal hydride and lithium-ion batteries (LIBs) have been

commercialized.?



Compared to conventional lead-acid batteries, Ni-Cd batteries, and nickel-metal
hydride batteries, lithium-ion batteries have various advantages such as high energy density,
relatively high output, and low self-discharge, making them the most powerful rechargeable
batteries available today. Lithium-ion batteries were first commercialized by SONY in the
1990s and were originally produced by combining transition metal oxide cathodes, graphite
anodes and LiPFs in carbonate electrolytes in a battery cell.” Over the past decades, the
revolution in electronics and the desire for emission-free transportation and renewable energy
sources have continued to drive battery technology toward higher energy density, lower cost,
and greater sustainability. 12 Lithium-ion batteries are already widely used as a power source
for portable devices. In addition, the application to electric vehicles and industrial batteries has
been studied recently.

In a typical lithium-ion battery, as show in Figure 1-1, composite oxide of Li and
transition metals such as LiCoO; is used as the positive electrode, and graphite is used as the
negative electrode. Lithium salt such as LiClO4 and LiPFs dissolved in organic solvents can be
used as the electrolyte.!3!> The reaction equations for a battery using LiCoO> as the positive

electrode material and carbon as the negative electrode material show on below:

Anode LixC¢ — C¢+ xLi" + xe~
Cathode Li1xCoO» + xLi" + xe~ — LiCoO»
Total LixCs + Li1xCo0O; — Cg + LiC0O»

During charging process, lithium ions in the crystal structure of LiCoO; are extracted from the
cathode material and dissolved into the electrolyte. At this time, charge compensation is
performed by the Co. The lithium ions dissolved in the electrolyte move through the electrolyte

and are inserted into the graphite of the anode material. '® 7 In this process, carbon is reduced.
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As a result of these reactions, electrons are transferred from the cathode to the anode via an
external circuit. '3 % 1820 Dyring discharge process, the opposite reaction occurs, resulting in
the transfer of lithium ions and electrons from the anode to the cathode. In this case, the skeleton
of the crystal structure of the host compound is not changed by the insertion and removal of
lithium ions.

Currently, lithium-ion secondary batteries, which have features such as high energy
density, are being considered for power storage applications combined with renewable energy
and as a power source for electric vehicles and other applications. However, lithium-ion
secondary batteries have problems with energy density, material cost, and safety.?!:? In addition,
when considering full-scale use in electric vehicles, for example, it is estimated that an
extremely high energy density of about 500 Whkg! is required to achieve a cruising range
comparable to that of current gasoline vehicles, and the performance of current lithium-ion
batteries is insufficient. Therefore, the development of innovative secondary batteries is

required.

1-3. Multivalent Cation Batteries

With the increase in global energy consumption, the need to expand the use of
renewable energy, and its use in electric vehicles, rechargeable batteries will require even higher
performance in the future. Li metal as an anode has not been realized because Li has a unique
characteristic of easily causing needle-like precipitation (called dendrite precipitation) on the
Li metal anode during charging, and this needle-like Li can break through the separator and
reach the cathode, causing a short circuit, which is a fatal safety problem. The use of Li metal
as an anode has not been realized because of this fatal safety problem. Graphite is basically used
as the anode of current Li-ion batteries, but its capacity density is very small compared to the

weight capacity of Li metal. Figure 2-2 clearly shows the large penalty upon moving from Li
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metal to LIBs.?® The potential for developing next-generation batteries is also clear. In order to
achieve even higher energy densities, secondary batteries using multivalent cation metals as
anodes, are expected to be candidates for next-generation secondary batteries. On the other hand,
multivalent intercalation batteries using aqueous electrolytes are attracting attention due to their
affordability, ease of manufacturing, and safety.

By using metals such as Ca, Mg, and Al, which do not cause dendrite precipitation, as
the anode and utilizing their precipitation and dissolution, it will be possible to dramatically
increase the capacity of the anode compared to the current graphite. Metal anode secondary
batteries with multivalent ion carriers, such as Ca* ;>**?7 Zn>" and Y*" as carriers,?® % aluminum
secondary battery with AI’" as carriers, and using Mg*" as carriers for magnesium rechargeable
batteries?**%3? have been reported. Among them, magnesium secondary batteries have received
the most attention for the reasons described hereinafter. Table 1-1 shows a comparison of the
properties of various anode metals.>® In determining the theoretical weight capacity and volume
capacity, the following reactions are assumed to occur:

M +xes ©M

Since Mg metal has a high theoretical weight and volume capacity and a relatively low
redox potential, secondary batteries using Mg metal as the anode are expected to have a high
energy density. In particular, with regard to the theoretical volume capacity, it is about twice
that of lithium, which is an advantage because it can be packed in a large amount in a limited
space, such as a secondary battery for electric vehicles. As mentioned in the previous section,
graphite is basically used as the anode of current Li-ion batteries, but its capacity density is 372
mAg™!, which is very small compared to the weight capacity of Li metal (3862 mAhg™'). The
characteristics of magnesium when compared with lithium and other metals are can be
summarized with reference to Table 1-1. Because dendrite precipitation does not occur, Mg

metal can be used as the anode, enabling a dramatic increase in the capacity of the anode. The
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crustal abundance is more than 300 times greater than Li, which means that the cost can be
reduced and it is suitable for large scale production. Because of its high melting point and low
reactivity, unlike Li and Na, it is a metal that can be handled relatively safely in air and water,
enabling the construction of highly safe secondary batteries. Overall, it can be said that
magnesium is a material that can realize high capacity, high energy density, high safety, and low
cost, which cannot be achieved by the extension of the current lithium-ion battery. The research
on the electrochemistry of elements such as Zn, Ca, and Al, which are also polyvalent metals,
is becoming more and more popular every year, and research on Mg is the metallic element that

attracts the most attention.
1-4. Magnesium-ion Batteries

Lithium-ion secondary batteries, which have the highest energy density of all
commercialized secondary batteries, are now used in a wide range of applications, from small
electronic devices such as computers and smartphones to large ones such as electric vehicles,
and have become indispensable in our daily lives. However, lithium-ion batteries have problems
in terms of safety and cost due to lithium resources, and their theoretical capacity has reached
its limit, so it is necessary to develop next-generation secondary batteries with high energy
density, high safety, and low cost. It is estimated that an energy density of 500 Wh kg™! is
required for an electric vehicle to have the same cruising range as a current gasoline vehicle.
However, the current lithium-ion battery does not meet the energy density shown by the green
line. In order to achieve higher energy density, rechargeable batteries using multivalent cation
metals as the anode are expected to be a candidate for next-generation rechargeable batteries.**

Magnesium rechargeable batteries are attracting attention as a large-scale energy
storage application other than lithium ions battery because of their many advantages such as
high capacity, low cost, environmental friendliness, and abundance of magnesium.**~*¢ However,

divalent magnesium ions interact more strongly than monovalent lithium ions, and are difficult
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to diffuse in the solid phase, resulting in extremely slow electrode reactions. Furthermore, there
is no known magnesium electrolyte that can charge and discharge stably and safely through
repeated dissolution and precipitation of magnesium metal. In other words, the problems related
to the cathode and electrolyte need to be solved in order to create a magnesium secondary
battery. Thus, the very important factors for the practical application of RMB is that
development of stable and highly efficient electrode materials and the optimization of
electrolytes. >
1-4-1. Electrolytes

The role of electrolyte in the battery system is that transferring the ions between the
cathode and anode. As show in Figure 1-3, the following properties are required for the
electrolyte of Mg rechargeable battery:

(1) Reversible deposition/dissolution reactions of magnesium metal.

(2) High ionic conductivity.

(3) High electrochemical stability (electrochemical window).

(4) High safety.

In addition, safety is also important for electrolytes for Mg batteries, such as low
volatility, low flammability, and low toxicity. One of the challenges in developing electrolytes
capable of reversible magnesium precipitation is to achieve reduction resistance to prevent the
formation of impermeable solid electrolyte interface (SEI). SEI formation is a polarity that
readily forms a reductive passivation layer at positive potentials higher than the reduction
potential of magnesium metal. Preventing the use of commercially available magnesium
analogs of lithium salts in aprotic solvents.> In the absence of a protective SEI, the electrode
must be inert in the battery electrolyte to prevent degradation.**#!

1-4-2. Anode Materials

Most of the materials used for the negative electrode of rechargeable magnesium
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batteries are currently magnesium metal or its alloys, while others are less well reported.
However, the surface of magnesium metal can easily form a passivation film which cannot
conduct magnesium ions, thus making the reversible dissolution and deposition of magnesium
metal in organic electrolytes very difficult.

Research into alloyed or inserted anodes has been driven in part by the high impedance
of magnesium metal anodes in existing electrolytes (several orders of magnitude higher than
that of commercial lithium-ion batteries).*! Recently, it has been found that Bi, Sb as well as
BiSb alloys are compatible with conventional electrolytes and can achieve reversible deposition
and dissolution of magnesium in acetonitrile solution of conventional electrolyte Mg(TFSI)a,
which can be used as the negative electrode of rechargeable magnesium batteries, and provides
a new idea for the research development of rechargeable magnesium batteries.*>*> When using
the nanometer size material as an active material , better cycle life can be obtained due to better
control of bulk changes. Currently, the cycle life of the anode exceeds 100 stable cycles, which

is much better than the cathode cycle life.

1-4-3. Cathode Materials
The cathode material plays an important role in the whole rechargeable magnesium
battery system, and the requirements for the cathode material are mainly:
(1) High working voltage and specific capacity.
(2) Fast Mg?* migration rate and reversible kinetics.
(3) Good cycling stability.
Magnesium metal anode secondary batteries have major challenges that need to be
addressed before the batteries can be commercialized, one of which is the development of a
cathode material that can reversibly insert and extract divalent magnesium ions. Magnesium

ions have the same ionic radius as lithium ions, but their valence is twice that of lithium ions,
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resulting in a higher charge density.*® Therefore, it is difficult to diffuse them within the cathode.
There are few matrix materials that can reversibly embed magnesium ions, making the
development of appropriate cathode materials one of the challenges in the development of

rechargeable batteries

1-5. Current Rechargeable Magnesium Battery Electrolytes

1-5-1. Grignard-Based Electrolytes

It has been reported by various groups that Mg deposition/dissolution reactions
proceed reversibly in an electrolyte containing Grignard's reagent (RMgX, R: ethyl, butyl X:
Cl, Br) dissolved in THF. In 2000, Aurbach et al. reported first prototype of RMBs, using
Mg(AICI;R ) /tetrahydrofuran (THF) as an electrolyte.*’ The main drawback of the first
prototype electrolyte is its low electrochemical stability window due to the relatively weak Al-
C bond that is easily broken by the elimination reaction, which limits the choice of high-voltage
cathode materials. Subsequently, the another type of magnesium battery electrolyte consisting
of PhMgCl and AICI; in ether solution was developed.*® The THF solution of all-phenyl
magnesium halide aluminum salt complex was synthesized by using PhMgCl and AICl; in the
molar ratio of 1:2 as reaction materials, which is called "APC" electrolyte, and its
electrochemical window can reach more than 3 V (vs. Mg RE) at Pt electrode, which is about 1
V higher than the first generation electrolyte. The obtained APC electrolyte had a 100% cycle
efficiency of reversible Mg deposition-dissolution, higher conductivity and faster Mg
electrochemical deposition-dissolution kinetic process.* It also has been reported that the
electrochemical stability window of the "APC" electrolyte is closely related to the different
metals used as working electrodes, and the electrolyte does have a stable electrochemical
window of more than 3 V at Pt electrodes, but on Cu, Ni, Al stainless steel (SS), etc. the

electrochemical stability window is around 2.0 V.*° The reason for this is presumed to be most
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likely due to the presence of halogen ions in the organomagnesium halide aluminum complex
electrolyte, thus causing corrosion of common metals and resulting in a lower electrochemical
window on common metals.’!> > Moreover, the second generation electrolyte has a stronger
volatility, which seriously weakens the advantage of rechargeable magnesium batteries in terms
of safety performance.”® It also has been evaluated that the mechanism by which the
performance of Grignard reagents is improved after adding ionic liquids.>* They pointed out
that the Grignard reagent selectively extracts acidic protons from the ionic liquid, yielding a
series of Mg complexes with high chemical stability derived from their resonant structures.
Furthermore, the reaction mechanism of the magnesium deposition dissolution
reaction has been analyzed by many researchers. From further analysis by nuclear magnetic
resonance spectroscopy (NMR)>, X-ray absorption spectroscopy (XAS),’® and Raman
spectroscopy’’, it is known that in the THF electrolyte system of organic Mg-Al complexes, the
electrochemical reaction effective cation ions are MgCl", Mg>Cl3", while the anions are AlCls.
nRn™ (n < 4), which are coordinated certain THF molecules to a stable state. The R group in the
anion is extremely important for the reversibility of magnesium deposition, and the anodic
stability of the system is determined by the stability of the R-Al bond formed by adsorption.
XAS technique employed during the magnesium deposition process is a powerful tool
for analyzing the dynamic change in the local structure of magnesium ions. X-rays of the energy
E, which passes through a homogeneous sample of the thickness x, is attenuated. In analogy to
the Lambert-Beer law. Once the X-ray comes into contact with the sample, the x-ray photon
may be absorbed by the atom and excite one of its electrons into the continuum leaving an
electron hole in the initial core shell. This process is known as photoelectric absorption. When
an electron fills the core hole, it can simultaneously emit a fluorescent photon or another
electron (Auger electron) from the other core shell, and these processes are called fluorescence

emission and Auger emission, respectively.
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Nakayama et al. further analyzed the complex electrolyte components of the "first
generation electrolyte" using X-ray absorption fine structure (XAFS) spectroscopy combined
with nuclear magnetic resonance spectroscopy (NMR) techniques and found that the main
components of the Mg(AICLEtBuy)/THF electrolyte were (Mg.CL,THF4)*", (R2AICL),
(RAICIL3), R2AICITHF and R3AITHF (R = Et or Bu).’” Mg?* is adsorbed on the electrode and
further gains electrons to be deposited on the electrode surface. Among them, the neutral group

R>AICITHF plays a key role in the reversibility of deposition-dissolution

1-5-2. Boron-Containing Electrolytes

Boron-containing anion-based electrolytes are promising as non-corrosive Mg
electrolyte systems because they can promote the reversible deposition and dissolution of Mg
without the involvement of chlorine. In the 1990s, Gregory et al. demonstrated that Mg
organoboronates (Mg(BPh2Buz), or Mg(BPhBus) 2) was compatible with the Mg anodes.*®
However, batteries using this electrolyte need to be operated below 2 V due to low anode
stability. Subsequently, the inorganic salt Mg(BHa): ether-based electrolyte was firstly proposed
by Mohtadi.> This electrolyte system does not contain any halogen element and is the latest
breakthrough point of inorganic magnesium salt in the field of rechargeable magnesium
batteries. In their research, they firstly prepared a ligated electrolyte system by dissolving
Mg(BHa4)2 in ether solvents such as DME and THF respectively as shown in Figure 1-5.
Electrochemical tests on this electrolyte system showed that the reversible deposition and
dissolution of magnesium metal in the electrolyte indicated that the electrolyte was active. They
also added a halogen-free additive (LiBH4) to the electrolyte. The addition of LiBH4 increased
the current density of the electrolyte by several orders of magnitude and increased the Coulomb
efficiency to 94%. (Figure 1-6).

Although a low electrochemical stability was obtained, this pioneering work laid the
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basic for further improving the performance of Mg(BHa), -based electrolyte systems.®® ¢! The
electrochemical stability window has been extended by dissolving Mg(BH4), and LiBH4 in a
mixture of TG, DME, and PPI4TFSI solvents.®” The ionic conductivity of the
Mg(BHa4)2/diglyme electrolyte has been improved, with high Coulombic efficiency and high
electrochemical window (2.8 V vs. Mg, Figures 1-7 and 1-8), when ris(2H-
hexafluoroisopropyl) borate) (THFPB) was used as an additive.%® Overall, the reducing nature
of BH4 decreases the stability of the anode, so it is very important to select the functional
solvent and additives to improve the electrochemical stability of Mg(BH4)2-based electrolytes.

Because of the potential to improve the electrochemical stability of electrolyte
solutions, magnesium salts based on carba-chloroso-borate anions have attracted the attention
of many researchers. Recently, Tutusaus et al. reported the boron-containing anion-based
electrolyte Mg(CBiiHi2)./tetraglyme ®* with non-corrosive to the cell, and had excellent
compatibility with the Mg anode, and also showed high anodic stability (Figure 1-9).
Subsequently, carborane anions (such as CB11Hi1F~ and HCB9Hy ") electrolytes which exhibit
high Coulombic efficiency and high anodic stability (Figure 1-10) have been reported.®>
Mg[B(hfip)s]2-based electrolyte reported by Karger et al. which shows the excellent ionic
conductivity, good anodic stability and high Coulombic efficiency for Mg deposition (Figure 1-
11).%7 The several boron-containing electrolytes by combining THFPB with different common
magnesium salts (Mg(BH4)2,% MgF,,%® Mg0,* MgCL,"’) for a Mg/S battery have been

developed by Cui's group.
1-5-3. Other Novel Magnesium Electrolytes

The organometallic magnesium complexes have been contained in many of the
previously reported electrolytes, which may be undesirable for the safe use of rechargeable
magnesium battery. Magnesium aluminum chloride complex called as MACC electrolyte is the

one of the typical inorganic electrolyte which has been widely studied. The reversibility of
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magnesium deposition/stripping in MgCl-AlCl; electrolyte solutions have been confirmed in
2014. In DME solvent, MgCL-AICl3 electrolyte exhibited excellent electrochemical
performance such as low overpotential for the magnesium deposition and wide electrochemical
windows.”!" 72 However, this kind of electrolytes require electrochemical conditioning to
achieve reversible Mg plating/stripping.”> Conditioning-free MACC electrolyte have been
developed with the Mg powers,’* Mg(HMDS), (HMDS = hexamethyldisilazide),” and
Mg(TFSI),’® as the additives. In addition, the coulombic efficiency in the first cycle reach to
the 100% by dissolving metallic Mg in AIC13/THF with the help of CrCls.”’

In order to develop a non-nucleophilic electrolyte compatible with the electrophilic
sulfur cathode, Kim et al. reported an HMDSMgCI-AICI3/THF electrolyte of Mg/S secondary
batteries as a first prototype.”® However, the rapidly decreasing of the capacity is the one of the
problem of this system. Subsequently, the neutral product [(HMDS) AICl2] was changed to the
complex [Mg>Cl3] [(HMDS)AICI3] which electrochemically active by adding MgCl, to the
electrolytes.” Furthermore, by using a mixture of glyme and ionic liquid as (HMDS),Mg-AICl3
electrolyte, a discharge potential has been largely increase for the first time in an Mg/S battery.®°

Recently, the reversible magnesium deposition dissolution reaction reported in
Mg(TFSI):-based electrolytes which also show the excellent ionic conductivity, high
electrochemical stability and good solubility in ethers.”® 8" However, due to the decomposition
of the TFSI" ,the passivation reaction occur on the anode and electrolyte interface which
impeded the Mg plating/stripping process, resulting a large overpotential.®* Simple salt
Mg(TFSA); dissolved in triglyme also show the reversible magnesium deposition/dissolution
reaction as show in Figure 1-12.7%* Furthermore, the chain length of glyme and the type of
anion affected the solvation structure have been reported.®*8> % The electrochemical
performance of Mg(TFSI):-based electrolytes have been improved by introducing the additives

like MgCl, (Figure 1-13).%” Similarly, the Mg[TFSI]»/tetraglyme electrolyte with Mg(BHas), as
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an additive, exhibits stable cyclic efficiency.®®

To summarize, different electrolytes contain their own unique properties. Grignard-
based electrolytes, the earliest electrolytes used in RMB, have high Coulombic efficiency and
low deposition overpotential, but their development is limited by the low anode stability and
high chemical reactivity. Among boron-containing electrolytes, Mg(BHa4)> in ether solvents
show limited solubility and low electrochemical window. Carbaborate anionic electrolytes have
a wide electrochemical range, but the high raw material prices limit the research and application
of these materials. The (HMDS),Mg-based electrolyte also presents the disadvantage in price,
although it exhibits excellent electrochemical performance. MACC-based electrolytes have
significant cost advantages, but limited in practical application due to corrosion problems and
long-term electrochemical conditioning. Although, high electrochemical window and high ionic
conductivity have been exhibited in the Mg(TFSI):-based electrolyte, the overpotential of the
magnesium deposition is too high because of the surface passivation layer, and the
decomposition reaction of TFSI anions on the Mg anode interface requires further research and

discussion.

1-6. Current Rechargeable Magnesium Battery Cathodes

1-6-1. Chevrel Phase Materials
The main structure of the Chevrel phase compound MgiMo3X4 (X =S, Se, Te) contains
MosSs blocks. Each block contains an octahedral cluster of the molybde-num atoms inside a
cube of sulphur atoms. Aurbach et al. showed that Mg?* can be inserted reversibly and with a
relatively fast reaction rate in this compound, making it an excellent cathode material for Mg**
storage.®” The process of Mg?" ions insertion into this cathode material takes place in two
different stages, which relates to the occupation of the inner sites and the outer sites. (Figure 1-

14).*7 The Chevrel phase MosSs which synthesized from CuMosSs by acid leaching of copper,
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shows good electrochemical performance, including long cycle life, good rate capability, and
high discharge capacity.”’ However, only 60-80% of the Mg?* ions are extracted from the MoeSs
cathode during the initial charge stage because of the partial charge entrapment. Two approaches
have been proposed by Kim’s group for improving the Mg storage performance of MoeSs.”! As
shown in Figure 1-15, by adding a composite of Cu nanoparticles and graphene, Cu reacts
electrochemically with MosSg to form CuxMosSs. The higher rate capability leaded by the nano
particles, as the smaller particles can provide shorter Mg?" diffusion length, therefore, sub-micro
size Chevrel phase shows higher discharge capability than micro size Chevrel phase materials.
The increase in the discharge capacity of MosSs and excellent cycling performance helped by
the presence of nano-scale Cu crystallites. On the other hand, the particle size of the Chevrel
phase MogSs samples have been reduced by the mechanical milling.”> Subsequently, the effects
of interstitial vacancies and Mg ordering on the activity of MosSs cathode have been reported
from a thermodynamic point of view.”
1-6-2. Transition Metal Oxides

For high energy density lithium-ion batteries, oxides are widely used cathode material.
The strong oxygen-metal bonding in oxides allows transition metal oxides to have high ionic
properties, resulting in compounds with high anodic oxidation potentials. Compare with
transition metal sulfides, oxides have many advantages such as, easy to prepare, relatively low
cost and higher chemical stability. Transition metal oxides are widely studied as a cathode
material in lithium-ion batteries, but only a small fraction of them are suitable to be used as
cathode materials for rechargeable magnesium batteries. Because of the relative abundance and
low cost of Manganese, the manganese dioxide become a particularly attractive candidate for
cathode material. Although, many reports of experimental results on the intercalation of Mg**
into MnO; have been reported, but the capacity fade still is the problem.*! The phase behavior

of the magnesium ions intercalation and de-intercalation in potassium-stabilized a-MnO> has
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been investigated and found that during cycling ,a core-shell structure with MgO and an
unreacted K-aMnO:> core were formed together with the reduced of the manganese oxides on
the surface.”® Various MnO2 samples synthesized with different physical parameters by Zhang
et al, at the same time electrochemical performance have been stabilized in cells with APC
electrolytes and magnesium metal as a anode.”

Spinel structural materials with the general formula AB>O4 are widely used as cathode
materials. In the spinel structure, for cation, there are two different sites (tetrahedral and
octahedral) to occupy, and the other octahedral sites are vacant. Recently, experimental and
computational investigations of the Mg?* intercalation/de-intercalation reaction in different
spinel oxides such as MgMn204, MgCo0204, and Co304 have been developed by Okamoto et
al.”® In order to facilitate the demagnesiation reaction, Mg(TFSA),/CsTFSA ionic liquid

electrolytes have been utilized at150 °C. The intercalation of Mg** was found to occur mainly

through a process that the authors call “intercalation and pushout” where the Mg?" inserted into
vacant sites in the spinel structure, the cations at tetrahedral sites were pushed out to other
octahedral vacant sites, resulting in a rocksalt structure (Figure 1-16). Although this process is
reversible, it was found that as the amount of Mg?" insertion increases, the entire structure
changes to rock salt.

Vanadium oxides continue to attract significant attention as a potential intercalation
cathode for Mg batteries, based on prior promising results, mainly with V,0s, especially when
molecules of water are contained into the V2Os structure and/or the hydrous electrolyte.?* 3% %
7 Although V205 have high theoretical capacity and large spaces in the crystal structure, but the
reversibility of this material is poor. The reversibility of the electrochemical cycling of V2Os in
Mg?* containing electrolytes have been demonstrated by Novak et al.’® The amount of water in

the electrolyte correlate to the obtained capacity which contained water. Imamura et al.

developed complex comprising V20s in xerogel state with acetylene black in acetone to obtain
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V,05/C complex and coated it onto nickel foam and indium tin oxide coated glass collectors.
Those materials produced excellent cycling performance and discharge capacity.”® The crystal
structure of the V205 xerogel can be found in Figure 1-17.!% There is a large space between the
layer structure, in the different insertion sites for magnesium ions (site a and site b), two-step
electrochemical reaction will occur.!” V2,05 xerogel has shown high performance as a cathode
material for magnesium secondary batteries, but it is not applicable to actual magnesium storage
systems because of the tendency of passivation films to form on Mg metal surface due to the
presence of water.!%> Subsequently, materials such as hollandite-type MnO» with large spacing

also have been studied.'®

1-6-3. Other Novel Magnesium Cathodes
Nanostructured materials may also be used as another approach to realize high-
capacity cathode materials.!!%7 During the charge-discharge reactions, the guest cations
undergo adsorption/desorption in nanosheet structures.
Polyanionic compounds with a three-dimensional network structure are composed of

108,109 polyanionic

polyanions that have strong covalent bonds with transition metals.
compounds have been the focus of attention in cathode research for lithium-ion batteries for the
past 20 years because of their excellent cation diffusion, structural stability, and safety.'!
Among them, LiFePO4 with olivine structure is the most widely used as a cathode for lithium-
ion batteries. Such compounds have also been investigated as intercalation cathodes for
magnesium-ion batteries. Olivine-type MgMSiO4 (M = transition metal) has a considerable
redox potential and theoretical capacity.'!!: 12 The multivalent transition metals have a potential
to reduce the structural damage during de-intercalation of the Mg®" ions. Considering the

advantages which we mentioned before, several nanoparticles with the short solid phase

diffusion distance such as MgMnSiO4,'"? Mg 03Mng97Si04,''* MgFeSi04,** > and 3D
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heterogeneous porous MgCoSiO4!!®

were studied as potential Mg storage cathode materials in
recent years. In particular, the silicate MgFeSiO4 may facilitate the diffusion of Mg?" in addition
to its high safety and low cost. Its high theoretical capacity (~362.4 mAhg™) and relatively high
intercalation voltage (~2.4 V vs Mg) result in a high theoretical energy density (~869 Wh kg!,
~2.549 Wh cm™). Compared to other intercalation cathodes (~77 Wh kg! and ~0.400 Wh cm™
for Chevrel MosSs and ~325 Wh kg! and ~1.188 Wh cm™ for V20s), the values are very high.!!'*
17 Recently, Orikasa et al. found that a meta-stable phase of MgFeSiO4, synthesized from the
electrochemical ion exchange of Li2FeSiO4, exhibited improved electrode kinetics. In other
words, 2Li" extraction from Li>FeSiO4 followed by Mg*" insertion generated MgFeSiOs,
demonstrated a high reversible capacity of over 300 mAhg™! at a voltage of about 2.4 V vs Mg,
with good retention upon cycling (Figure 1-18).%3 In terms of capacity, voltage, and cycling
characteristics, it can be said that the performance exceeds that of oxide cathodes, but these

results were obtained at a slow rate of 1/50 C, and there are still issues in terms of rate

characteristics.

1-7. Objective

Since a clear understanding of the reaction mechanism will provide useful information
for the design of new electrolytes and cathode materials for the practical application of
magnesium secondary batteries, therefore, the purpose of this study was to develop design
guidelines for electrolytes and cathode materials for the practical application of magnesium
secondary batteries. In recent years, high-performance electrolytes and cathode materials for
magnesium secondary batteries have been developed, but the behavior of magnesium ions in
the anode reaction process and phase transition behavior of magnesium ions in cathode
materials have not been clarified. Therefore, for the electrolyte system, the coordination

relationship between magnesium ions, anions and solvents in electrolytes was investigated
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using Raman spectroscopy, operando soft X-ray absorption spectroscopy, DFT calculations and
XPS. The electronic and local structures around magnesium ions and the reduction resistance
of anions were analyzed to elucidate the reaction mechanism of the anode in magnesium
secondary batteries. For the development of the next generation cathode materials, we focused
on spinel-type structural oxides and investigated the phase transition mechanism associated
with Mg insertion in the cathode materials by electrochemical measurements, X-ray absorption

spectroscopy, and synchrotron X-ray diffraction.
1-8. Outline of the Present Thesis

The present thesis consists of seven chapters, which report the reaction mechanism at
the anode/electrolyte interface and cathode materials for rechargeable magnesium batteries and
provides new insight into the design of electrolytes and cathode materials in anticipation of
practical application of rechargeable magnesium batteries.

In Chapter 1, the necessity of further improving the performance of secondary batteries
from the viewpoint of energy and environmental issues have been discussed. As a background
of the research, an overview of rechargeable batteries, magnesium-ion batteries, electrolytes
and cathode materials was given. Finally, the purpose of this research which is to obtain design
guidelines for electrolytes and cathode materials was summarized.

In Chapter 2, the determining factors and the polarization behavior of Mg®" during Mg
deposition process in Mg(TFSA), and Mg(BHa)> based electrolytes were analyzed. Firstly, the
coordination structure of the magnesium ions in the bulk solution of each electrolyte analyzed
by Raman spectroscopy. Subsequently, the dynamic change in the electronic and local structures
of the magnesium ions near the anode surface in each electrolyte were examined using the
operando SXAS technique. The reductive stability of each anion in these electrolytes was
determined by DFT calculation. XPS measurements were conducted to clarify the

decomposition action of these anions.
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In Chapter 3, Mg[B(HFIP)s]2, having a weakly coordinating anion, was chosen as a
model magnesium salt to demonstrate the potential for expanding the choice of the electrolyte
solvent, and was compared with Mg(TFSA)2. The electrochemical deposition of magnesium in
Mg[B(HFIP)4]-based and Mg(TFSA).-based electrolyte systems employing both triglyme and
2-MeTHF as solvents was comparatively evaluated. Focus was placed on the interactions
among the magnesium ions, anions, and solvent during magnesium deposition, and the factors
determining the polarization behavior were discussed.

In Chapter 4, the interaction between Mg?* and anions was investigated in boron based
electrolytes with different anion sizes to clarify the effect of anion species on Coulombic
efficiency and polarization. The coordination structure of the magnesium ions in the bulk
solution of each electrolyte was analyzed by Raman spectroscopy. The reductive stability and
decomposition reaction of each anion was determined by DFT calculations and EIS.

In Chapter 5, detailed crystal structure analysis of magnesium insertion into spinel
oxides was presented, and the details of the mechanism of the transition from the spinel layer
to rock-salt layer were clarified. The crystal and valance changes in MgMn2O4 during Mg?*
insertion were investigated using XRD and XAS in order to elucidate the mechanism of the
phase transition from spinel to rock-salt.

In Chapter 6, we focused on ZnMn20Os and elucidated the phase transition reaction
mechanism associated with Mg insertion. The suppression of the phase transition associated
with large volume change in magnesium secondary battery cathode materials was found to be
important for the improvement of spinel oxide electrochemical properties.

In Chapter 7, presents the conclusions from the current research and the future prospects

for magnesium secondary batteries.
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Table 1-1. The comparison of various metal negative electrodes.

Atomic | Valence | Theoretical capacity | Electrode potential | Terrestrial Melting
Metal

weight | change | [mAhg!, mAhcm] [V vs. SHE] abundance | Point (°C)
Li 6.94 1 3862, 2062 -3.05 0.01 180.5
K 39.09 1 685, 587 -2.93 2.40 63.7
Na 22.99 1 1166, 1132 -2.71 2.64 97.7
Ca 40.08 2 1337, 2073 -2.87 3.39 842
Mg 24.31 2 2205, 3837 -2.38 1.94 650
Al 26.98 3 2980, 8043 -1.66 7.56 660
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Figure. 1-17. Crystal structure of the V2Os aero-gel. Green, orange, and yellow spheres
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Chapter 2. Determining Factor on Polarization Behavior of

Magnesium Deposition for Magnesium Battery Anode

2-1. Introduction

Magnesium rechargeable batteries using magnesium as the anode are candidates
for next-generation battery systems.12® Magnesium has a high theoretical volumetric
capacity (3832 mAh/cm?®) and a relatively low reduction potential (-2.38 V vs. SHE); thus,
magnesium batteries generate a high energy density. Moreover, the safety and cost of
magnesium make it superior to lithium.*® These favorable properties of magnesium make
magnesium rechargeable batteries attractive. However, magnesium rechargeable batteries
have many challenges hindering practical applications. One major problem is the
difficulty associated with reversible magnesium deposition/dissolution reactions at the
anode/electrolyte interface. The electrolyte containing an inorganic salt and carbonate
solvent, which is normally used in lithium-ion batteries, cannot be used for the
magnesium metal deposition because the passivation film formed on the anode surface
inhibits the passage of magnesium ions.® Therefore, many researchers have focused on
highly active magnesium organohaloaluminate-based electrolytes, which support
reversible magnesium deposition/dissolution reactions.>> However, these electrolytes
have some disadvantages, such as their low anodic stability, corrosion, and safety; thus,
a breakthrough in the development of suitable electrolytes is necessary.

Recently, it was reported that reversible magnesium deposition/dissolution
reactions can occur in certain electrolytes, including our group.’®?* Among them,

magnesium bis(trifluoromethanesulfonyl)amide (Mg(TFSA)2)/triglyme and magnesium
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borohydride (Mg(BHa)2)/tetrahydrofuran (THF) electrolytes can provide rechargeable
magnesium batteries with high energy densities, without corrosion.?%® However, the
reason for the occurrence of reversible magnesium deposition/dissolution reactions in
these electrolytes has not been clearly elucidated. A clear understanding of the reaction
mechanism will provide useful information to design new electrolyte materials applicable
to practical magnesium rechargeable batteries.

The key factor that predominates the reaction mechanism is considered as the
coordination structures of the magnesium ions at the interface between the anode. It is
necessary to understand the differences between the coordination structures in the
electrochemically active Mg(TFSA)./triglyme and/or Mg(BHa)2/THF electrolytes, and
those of other electrolytes in which the magnesium deposition/dissolution reactions do
not occur. Raman spectroscopy and X-ray absorption spectroscopy (XAS) are useful
techniques for clarifying the coordination structures present in these electrolytes.
Recently, a new soft XAS technique employed during the magnesium deposition process
(operando SXAS) has been developed and applied to examine the interfacial behavior of
magnesium electrolytes.?*?’Operando SXAS is a powerful tool for analyzing the
dynamic change in the local structure of magnesium ions. The combination of these
characterization techniques, operando soft X-ray absorption spectroscopy, Raman
spectroscopy, electrochemical impedance spectroscopy (EIS), X-ray photoelectron
spectroscopy (XPS), and density functional theory (DFT) calculation, should provide a
powerful method for elucidating the mechanism of Mg metal deposition. We have

clarified the formation process of Mg alloy using the combination of these methods.
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In this study, we elucidate the determining factor on the polarization behavior for
three different electrolytes: Mg(TFSA)2/triglyme, Mg(BHa4)/tetrahydrofuran (THF), and
Mg(TFSA)2/2-methyltetrahydrofuran  (2-MeTHF), using the above-mentioned
characterization methods. The former two electrolytes allow quasi-reversible magnesium
deposition/dissolution, while the latter is inactive electrochemically. First, we analyzed
the coordination structure of the magnesium ions in the bulk solution of each electrolyte
by Raman spectroscopy. Subsequently, we examined the dynamic change in the
electronic and local structures of the magnesium ions near the anode surface in each
electrolyte using the operando SXAS technique. The reductive stability of each anion in
these electrolytes was determined by DFT calculation. To clarify the decomposition
action of these anions, we conducted XPS measurements.

2-2. Experimental

2.2.1. Material preparation

The 0.5 M Mg(TFSA)./triglyme and 0.5 M Mg(TFSA)2/2-MeTHF electrolytes
were prepared by mixing Mg(TFSA). (KISHIDA CHEMICAL Co., Ltd., 99.9%>) with
triglyme (KISHIDA CHEMICAL Co., Ltd. 99%>) or 2-MeTHF (Merck, 98%>) in an Ar-
filled glove box. To decrease the water content, the Mg(TFSA). salt was dried under
vacuum at 180 °C for 48 h. The 0.5 M magnesium borohydride (Mg(BHa).)
Itetrahydrofuran (THF) electrolyte was prepared by stirring Mg(BHa4)2 (Sigma-Aldrich,
95%) with THF (Wako Pure Chemical Industries, Ltd., >99.5%) in an Ar-filled glove box
overnight at room temperature. The solvent was dried using 3A molecular sieves for 48
h to decrease the water content prior to use. After drying, the water content of the prepared

electrolytes was less than 30 ppm, which was confirmed by Karl Fischer titration.
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2.2.2. Electrochemical measurements

The magnesium deposition/dissolution reactions in each electrolyte were
examined by cyclic voltammetry. A three-electrode cell, which consisted of a platinum
plate as a working electrode and a magnesium rod as a counter electrode, was utilized for
the measurements. Different reference electrodes were used for Mg(TFSA)2/triglyme or
Mg(TFSA)2/2-MeTHF, and for Mg(BHa4)/THF. For the Mg(TFSA)./triglyme or
Mg(TFSA)2/2-MeTHF electrolytes, a double-junction reference electrode equipped with
a microporous glass membrane was employed. The inner part contained lithium that was
inserted into a 0.1 M solution of LIiTFSA in propylene carbonate, and the outer part
contained the electrolyte being analyzed. For Mg(BHa4)2/THF, a magnesium rod was

employed as the reference electrode. Cyclic voltammetry was performed at 25 C with a

potential sweep rate of 5 mV/s. The potential range was 0.2-4.2 V vs. Li*/Li
(corresponding to -0.76-3.24 V vs. Mg?*/Mg) for Mg(TFSA)./triglyme, -1.04-4.2 V vs.
Li*/Li (corresponding to -2.0-3.24 V vs. Mg?*/Mg) for Mg(TFSA)2/2-MeTHF, and -2.0—
2.0 V vs. Mg?*/Mg for Mg(BHa)2/THF.

EIS was carried out to analyze the differences in the interfacial resistance using a
similar cell configuration as that used in the CV measurement. The AC frequency was
scanned from 1 MHz to 10 mHz with an amplitude of 50 mV. All experiments including
the electrolyte preparation, cell construction, and electrochemical measurements were
carried out under a dry Ar atmosphere.

2.2.3. Characterization

X-ray diffraction (XRD) was performed using an Ultima IV (Rigaku Co., Inc.)

with a Cu Ka X-ray source. Scanning electron microscopy (SEM) images and energy-
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dispersive X-ray spectroscopy (EDX) spectra were recorded using an S-3400 N
instrument (Hitachi HighTech Co.). After the potentiostatic deposition of magnesium
metal, the electrochemical cells were disassembled, and the obtained electrodes were
washed with THF. Subsequently, these electrodes were dried in an Ar-filled glove box
overnight. All measurements were performed without air exposure of the samples.

The Raman spectra were recorded on a MultiRAM (Bruker Optics Co., Ltd.)
instrument equipped with an Nd-YAG laser (1064 nm) at room temperature. The
measurement was performed between 60 and 3600 cm™. All the electrolytes were sealed
in glass vessels in an Ar-filled glove box and measured without air exposure.

XPS measurements were performed to analyze the surface structure of magnesium
metal. The magnesium plates, which were polished in the glove box, were immersed in
the 0.5 M Mg(TFSA)/triglyme, 0.5 M Mg(TFSA)2/2-MeTHF, and 0.5 M Mg(BH)4/THF
electrolytes for 24 h. The magnesium plates were rinsed with dimethoxyethane and dried
under vacuum. The prepared samples were sealed in a transfer vessel in the glove box.
The vessel was connected to the sample introduction chamber of the XPS, after which the
chamber was evacuated < 1.0 Pa for 5 min. The introduction chamber was subsequently
filled with dried Ar gas; thereafter, the samples were transferred into the introduction
chamber. The XPS measurements were carried out with a standard XPS instrument
(Shimadzu. ESCA 3400) using Mg-Ka radiation. The emission current and the
acceleration voltage of the X-ray Gun were 20 mA and 10 kV, respectively. Depth
profiles were obtained by Ar sputtering using an ion gun with emission currents of 20 mA
and an acceleration voltage of 2 kV. The etching rate was > 40 A min™* based on SiO,

and the etching time periods were 0, 10, 30, 60, 300, 600, 1200, 1800, and 2400 s.
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The operando SXAS spectra for the Mg K-edge of the electrolytes were recorded by
the partial fluorescence yield method at a beamline BL27SU in SPring-8 synchrotron
radiation facility in Hyogo, Japan. A custom-made three-electrode cell, which was
previously reported,*?® was used for the operando XAS measurements. Pt, with a
thickness of 30 nm, was deposited as a working electrode onto a SisN4 window with a
300 nm thickness (Norcada Inc.) by magnetron sputtering. The fluorescence X-ray
generated from the electrolyte passing through the SisNs window was detected by a
silicon drift detector (Techno X Co., Ltd.). The operando cell was assembled in an Ar-
filled glove box and transferred into a vacuum chamber for the XAS measurements
without air exposure. The operando XAS measurements were performed while
maintaining the potential of the working electrode at several values prior to the
magnesium deposition. Afterward, magnesium metal was deposited on the working
electrode by applying a potential step method, and additional XAS measurements were
performed. Magnesium oxide powder was used as references for X-ray energy calibration.
Fourier transformed EXAFS with k3-weight was calculated by the Athena software
package.?®

DFT calculations were carried out using the Gaussian16 Revision A.03 code® to
investigate the coordination effect on the electronic states. For the free TFSA™ and
Mg(TFSA): salt in the triglyme solvent, we calculated the optimized geometries and the
corresponding HOMO and LUMO energies of the molecular systems in the triglyme
solvent using the polarized continuum model (PCM) method with the parameters for the
triglyme bulk solvent (dielectric constant epsilon=7.62). The solvation effect of the THF
solvent was taken into account by the integral equation formalism polarizable continuum

model (IEFPCM) with a dielectric constant epsilon value of 7.43, for the BH4 ion and
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Mg(BH.)2 in the THF solvent. The M06 hybrid functional®! for the exchange and

correlation energy and the 6-311+G(d,p) basis set were used.
2-3. Results and discussion

2.3.1. Behavior of the magnesium deposition/dissolution reactions

The magnesium deposition/dissolution reactions were examined for the 0.5 M
Mg(TFSA)./triglyme, 0.5 M Mg(TFSA)./2-MeTHF, and 0.5 M Mg(BH4)2/THF
electrolytes by cyclic voltammetry. Figure 2-1 shows the obtained voltammograms.
Figure 2-1(b) shows an enlarged figure of the current density, near the potential that the
magnesium deposition occurs, during the potential sweep in the negative direction (Figure
2-1(a)). In the 0.5 M Mg(TFSA)/triglyme electrolyte, cathodic and anodic currents,
which are attributed to the magnesium deposition and dissolution reactions, were
observed as reported previously.? XRD and SEM-EDX confirmed that the deposited
product, after the passage of the cathodic current in the electrolyte, was magnesium metal
(Figures 2-2(a) and 2-3). Similar cathodic and anodic currents were also observed in the
0.5 M Mg(BHa4)2/THF electrolyte, as reported previously,® and the deposited product was
characterized as magnesium metal by XRD and SEM-EDX (Figures 2-2(b), and 2-4).
Although the current density of the 0.5 M Mg(BHa4)2/THF was exceedingly smaller than
that of the 0.5 M Mg(TFSA)./triglyme, the coulombic efficiency of the 0.5 M
Mg(BHa4)2/THF (36%) electrolyte was similar to that of the 0.5 M Mg(TFSA)2/triglyme
(38%) electrolyte. In contrast to the 0.5 M Mg(TFSA)J/triglyme and 0.5 M
Mg(BH4)2/THF electrolytes, the cathodic and anodic currents attributed to the magnesium
deposition and dissolution reactions were not observed in the 0.5 M Mg(TFSA)2/2-

MeTHF electrolyte.
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2.3.2. Coordination structure of the magnesium ions in bulk solution

The coordination structure of the magnesium ions in the Mg(TFSA)2/triglyme,
Mg(TFSA)2/2-MeTHF, and Mg(BHa4)2/THF electrolytes is influenced by the cation-anion
interactions. The magnesium ions compete with the solvents to interact with the anion;
consequently, if the interaction between the magnesium ion and anion is strong,
magnesium ions coordinate to the anion as well as the solvent. To examine the
interactions between the anions and magnesium ions in the bulk solutions of
Mg(TFSA)/triglyme, Mg(TFSA)./2-MeTHF, and Mg(BHa4)2/THF, the Raman spectra of
these electrolytes were collected. The Raman spectra in the region between 720 and 770
cm? for the 0.5 M Mg(TFSA)./triglyme and 0.5 M Mg(TFSA)./2-MeTHF electrolytes
are shown in the Figures 2-5(a) and (b). The peaks observed in this region are attributed
to the CFs bending vibration as well as the C-S and S-N stretching vibrations of
[TFSAJ,*?and susceptibly reflect the interaction of [TFSA] with the cation.®2> Notably,
the peak observed at 739-742 cm™ is assigned to the non-coordinated [TFSA] anion
(solvent-separated ion pairs (SSIP)), whereas the peak at 745-755 cm™ signifies the
[TFSA] anion directly coordinated to the cations, which form a contact ion pair (CIP) or
an aggregate (AGG). Figures 2-6 (a) and (b) show the estimated ratios of SSIP, CIP, and
AGG for the Mg(TFSA)2/triglyme and Mg(TFSA)./2-MeTHF electrolytes with several
concentrations, determined by the Voigt function fitting. The fitting profiles are shown in
Figures 2-7 and 2-8. In the Mg(TFSA)/triglyme, most of the [TFSA] anions exist as
non-coordinated free ions (SSIP), while less than 10% of the [TFSA] anions are still
intact with magnesium ions. The coordination state of [TFSA]is not dependent on the
concentration of the Mg(TFSA)/triglyme electrolyte. These results are almost in

agreement with a previous report®® In stark contrast to the case in the

50



Mg(TFSA)/triglyme electrolyte, all the [TFSA] anions exist as AGGs in the
Mg(TFSA)2/2-MeTHF electrolyte, and the coordination state of [TFSA]" is not dependent
on the concentration. The difference in the coordination states of [TFSA]" arise from the
solvation ability of the solvents. The multiple oxygen atoms in triglyme can form a chelate
with magnesium ions, and this strong solvation can inhibit the coordination of the
magnesium ions to [TFSA].% Conversely, the solvation ability of monodentate 2-
MeTHF is not extremely high compared to that of triglyme; thus, magnesium ions are
preferentially coordinated to [TFSA] in Mg(TFSA)./2-MeTHF.

The Raman spectra in the region between 750 cm™ and 930 cm? for the
Mg(TFSA)/triglyme electrolyte with various concentrations are shown in Figure 2-9 (a).
The Raman bands corresponding to the CH2 rocking vibration and C-O-C stretching
vibration of the glyme solvent appear in the region between 800 cm™ and 900 cm™, 373
In this region, when coordination to metal ions does not occur, a band appears between
800 cm™ and 865 cmt, while a characteristic band, upon complex formation with metal
ions, appears between 865 cm™ and 890 cm*.%4%41 The band intensity between 820 cm-
L and 860 cm™ decreases with increasing Mg(TFSA). concentration, whereas the intensity
of the band around 880 cm™ increases with increasing Mg(TFSA). concentration. These
results indicate that the triglyme solvent in the Mg(TFSA)2/triglyme coordinates to
magnesium ions; resultantly, more than 90% of the [TFSA] anions exist as SSIP. The
Raman spectra in the region between 850 cm™ and 1000 cm™ for the Mg(TFSA)2/2-
MeTHF electrolyte with various concentrations are shown in Figure 2-9 (b). The peaks
assigned to the C-C stretching mode and C-O stretching mode of 2-MeTHF are observed
at 920 cm™ for the Mg(TFSA)2/2-MeTHF electrolyte.*2 It has been reported that, upon

coordination between THF and the cation, a peak appears at a lower wavenumber than
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those indicative of the C-C stretching and C-O stretching of the non-coordinated THF by
10 cm™.424 The new peak is not observed in the Mg(TFSA)./2-MeTHF electrolyte,
which indicates that 2-MeTHF does not directly coordinate to magnesium ions in the
Mg(TFSA)2/2-MeTHF electrolyte. These results confirm that majority of the [TFSA]
anions exist as AGG in the Mg(TFSA)2/2-MeTHF electrolyte.

The Raman spectra in the region between 2000 and 2500 cm™ for the Mg(BHa)./
THF electrolyte with various concentrations are shown in Figure 2-5(c). The Raman band
corresponding to the B-H stretching vibration of the BH4 coordinated to the cation appears
in the region between 2100 and 2500 cm™.#5-°1 The peaks were observed at 2200 and 2380
cmt in the Mg(BH.)2/THF electrolyte; additional peaks appeared at 2140 cm™ and 2300
cm with increasing concentration. The peaks observed at 2200 cm™ and 2380 cm™ were
assigned to the bridging B-Hp vibration and B-H: vibration, respectively. 4! The
Mg(BH.): crystal that has a P6; of space group, shows a B-Hp, vibration at 2300 cm™.4°
Mohtadi et al. proposed that the Mg(BH4)2 group in the Mg(BHa)2/THF solution is
present as the contact ion pair [Mg{(u-H)2BH2}]2, which partially dissociates into
[Mg{(u-H)2BH2}]* and BH4 as in the following equation eq 1:1

[Mg{(u-H)2BH2}12 2 [Mg{(u-H)2BH2}]* + BHs (1)

Based on these reports, we assigned the peak at 2300 cm™ to the B-H vibration of
BH4 in the complex of magnesium ions coordinated to multi BH4". The peak at 2140 cm”
! may also be attributed to the B-H vibration of BH4™ in the complex of Mg?* coordinated
to multi BHs . We estimated the relative peak area of B-Hp and B-H: for the
Mg(BH)4/THF with several concentrations by the Voigt function fitting. The fitting result
and profiles are shown in Figure 2-6 (c) and Figure 2-10. The relative peak area of B-Hp

increased, while the peak area of B-Ht nearly constant with increasing the concentration.
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These results indicate that magnesium ions coordinate to BH4 in the Mg(BHa4)2/THF
electrolyte. It has been reported that the BH4 in the 0.4 M Mg(BHa4)2/THF electrolyte
exists as AGGs by theoretical calculation, which is in agreement with our results.>? The
Raman spectra in the region between 850 cm™ and 1000 cm™ for the Mg(BHa)2/THF
electrolyte with various concentrations are shown in Figure 2-9(c). The peaks assigned to
the C-C stretching mode and C-O stretching mode of THF were observed at 913 cm™.4%
4 The peak attributed to the coordination between THF and the cation was not observed
at a wavenumber lower by 10 cm™*# which indicates that the THF in the
Mg(BH4)2/THF electrolyte do not directly coordinate to magnesium ions. These results
confirm that the majority of the [BH4]™ exist as AGGs in the Mg(BHa4)2/THF electrolyte.
2.3.3. Coordination structure of the magnesium ions at the interface between the anode
and the electrolyte under an applied potential

Raman spectroscopy clearly showed that the magnesium ions had a different
coordination structure in the bulk solutions of the 0.5 M Mg(TFSA)2/triglyme, 0.5 M
Mg(TFSA)2/2-MeTHF, and 0.5 M Mg(BHa4)2/THF electrolytes. To examine the
coordination structure of the magnesium ions at the interface under applied potential,
operando XAS measurements were performed for the three electrolytes. The XANES and
Fourier-transformed EXAFS of each electrolyte are shown in Figures 2-11 and 2-12,
respectively.

For the 0.5 M Mg(TFSA)J/triglyme electrolyte, the intensity of the XANES
spectrum decreased gradually from the soak state to -0.2 V, wherein the magnesium
deposition did not occur (Figure 2-1(a)). Subsequently, the XANES spectrum changed
considerably after the magnesium deposition. The energy at the peak top of the XANES

spectrum from the soak state to -0.2 V was nearly constant, indicating that the valency of
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the magnesium ions did not change. In the Fourier-transformed EXAFS (Figure 2-12(a))
of the soak state, two peaks were observed around 1.6 A and 2.6 A. The peak at 1.6 A
was assigned to the Mg-O bond between the magnesium ion and triglyme or between the
magnesium ion and [TFSA] because the magnesium ions in the electrolyte were
coordinated to both triglyme and [TFSA] based on the results from Raman spectroscopy.
The peak at 2.6 A was assigned to the Mg-C bond between the magnesium ion and
triglyme or the Mg-S bond between the magnesium ion and [TFSA]". The Mg-O bond
distance did not change from the soak state to -0.2 V, indicating that the valency of the
magnesium ions did not change. These results are in agreement with the XANES results.
The intensities of the two peaks in the EXAFS spectra decreased gradually from the soak
state to -0.2 V, indicating that the coordination number decreased and/or the local
distortion increased between the magnesium ions and triglyme. It has been reported that
the coordination number of lithium-ion in a lithium glyme solvate liquid system is
constant even at applied potential;®>® consequently, the decrease in the intensities of the
two peaks is attributed to the increase in the local distortions. The exchange rate of the
solvent, strongly enhanced by the applied potential, increased the local distortion. These
tendencies were also observed during the Mg-Bi alloy formation for the 0.5 M
Mg(TFSA)./acetonitrile electrolyte. 2* The EXAFS spectra changed after the magnesium
deposition.

Although the spectra of the 0.5 M Mg(TFSA)./2-MeTHF electrolyte changed in
asimilar way to that of the 0.5 M Mg(TFSA)J/triglyme electrolyte under applied potential,
the change was more noticeable for the former (Figures 2-11(b) and 2-12(b)). The
XANES spectrum gradually became weak and broad from the soak state to -1.2 V,

indicating that the magnesium deposition did not occur (Figure 2-1(a)). The energy at the
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peak top of the XANES spectrum from the soak state to -1.2 V was nearly constant,
meaning that the valency of the magnesium ions did not change. In the EXAFS spectra
in the soak state, two peaks were observed around 1.6 A and 2.6 A, corresponding to the
EXAFS spectra of the 0.5 M Mg(TFSA)./triglyme. The peak at 1.6 A was assigned to the
Mg-O bond between magnesium ion and 2-MeTHF or between magnesium ion and
[TFSA] because the magnesium ions in the electrolyte were coordinated to both 2-
MeTHF and [TFSA]" based on the results from Raman spectroscopy. The peak at 2.6 A
was assigned to the Mg-C bond between the magnesium ion and 2-MeTHF or the Mg-S
bond between the magnesium ion and [TFSA]". The Mg-O bond distance did not change
from the soak state to -1.2 V, indicating that the valency of the magnesium ions did not
change. These results are well in agreement with the XANES results. The intensities of
the two peaks in the EXAFS spectrum decreased from the soak state to -1.2 V. These
changes for the 0.5 M Mg(TFSA)2/2-MeTHF electrolyte were larger than those for the
0.5 M Mg(TFSA)/triglyme, indicating that the local coordination structure of the
magnesium ions in the 0.5 M Mg(TFSA)./2-MeTHF electrolyte was distorted more
largely by cathodic polarization. Majority of the [TFSA] anions in the 0.5 M
Mg(TFSA)2/2-MeTHF electrolyte were coordinated to the magnesium ions; resultantly,
the coulombic repulsion between the [TFSA] anions coordinating to magnesium ion and
the negatively charged electrode may become stronger than that in the case of the 0.5 M
Mg(TFSA)2/triglyme, resulting in a larger distortion.

For the 0.5 M Mg(BHa4)2/THF electrolyte, the intensity of the XANES spectrum
decreased gradually from the soak state to -0.2 V wherein the magnesium deposition did
not occur (Figure 2-1(a)). Thereafter, the XANES spectrum changed considerably after

magnesium metal deposition. The energy at the peak top of the XANES spectrum from
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the soak state to -0.2 V was nearly constant, indicating that the valency of the magnesium
ions did not change immediately before Mg metal deposition. In the EXAFS spectra
(Figure 2-12(c)), a peak was observed around 1.5 A. Although the magnesium ions
coordinated with BH4", according to the Raman spectroscopy results, the Mg-H bond was
not detected by EXAFS analysis because the backscattering of hydrogen was
considerably small. Therefore, we assigned the peak to the Mg-B bond between the
magnesium ion and [BH4].?® The distance of the Mg-B bond did not change from the
soak state to -0.2 V, indicating that the valency of the magnesium ions did not change.
These results are consistent with the XANES results. The intensity of the peak in the
EXAFS spectrum decreased from the soak state to -0.2 V as in the cases of the 0.5 M
Mg(TFSA)./triglyme and 0.5 M Mg(TFSA)./2-MeTHF electrolytes. These results
indicate that the local coordination structure of the magnesium ions in the 0.5 M
Mg(BH4)2/THF electrolyte was distorted more largely by the cathodic polarization.
Moreover, the EXAFS spectra changed after the magnesium deposition reaction.

The magnesium deposition/dissolution reactions occurred in the 0.5 M
Mg(TFSA)/triglyme and 0.5 M Mg(BH4)./THF electrolytes, whereas these reactions did
not occur in the 0.5 M Mg(TFSA)2/2-MeTHF electrolyte. The change in the valency of
the magnesium ions was not observed in the XANES spectra, and the expansion of the
distance between the magnesium ion and the first nearest neighbor atom was not observed
in the EXAFS spectra.

2.3.4. Reductive stability of the anion

The magnesium deposition/dissolution reactions occurred in the 0.5 M

Mg(TFSA)2/triglyme and 0.5 M Mg(BH)4/THF electrolytes, whereas they did not occur

in the 0.5 M Mg(TFSA)2/2-MeTHF electrolyte. The drastic change in the valency of the
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magnesium ions was not observed in the XANES spectra immediately before Mg metal
deposition, and the expansion of the distance between the magnesium ion and the first
nearest neighbor atom was not observed in the EXAFS spectra. These results may indicate
that the intermediate states of Mg?*, such as Mg"*,> is not observed at potentials above
the magnesium deposition potential.

These results may indicate that the difference in the behaviors of the magnesium
deposition is attributed to the difference in the reductive stability of the anion in each
electrolyte. For the Mg(TFSA).-base electrolytes, Raman spectroscopy revealed that all
the [TFSA] anions coordinated to the magnesium ions in the 0.5 M Mg(TFSA)2/2-
MeTHF electrolyte, while almost all of the [TFSA] anions did not participate in the
coordination of the magnesium ions in the 0.5 M Mg(TFSA)./triglyme electrolyte. The
occurrence of the reversible magnesium deposition is dependent on the reductive stability
of the [TFSA] anion at the interface. The DFT calculation results of both coordinated and
uncoordinated [TFSA] anions to the magnesium ions in the case of Mg(TFSA)./triglyme,
are shown in Table 2-1 and Figure 2-13. The LUMO energy level of the coordinated
[TFSA] anion is calculated as -1.86 eV, which corresponds to -0.19 V vs. Mg?*/Mg. This
energy is lower than that of the uncoordinated [TFSA]  anion (-0.35 eV), which
corresponds to -1.7 V vs. Mg?*/Mg, as shown in Table 2-1 and Figure 2-13(a). The DFT
calculation results for the Mg(TFSA)./2-MeTHF electrolyte have been reported in Ref 24
and are listed in Table 2-1. These results indicate that the former [TFSA]" anion undergoes
reduction decomposition more easily than the latter.

To confirm the decomposition of [TFSA] on the magnesium metal surface, we
analyzed the magnesium metal after immersion into the 0.5 M Mg(TFSA)./triglyme and

the 0.5 M Mg(TFSA)2/2-MeTHF electrolytes. The XPS analysis detected fluorine species,
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which was attributed to a reduction product of the [TFSA]" anions on the surface of the
magnesium metal, as shown in Figures 2-14(d) and 2-15(d) in Supporting Information.
The partial reduction of [TFSA] at the reduction potential of the magnesium ions was
observed in another Mg[TFSA],-base electrolyte.>*>

To further examine how the passivation layer affects the interfacial resistance of
the Mg anode, EIS was performed. Figure 2-16(a)(b) show the Nyquist plots of the Mg
electrode immersed in different electrolytes and fitted results using equivalent electrical
circuit. The EIS data were fitted with the equivalent electrical circuit as shown in Figure
2-16(c)°>>’. The fitting parameters are summarized in Table 2-2. The solution resistance
(Rs) value changes for each three-electrode cell because the position of the reference
electrode cannot be correctly fixed in the cell. The Nyquist plot and bode plot showed
that one semicircle appears in the Mg(TFSA)./ triglyme and Mg(BH)4/THF electrolytes
at high frequency (10° Hz), whereas that two semicircles appear in the Mg(TFSA)./2-
MeTHF electrolyte at the middle (10% Hz) and high frequency (10° Hz). The semicircle at
the high frequency can be attributed to the charge transfer resistance, and the semicircle
at the middle frequency can be attributed to the resistance and of the passivation layer.%®-
58

The charge transfer resistance (Rc) of the 0.5 M Mg(TFSA)./2-MeTHF
electrolyte was comparative with that of the 0.5 M Mg(TFSA)./ triglyme electrolyte as
shown in Table S1. However, the passivation layer resistance (Rp) in the 0.5 M
Mg(TFSA)2/2-MeTHF was remarkably large, compared to the 0.5 M Mg(TFSA)2/
triglyme electrolyte. The large Rp of the 0.5 M Mg(TFSA)2/2-MeTHF electrolyte

indicates that the [TFSA] easily decomposes to form a passivation layer and impedes the
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magnesium deposition reaction, compared to the case in the 0.5 M Mg(TFSA)./triglyme
electrolyte. These EIS results agree with the XPS and DFT calculation results.

For the Mg(BH)4/THF electrolyte, Raman spectroscopy revealed that the majority
of the [BH4] anions coordinate to the magnesium ions and exist as AGG. The LUMO
energy levels of [BH4]™ for both coordinated and uncoordinated states to the magnesium
ions were calculated, and are shown in Table 2-1 and Figure 2-13(b). The LUMO energy
level of the uncoordinated [BH4] was reduced by coordination with the magnesium ions
from 0.37 eV to -1.05 eV. However, the LUMO energy of the coordinated [BHa]", which
corresponds to -1.0 V vs. Mg?*/Mg, is stable under the potential of the magnesium
deposition, as shown in Table 2-1 and Figure 2-13(b). The reduction production attributed
to the [BH4]" anion was not observed on the magnesium metal surface by XPS
measurements, as shown in Figure 2-17(d), which agrees with the DFT calculation result.
The EIS data and fitting data of the 0.5 M Mg(BH)4/THF were shown in Figure 2-16
(@)(b) and Table 2-2. The R of the 0.5 M Mg(BH)4/THF electrolyte was significantly
larger than that of the 0.5 M Mg(TFSA)2/triglyme electrolyte. The large Rt value of the
0.5 M Mg(BH)4/THF electrolyte explains the slow interfacial reaction kinetics for the
deposition/dissolution reaction (Figure 2-1).

Figure 2-18 schematically illustrates the behavior of the magnesium ions at the
anode/electrolyte interface. The [TFSA] coordinated to the magnesium ions in
Mg(TFSA)2/2-MeTHF experience reduction decomposition, and this inhibits the
magnesium deposition. Conversely, the 0.5 M Mg(TFSA)2/triglyme electrolyte allows a
quasi-reversible magnesium deposition. This is because most of the [TFSA] anions do
not coordinate to the magnesium ions; thus, such a [TFSA] anion is more stable than the

coordinated [TFSA] anion, for the reduction decomposition. Noteworthily, some of the
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[TFSA] still coordinate to the magnesium ions even in highly diluted solutions. These
coordinated [TFSA]" would be reduced easily. The poor Coulombic efficiency of the
magnesium deposition/dissolution in Mg(TFSA)J/triglyme is due to the reductive
decomposition of [TFSA] during the magnesium deposition process.

Compared to the case in the Mg(TFSA).-based electrolytes, although all of the
BH4 coordinate with the magnesium ions in the 0.5 M Mg(BH4)2/THF electrolyte,
magnesium deposition occurs. Even the LUMO energy of the BH4 decrease upon
coordination to the magnesium ions. The BH4 coordinated to the magnesium ions are
stable under the potential of the magnesium deposition. The magnesium deposition is not
inhibited by the decomposition of the BH4 . However, none of the magnesium ions exist
in a state separated from [BH4]; this results in the small current density of the magnesium
deposition reaction in the Mg(BHa)2/THF electrolyte (Figure 2-1).

2-4. Conclusions

The coordination structures of the magnesium ions in the bulk solution and at
the anode/electrolyte interface of three magnesium electrolytes were analyzed in this
study. In the 0.5 M Mg(TFSA)/triglyme electrolyte, quasi-reversible magnesium
deposition/dissolution reactions occurred, whereas no magnesium deposition reaction
occurred in the 0.5 M Mg(TFSA)./2-MeTHF electrolyte. In the 0.5 M Mg(BH4)/THF
electrolyte, although the current density was relatively low, reversible magnesium
deposition/dissolution reactions occurred. Operando XAS measurements showed that the
valency of the magnesium ions did not change, and the local structure distortion around
the magnesium ions increased in all the electrolytes at the magnesium
electrode/electrolyte interface during the cathodic polarization. We conclude that

suppressing the reduction decomposition of the anion is crucial for achieving successful
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magnesium deposition; furthermore, separating the magnesium ion from the anion is
important for accelerating the magnesium deposition. Admittedly, the poor Coulombic
efficiency associated with magnesium deposition/dissolution reactions in
Mg(TFSA)/ether solutions can be remarkably improved by incorporating chloride
compounds, which facilitate the dissociation of Mg(TFSA),. The findings of this study
will be useful for the future design of new electrolytes for magnesium rechargeable

batteries.
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Figure 2-1. (a) Cyclic voltammograms of the 0.5 M Mg(TFSA)/triglyme, 0.5 M
Mg(TFSA)2/2-MeTHF, and 0.5 M Mg(BH4)/THF at a sweeping rate of 5 mV/s. (b)

Enlarged figure of (a) between -2.5 and 2.5 V (vs. Mg>"’Mg)
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Figure 2-2. XRD patterns of electrodeposited of (a) 0.5 M Mg(TFSA)/triglyme and (b)

0.5 M Mg(BHa4)>/THF on Pt substrate.
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Figure 2-3. (a) SEM image and (b) EDX mapping of Mg K for Pt substrate after

electrochemical measurements in 0.5 M Mg(TFSA)./triglyme.
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Figure 2-4. (a) SEM image and (b) EDX mapping of Mg K for Pt substrate after

electrochemical measurements in 0.5 M Mg(BH4)2/THF.
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Figure 2-9. Raman spectra of (a) Mg(TFSA)/triglyme with several concentrations in the
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Figure 2-11. Mg K-edge XANES spectr

a obtained from the operando XAS

measurements for the (a) 0.5 M Mg(TFSA)./triglyme, (b) 0.5 M Mg(TFSA),/2-MeTHF,

and (c) 0.5 M Mg(BH.)»/THF electrolytes. The potential is expressed as vs. Mg?*/Mg.
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Figure 2-12. Mg K-edge Fourier-transformed EXAFS spectra obtained from the
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Table 2-1. Summary of the LUMO and HOMO energy levels for the free anion and

coordinated electrolytes

Free Anion Coordinated Anion
Electrolytes HOMO / eV LUMO / eV HOMO / eV LUMO / eV
Mg(TFSA), / triglyme -8.02 -0.35 -8.92 -1.86
Mg(TFSA), / 2-MeTHF 24 -8.01 -0.35 -9.35 -1.66
Mg(BH4), / THF -6.74 0.37 -9.06 -1.05
(@) Model of Mg(TFSA), in triglyme
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€] :g 1135107
Sl | 2051g....— 4
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Figure 2-13. DFT cluster calculations in (a) free TFSA™ and TFSA™ coordinated with

Mg?* in Mg(TFSA)./triglyme, (b) free BH4  and BH4™ coordinated with Mg?* in Mg(BHa)2

ITHF.
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Figure 2-14. XPS spectra for the Mg metal immersed in the 0.5 M Mg(TFSA),/triglyme;
(a) Mg 2p, (b) O 1s, (¢) C 1s, (d) F Is and (e) S 2p. The Ar ion beam sputtering times

are marked at the right side of the graph.
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Figure 2-15. XPS spectra for the Mg metal immersed in the 0.5 M Mg(TFSA)/2-
MeTHEF; (a) Mg 2p, (b) O 1s, (¢) C 1s, (d) F 1s and (e) S 2p. The Ar ion beam sputtering

times are marked at the right side of the graph.
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Figure 2-16. (a) Nyquist plots of Mg electrode immersed in 0.5 M Mg(TFSA)/triglyme,
0.5 M Mg(TFSA)>/2-MeTHF and 0.5 M Mg(BHa4),/THF electrolytes. Fitted impedance
spectra shown in solid line. (b) Enlarged figure of (a) between 0 and 5kQ. (¢) Equivalent
circuit model, in which electrolyte solution resistance is Rs, charge transfer resistance is
Rct, constant phase element is Cpgi, passivation layer resistance is Rpi, constant phase
element is Cpr2 and the Warburg impedance is Zvw. (d) Bode phase shift plot that donates

the capacitive responses.
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Table 2-2. The fitted parameter results of Figure 2-16(a).

Electrolyte 0.5M 0.5M 0.5M
Mg(TFSA)./triglyme Mg(TFSA),/2- Mg(BH4)./THF
MeTHF
R/ Q 152 81.06 2334
Ru/ Q 642.4 1129 28012
CPE1 5.0x 1038 8.7x 107 2.5x 107
pl 0.97 0.87 0.88
C/F 4.1x108 2.0x 107 6.8 x 10710
Time constant / s 2.5x 107 3.2x10° 2.0x 107
Ry / Q - 26366 -
CPE2 -- 3.4x10% --
p2 - 0.98 -
C/F -- 3.0x10% --
Time constant / s -- 7.9x 104 --
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Figure 2-17. XPS spectra for the Mg metal immersed in the 0.5 M Mg(BH4)2/THF; (a)
Mg 2p, (b) O 1s, (c) C 1s and (d) B 1s. The Ar ion beam sputtering times are marked at

the right side of the graph.
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Figure 2-18. Schematic illustrations of the behavior of the magnesium ions at the
anode/electrolyte interface in the (a) 0.5 M Mg(TFSA)y/triglyme, (b) 0.5 M

Mg(TFSA),/2-MeTHF, and (c) 0.5 M Mg(BH4)2/THF electrolytes.
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Chapter 3. Effect of Interaction Among Magnesium Ions,
Anion and Solvent on Kinetics of Magnesium Deposition

Process

3-1. Introduction

With the rapid development of electric automobiles, rechargeable batteries have
become increasingly necessary for providing higher energy density and power density
than those currently provided by lithium-ion batteries. Magnesium rechargeable batteries
are attractive, high-performance systems that use magnesium metal as the anode, which
has a high theoretical volumetric capacity (3832 mAh/cm?) and a relatively low reduction
potential (—2.38 V vs. SHE). '* Moreover, the safety and cost of employing magnesium
make it a superior choice compared to lithium. '%!! However, electrolytes that provide
reversible magnesium deposition/dissolution reactions are limited, hindering potential
applications of these rechargeable magnesium batteries. '*"!7 In many organic solutions,
which are typically used in lithium-ion batteries, the reversible, electrochemical
magnesium deposition/dissolution process is difficult to achieve because passivation
films form on the anode surface and inhibit the passage of magnesium ions. '* Although
magnesium organohaloaluminate-based electrolytes provide this reversible process,
571920 they are hazardous, corrosive, and exhibit low anodic stability; thus, a

breakthrough in the development of suitable electrolytes is necessary.

Recently, it has been reported that reversible Mg deposition/dissolution reactions

can occur in non-Grignard and halide-free electrolytes based on “simple” Mg salts;
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combination of Mg(TFSA),, 2!2* Mg(BH4),, 2° and weakly coordinating anion, such as,
Mg(CB11H2)2,2*  Mg(CB1iH11F)2,””  Mg[AI(HFIP)4]»,2® Mg[B(HFIP)s]» (HFIP=-
OCH(CF3)2)** and Mg[B(02C2(CF3)4)2]2, 3! and strongly interacting solvents such as
glyme. The coulombic efficiency and polarization of magnesium deposition/ dissolution
reactions vary depending on the anion species and solvents involved. Recent studies,
including those by our group, have suggested that the [TFSA]  coordinated to the
magnesium ions in a Mg(TFSA),- based electrolyte system undergoes reduction
decomposition, inhibiting the magnesium deposition.>*** Although deposition is not
inhibited with the Mg(BH4)2/THF electrolyte, a small current density is observed due to
the [BH4]™ coordination to the magnesium ions.** Since the coordination between the
anion and magnesium ions causes anion decomposition and/or impedes magnesium
deposition reactions, separating the magnesium ion from the anion is crucial for

accelerating magnesium deposition.

The association between magnesium ions and anions is determined by the
interactions among the magnesium ions, anions, and solvents. When a weakly
coordinating anion is employed, a wider variety of solvents can be used, which is
applicable to magnesium deposition because of the relatively low interaction between the
anion and magnesium ion. However, only limited solvents have been studied for use in
electrolytes. For reversible Mg deposition/dissolution ether-based solvents with good
reducing properties are used. Among them, dimethyl ether (DME) has a relatively high
donor number (DN) (24 kcal/mol)®* and has been the solvent of choice for previous
reported electrolytes. Glymes are also typical electrolyte solvents due to their strong

solvation of metal cations and their good chemical stabilities. *** The complex formation
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constant value becomes larger with increasing number of the coordinating sites in a single
ligand molecule. The entropy change caused by the formation of a complex with a
multidentate ligand is smaller than that caused by the formation of a complex with the
relevant monodentate ligand, resulting in a higher stabilization energy for the former. 38
The solvating energies of the glyme series are in the following order: monoglyme (G1) <
diglyme (G2) < triglyme (G3) < tetraglyme (G4).%® However, higher solvating energies
correlate with larger desolvation energies of the metal cation to cause that the kinetics of
charge transfer would be sluggish.®® Thus, developing solvents with relatively low
solvation energies is essential. Considering the interactions between magnesium ions,
anions, and solvents, as well as the relatively low DN (18 kcal/mol)* of 2-MeTHF, we
speculate that the solvent 2-MeTHF which could not be used in electrolyte such as

Mg(TFSA),, 32** is possible to be used in weakly coordinating anion electrolytes.

In this study, Mg[B(HFIP)4]> was chosen as a model magnesium salt, as it has a
weakly coordinating anion, to demonstrate the potential for expanding the choice of
electrolyte solvent and was compared with that of Mg(TFSA),. We carried out a
comparative study of the electrochemical deposition processes of magnesium in
Mg[B(HFIP)4]2-based and Mg(TFSA)»-based electrolyte systems employing both
triglyme and 2-MeTHF solvents. We mainly focused on the interactions among the
magnesium ions, anions, and solvent during magnesium deposition and discussed the
determining factor on the polarization behavior. The coordination structure of the
magnesium ions in the bulk solution of each electrolyte was analyzed by Raman
spectroscopy. Subsequently, the dynamic change in the electronic and local structures of

the magnesium ions near the anode surface in each electrolyte was examined using the
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operando soft X-ray absorption fine structure (SXAS) technique. The reductive stability
and decomposition reaction of each anion in these electrolytes was determined by density
functional theory (DFT) calculations and X-ray photoelectron spectroscopy (XPS)

measurements.

3-2. Experimental

3.2.1. Material preparation

Mg[B(HFIP)4]>» was synthesized by the dehydrogenation reaction of Mg(BHa4), with
hexafluoro-2-propanol (hfip-H) in DME. ? The 0.3 M Mg[B(HFIP)4],/triglyme and 0.3
M Mg[B(HFIP)4]2/2-MeTHF electrolytes were prepared by mixing Mg[B(HFIP)4]> with
triglyme (KISHIDA CHEMICAL Co., Ltd. >99%) or 2-MeTHF (Merck, >98%),
respectively, in an Ar-filled glove box. The 0.5 M Mg(TFSA)/triglyme and 0.5 M
Mg(TFSA)2/2-MeTHF electrolytes were similarly prepared by mixing Mg(TFSA).
(KISHIDA CHEMICAL Co., Ltd., >99.9%) with triglyme or 2-MeTHF, respectively, in
an Ar-filled glove box. To decrease the water content, the Mg(TFSA), salt was dried

under vacuum at 180 °C for 48 h.

3.2.2. Electrochemical measurements

Cyclic voltammograms (CVs) were collected by three-electrode cells to examine
the magnesium deposition/dissolution reactions in each electrolyte. A platinum plate was
used as the working electrode and a magnesium rod (99.9%, Nilaco Co., Ltd.) as the
counter electrode. Different reference electrodes were used for each electrolyte. For the
Mg(TFSA)./triglyme or Mg(TFSA)2/2-MeTHF electrolytes, a double-junction reference
electrode equipped with a microporous glass membrane was employed. The inner part

contained silver wire that was inserted into a 0.01 M solution of AgNOj3 in triglyme or 2-
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MeTHF, and the outer part contained the electrolyte being analyzed. For
Mg[B(HFIP)4]o/triglyme and Mg[B(HFIP)4]»/2-MeTHF, a magnesium plate was
employed as the reference electrode. All the electrodes were polished in an Ar-filled glove

box before use. Cyclic voltammetry was performed at 25 “C with a potential sweep rate

of 10 mV/s. The potential range was —4.0-1.5 V vs. Ag/Ag (-1.5-4.0 V vs. Mg*"/Mg)
for Mg(TFSA)y/triglyme and Mg(TFSA)2/2-MeTHF and —1.5-3.5 V vs. Mg*/Mg for

Mg[B(HFIP)4]2/triglyme and Mg[B(HFIP)4]2/2-MeTHF.

Electrochemical impedance spectroscopy (EIS) was carried out to analyze the
differences in the interfacial resistance using a similar cell configuration as that used in
the CV measurements. The alternating current (AC) frequency was scanned from 1 MHz
to 10 mHz with an amplitude of 50 mV. All experiments, including the electrolyte
preparation, cell construction, and electrochemical measurements, were carried out under

a dry Ar atmosphere.

3.2.3. Characterization

X-ray diffraction (XRD) was performed using an Ultima IV diffractometer

(Rigaku Co., Inc.) with a Cu Ko X-ray source. Scanning electron microscopy (SEM)
images and energy-dispersive X-ray spectroscopy (EDX) spectra were recorded using an
S-3400 N instrument (Hitachi HighTech Co.). After the potentiostatic deposition of
magnesium metal, the electrochemical cells were disassembled and the obtained
electrodes were washed with THF. Subsequently, these electrodes were dried in an Ar-
filled glove box overnight. All measurements were performed without air exposure of the

samples.
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The Raman spectra were collected by a DXR3 Smart Raman spectrometer
(Thermo Fisher Scientific) using a 532 nm diode-pumped solid-state laser at room
temperature. All the electrolytes were sealed in glass vessels in an Ar-filled glove box

and measured between 50 and 1800 cm™* without air exposure.

XPS measurements were performed to analyze the surface structure of
magnesium metal deposited galvanostatically on platinum substrate using the 0.3 M
Mg[B(HFIP)4]o/triglyme and 0.3 M Mg[B(HFIP)4]»/2-MeTHF electrolytes. After the
galvanostatic deposition, the electrodes were than rinsed with DME, dried under vacuum,
and subsequently sealed in a transfer vessel in the glove box. XPS was performed using
a VersaProbe II spectrometer (ULVAC-PHI, Inc.) with an Al Ka X-ray source. Depth
profiles were taken by argon sputtering with the ion gun. The emission currents of 20 mA
and acceleration voltage of 2 kV were applied. The etching time was 0—100 min for every
10 min.

The operando SXAS spectra for the Mg K-edge of the electrolytes were recorded
by the partial fluorescence yield method at the beamline BL27SU in the SPring-8
synchrotron radiation facility in Hyogo, Japan. A custom-made, three-electrode cell with
a SizNs window??** was used for the operando XAS measurements. Pt with a thickness
of 30 nm, was deposited as a working electrode onto a SisNs window with a 100 nm
thickness (Norcada Inc.) by magnetron sputtering. The fluorescence X-ray generated
from the electrolyte passing through the SisN4 window was detected by a silicon drift
detector (Techno X Co., Ltd.). The operando cell was assembled in an Ar-filled glove
box and transferred into a vacuum chamber for the XAS measurements without air

exposure. The operando XAS measurements were performed while maintaining the
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potential of the working electrode at several values prior to the magnesium deposition.
Afterward, the magnesium metal was deposited on the working electrode by applying a
potential step method and additional XAS measurements were performed. Magnesium
oxide powder was used as references for X-ray energy calibration. Fourier-transformed

EXAFS with &*-weight was calculated using the Athena software package.*!

DFT calculations were carried out using the Gaussianl6 Revision A.03 code to
investigate the coordination effect on the electronic states. ** We calculated the optimized
geometries and the corresponding HOMO and LUMO energies of the free [B(HFIP)4]~
ion and Mg[B(HFIP)4]; salt in the triglyme solvent using the polarized continuum model

method with the parameters for the triglyme bulk solvent (dielectric constant €=7.62).

3-3. Results and discussion

3.3.1. Behavior of the magnesium deposition/dissolution reactions

Considering the optimal conductivity of each electrolyte, the concentration of the
Mg[B(HFIP)s]» and Mg(TFSA). were selected as 0.3 M and 0.5 M, respectively.
Magnesium metal deposition/dissolution reactions were examined for the 0.5 M
Mg(TFSA)/triglyme, 0.5 M Mg(TFSA)./2-MeTHF, 0.3 M Mg[B(HFIP)4]»/triglyme and
0.3 M Mg[B(HFIP)4]2/2-MeTHF by cyclic voltammetry. Figure 3-1a shows the obtained
cyclic voltammograms (CVs) in 0.3 M Mg[B(HFIP)4]/triglyme and 0.5 M
Mg(TFSA)/triglyme. In both electrolytes, cathodic and anodic currents, which are
attributed to magnesium metal deposition and dissolution reactions, were observed. In
contrast to the 0.5 M Mg(TFSA)2/triglyme electrolyte, 0.3 M Mg[B(HFIP)4]./triglyme
showed significantly lower overpotential and higher current density. CVs were also

obtained for 0.5 M Mg(TFSA)2/2-MeTHF and 0.3 M Mg[B(HFIP)4]./2-MeTHF (Figure
92



3-1b), where the cathodic and anodic currents attributed to the magnesium deposition and
dissolution reactions were not observed in the 0.5 M Mg(TFSA)>/2-MeTHF electrolyte,
as was previously reported.’? 3* However, these currents were observed in the 0.3 M
Mg[B(HFIP)4]2/2-MeTHF electrolyte under the same conditions. Although the cathodic
and anodic current densities of 0.3 M Mg[B(HFIP)4]»/2-MeTHF were similar to those of
0.3 M Mg[B(HFIP)4]»/triglyme, the overpotential of the 0.3 M Mg[B(HFIP)4]>/2-MeTHF
electrolyte was higher than that of the 0.3 M Mg[B(HFIP)4]./triglyme electrolyte. The
coulombic efficiencies of the magnesium metal deposition/dissolution reactions were
94% and 87% in 0.3 M Mg[B(HFIP)4]2/triglyme and 0.3 M Mg[B(HFIP)4]2/2-MeTHF,
respectively. After the passage of the cathodic current in both electrolytes, the deposited
product was characterized as magnesium metal by X-ray diffraction (XRD) (Figure 3-2)
and scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDX)
(Figures 3-3, 3-4). The morphology of the Mg[B(HFIP)4]2/2-MeTHF is smoother than
that of the Mg[B(HFIP)4]o/triglyme in Figures 3-3 and 3-4. It has been reported that the
deposited Li nuclei decrease in size and become more closely packed as the current
density increased for a fixed amount of Li because of increase overpotential.* In the case
of Mg[B(HFIP)4]o/2-MeTHF, because the overpotential is higher than that of
Mg[B(HFIP)4]2/triglyme, resulting in a smaller nuclei size of Mg[B(HFIP)4]2/2-MeTHF
than that of Mg[B(HFIP).]2/triglyme.
3.3.2. Coordination structure of the magnesium ions in bulk solution

To examine the interactions between the magnesium ions, anions, and solvent
molecules in the bulk solutions of those electrolytes, Raman spectra were collected. In
bulk solution, magnesium ions compete with the solvent molecules to interact with the

anions. If the interaction between the magnesium ion and anion is strong, magnesium ions
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will coordinate with both the anion and solvent. In our previous report, Raman
spectroscopy revealed that less than 10% of the [TFSA] anions in the
Mg(TFSA)y/triglyme electrolyte coordinated with magnesium ions, while the remaining
existed as solvent-separated ion pairs (SSIPs). The coordination state of [TFSA]™ was
also not dependent on the concentration. ** In the Mg(TFSA),/2-MeTHF electrolyte, all
the [TFSA] anions existed as aggregates (AGGs) and the coordination state of [TFSA]™
was not concentration dependent. 3> 3* Typically, Raman peaks corresponding to the CF3
bending vibration of [TFSA]™ are observed in the region between 710 and 730 cm ™' and
reflect its interaction with the cation.’”- ** Therefore, when we collected Raman spectra
for the Mg[B(HFIP)4]2/triglyme and Mg[B(HFIP)4]2/2-MeTHF electrolytes in this region
(Figure 3-5), we speculated that the peaks we observed were similarly attributable to the
CF3 bending vibration of [B(HFIP)4]™ and reflected its interaction with the cation. The
peak top wavenumber of the CF3 bending vibration for the Mg[B(HFIP)s]./triglyme and
Mg[B(HFIP)4]2/2-MeTHF electrolytes (Figure 3-6a) was determined under several
concentrations by Voigt function fitting (Figures 3-7, 3-8). Compared to that of
Mg[B(HFIP)a4]./triglyme, the CF3; bending vibration band of Mg[B(HFIP)s]2/2-MeTHF
appeared at a higher wavenumber. Regarding [TFSA], shifts in its wavenumber to higher
frequency occur if it is directly bound to the cation and forms a contact ion pair or AGG.*’
Therefore, since the [B(HFIP)s] wavenumber of the Mg[B(HFIP)4]./2-MeTHF
electrolyte was higher than that of the Mg[B(HFIP)4]./triglyme electrolyte, we concluded
that the [B(HFIP)4]™ ions were coordinated to the magnesium ions when the solvent was
2-MeTHF.

The Raman spectra for the Mg(TFSA)/triglyme and Mg[B(HFIP)4]./triglyme

electrolytes with various concentrations were collected for the region between 750 and
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950 cm ™! (Figures 3-9 a, b). The Raman bands corresponding to the CH; rocking and C—
O-C stretching vibrations of the glyme solvent appear between 800 and 900 cm™!;* 4°
specifically, between 800 and 865 cm™' when the solvent does not coordinate to metal

! when they do interact.** We observed the intensity

ions and between 865 and 890 cm™
of the band between 865 and 890 cm™' to increase with increasing salt concentration,
which indicated that the triglyme solvent in both electrolyte systems were well
coordinated to magnesium ions. To estimate the coordination degree of magnesium ions

with triglyme molecules, we focused on the bands near 865-890 cm™!

and performed a
nonlinear least-squares curve-fitting analysis for the observed Raman spectra (Figures 3-
10, 3-11). Using the integrated area of the coordinated triglyme, we compared the
solvation degree of the two electrolyte systems. We employed Voigt function fitting to
show the ratio of complexation between the magnesium ions and triglyme molecules with
various concentrations of the Mg(TFSA)y/triglyme and Mg[B(HFIP)a4]o/triglyme
electrolytes (Figure 3-6 b). The plots exhibited straight lines for both electrolytes systems,
but the slope of the Mg(TFSA)./triglyme plot was smaller than that of the
Mg[B(HFIP)4]2/triglyme plot. These results indicated that the triglyme molecules
coordinated to magnesium ions stronger in the Mg[B(HFIP)s]2/triglyme electrolyte than
in the Mg(TFSA)»/triglyme electrolyte. Raman peaks around 800 cm™ with increasing
salt concentration probably corresponding to the B-O vibration of [B(HFIP)4]".*¢ Because
it presents in Raman spectra of both Mg[B(HFIP)4]» electrolytes (Figure 3-9 b,c), with
increasing salt concentration, but not observed in Mg[TFSA]o/triglyme electrolyte
(Figure 3-9 a), indicating that it's not a solvent-derived peak.

1

Raman spectra in the region between 750 and 950 cm ™ were taken for the

Mg[B(HFIP)4]2/2-MeTHF electrolyte at various concentrations (Figure 3-9 ¢), where the
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peaks assigned to the C—C and C-O stretching modes of 2-MeTHF were observed at 920
cm ' 344748 It has been reported that when THF coordinates to the cation a peak appears
at a wavenumber 10 cm ™! lower than those indicative of the C—C and C-O stretching of
the non-coordinated THF.*"- 8 This peak was not observed in the Raman spectra of the
Mg[B(HFIP)4]2/2-MeTHF electrolyte, indicating that 2-MeTHF did not directly
coordinate to magnesium ions. This result is consistent with the result of Mg(TFSA)./2-
MeTHF, which we previously reported.’’** When the Mg[B(HFIP)4]2/2-MeTHF
electrolyte concentration was increased, the new peak that had not been observed in the
Mg(TFSA),/2-MeTHF electrolyte appeared between 865 and 890 cm ™!, Additionally, the
Mg[B(HFIP)4]2 crystal unit consists of typical ion pairs, in which the magnesium ion is
solvated by three DME molecules. 2 Based on these reports, we assigned the peak at 880
cm ! to the CH; rocking and C—O-C stretching vibrations of the glyme molecules
coordinated to magnesium ions. These results indicate that the magnesium ions in the
Mg[B(HFIP)4]2/2-MeTHF electrolyte were coordinated to both residual DME and
[B(HFIP)4] ions.
3.3.3. Electronic and local structure of the magnesium ions at the interface between the
anode and the electrolyte under an applied potential

Operando SXAS measurements were performed for the 03 M
Mg[B(HFIP)4]o/triglyme and 0.3 M Mg[B(HFIP)s]2/2-MeTHF electrolytes, and the X-
ray absorption near edge structure (XANES) and Fourier-transformed extended X-ray
absorption fine structure (EXAFS) of each electrolyte were evaluated (Figure 3-12).

The XANES spectra (Figure 3-12(a) and (c)) showed different peak intensity
ratios at 0 V for the two electrolyte systems, indicating that the coordination environment

of the two electrolytes was different. These results were also in agreement with the Raman
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spectroscopy results. The XANES spectra of both electrolytes remained unchanged from
0V to —0.4 V, which was slightly above the potential where magnesium deposition starts.
The photon energy at the peak top for each spectrum remained constant over this same
range, indicating that the valency of the magnesium ions did not change. However, once
the magnesium deposition began the XANES spectra changed drastically.

In the Fourier-transformed EXAFS spectra (Figure 3-12(b) and (d)), two
considerable peaks were observed around 1.6 A and 2.6 A. For both electrolytes, the
distance between the magnesium ion and the first nearest neighbor atom did not change
from 0 V to —0.4 V, which indicates that the valency of the magnesium ions did not
change and agreed with the XANES results. The intensity of the peak at 1.6 A in both
spectra was nearly constant from 0 V to —0.4 V, indicating that the local structure of the
magnesium ions near the negative electrode surface in both electrolytes did not change
before magnesium deposition. These behaviors were different from those of Mg(TFSA)»-
based electrolytes.** In a previous study, we reported an increase in the local structure
distortion around the magnesium ions in Mg(TFSA)>-based electrolytes at the magnesium
electrode/electrolyte interface during cathodic polarization.®* Unlike those in the
Mg(TFSA)»-based electrolyte, the magnesium ions in Mg[B(HFIP).]2-based electrolytes
are highly coordinated with the solvent molecules but weakly interact with the anions.
Therefore, ligand exchange is relatively inhibited by the applied potential and the local
distortion around the magnesium ions in Mg[B(HFIP)4].-based electrolytes at the
magnesium electrode/electrolyte interface remains unchanged. From the result that the
EXAFS oscillations are affected by the applied potential, ** we also can confirm that the
XAS detected the information of magnesium ions in the electrical double layer region.

3.3.4. Reductive stability of the anion

97



To understand the difference in magnesium deposition behavior for each
electrolyte, DFT calculations and XPS were used to identify reductive stabilities of the
different anions. DFT calculations were conducted for both Mg-coordinated and Mg-
uncoordinated [B(HFIP)4] anions in the Mg[B(HFIP)4] electrolytes (Figure 3-13). The
lowest unoccupied molecular orbital (LUMO) energy level of the coordinated
[B(HFIP)4] anion was —1.37 eV (0.6 V vs. Mg?*/Mg), which was much lower than that
of the uncoordinated [B(HFIP)s]" anion (—0.78 eV; —1.3 V vs. Mg*/Mg). In
Mg[B(HFIP)4]> electrolyte system, uncoordinated [B(HFIP)4]™ anions (free [B(HFIP)4]
anions) are more stable than coordinated [B(HFIP)4] anions, as the LUMO energy level
of the uncoordinated [B(HFIP)4]" anion was much higher than that of the coordinated
[B(HFIP)4] anion. When the reductive stability compared with Mg[TFSA], electrolyte
system,** DFT results show that, coordinated [B(HFIP)4]" anions are also stable than
coordinated [TFSA] anions under the potential of the magnesium deposition, even the
LUMO energy of the [B(HFIP)4]” decrease upon coordination to the magnesium ions. The
magnesium deposition is not inhibited by the decomposition of the [B(HFIP)4]". Therefore,
the quasi-reversible magnesium deposition/dissolution reactions occurred in
Mg[B(HFIP)4]»/2-MeTHF.

To clarify the decomposition of [B(HFIP)4] on the magnesium metal surface, we
analyzed the magnesium metal after immersion into 0.3 M Mg[B(HFIP)s]2/triglyme and
0.3 M Mg[B(HFIP)4]2/2-MeTHF. Fluorine species, a reduction product of the [TFSA]™
anions, were observed on the surface of the magnesium metal in the Mg(TFSA),-based
electrolytes.’****’  Furthermore, XPS measurements indicated that the reduction
attributable to the [B(HFIP)4] anion was negligible on the magnesium metal surface when

compared to that of the anion in Mg(TFSA)»-based electrolytes (Figures 3-14, 3-15d),
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which consistent with the recent report. > These results indicate that the [B(HFIP)4] anion
is more stable for the magnesium metal than the [TFSA]™ anion.

To further examine the interfacial resistance of the Mg anode, electrochemical
impedance spectroscopy (EIS) was performed, where Nyquist plots of the Mg electrode
immersed in different electrolytes were developed (Figure 3-16 a) and fitting parameters
were evaluated using an equivalent electrical circuit (Figure 3-16 c) (Table 3-1). The
solution resistance (Rs) value changes for each three-electrode cell because the position
of the reference electrode cannot be correctly fixed in the cell. The Nyquist and bode plots
showed that only one semicircle appeared in both electrolytes around a high frequency
(10° Hz), which was attributed to the charge transfer resistance (Rc). **°!>> The R of the
0.3 M Mg[B(HFIP)s]2/2-MeTHF electrolyte was comparable to that of the 0.3 M
Mg[B(HFIP)4]2/triglyme electrolyte (Table 3-1). In our previous study, we reported that
the Mg deposition was inhibited by the decomposition of [TFSA]™ anions due to the high
passivation layer resistance (Rp).>* Compared to those of the Mg(TFSA),-based
electrolyte, there are negligible passivation layer resistance of anionic decomposition, and
the Rt of the Mg[B(HFIP)4]2-based electrolyte were significantly small. These results
indicated that it was difficult for the [B(HFIP)4] anions to decompose, which was due to
the high reduction stability of the anion; this was in agreement with the XPS and DFT
calculation results. Furthermore, the R of the 0.3 M Mg[B(HFIP)4]2/2-MeTHF
electrolyte was larger than that of the 0.3 M MQg[B(HFIP)s]2/triglyme electrolyte,
corresponded to the slow interfacial reaction kinetics for the deposition/dissolution
reactions (Figure 3-1).

3.3.5. Discussion
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Figure 3-17 schematically illustrates the behavior of the magnesium ions at the
anode/electrolyte interface. Based on the previous reports, 3> 3* the [TFSA]" coordinated
to the magnesium ions in Mg(TFSA),-based electrolytes experience reduction
decomposition, and this inhibits the magnesium deposition. Compared with the
Mg(TFSA)y/triglyme electrolytes, the MQ[B(HFIP)4]./triglyme electrolyte showed
excellent Coulombic efficiency and small polarization for the magnesium
deposition/dissolution reactions. This is because magnesium ions highly coordinated with
the solvent, the interaction between Mg?* and [B(HFIP)4] is relatively week, compare to
[TFSA]" anion. operando SXAS revealed that the coordination structures of the
magnesium ions at the interface in the Mg[B(HFIP)4]» electrolyte remained unchanged
under applied potential. Consequently, the magnesium deposition is not inhibited by the
decomposition of [B(HFIP)4]" due to the high reduction stability, resulting in higher
coulombic efficiency and smaller polarization than Mg(TFSA); electrolyte in magnesium
deposition/dissolution reactions.

Compared with Mg(TFSA),/2-MeTHF electrolyte, although [B(HFIP)4]
coordinate with the magnesium ions in Mg[B(HFIP)4]2/2-MeTHF, the quasi-reversible
magnesium deposition/dissolution reactions still occurred under the same condition. This
is because the coordinated [B(HFIP)4]” anions are more stable than coordinated [TFSA]
anions under the potential of the magnesium deposition, even the LUMO energy of the
[B(HFIP)4]" decrease upon coordination to the magnesium ions. The magnesium
deposition is not inhibited by the decomposition of the [B(HFIP)4]. However, the
interaction between magnesium ions and [B(HFIP)4]" in the Mg[B(HFIP)4]2/2-MeTHF is
stronger than Mg[B(HFIP)s]2/triglyme electrolyte. These coordinated [B(HFIP)4]” would

be reduced easily than free [B(HFIP)]. The lower Coulombic efficiency of the
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magnesium deposition/dissolution in Mg[B(HFIP)4]2/2-MeTHF is due to the partial

reductive decomposition of [B(HFIP)4] during the magnesium deposition process.
3-4. Conclusions

In this study, the effects of anion species and solvents on the coulombic
efficiency and polarization of magnesium deposition/dissolution reactions were analyzed
using Mg[B(HFIP)s]2/triglyme, Mg[B(HFIP)4]2/2-MeTHF, Mg(TFSA)2/triglyme, and
Mg(TFSA)2/2-MeTHF electrolytes. When triglyme was the solvent, the cyclic
voltammetry demonstrates that Mg[B(HFIP)s]2/triglyme shows significantly lower
overpotential and high Coulomb efficiency for magnesium deposition/dissolution
reactions than Mg (TFSA),/triglyme. When using 2-MeTHF solvent, magnesium
deposition/dissolution reactions did not occur in Mg[TFSA]»/2-MeTHF electrolyte.
However, the reactions occurred in the Mg[B(HFIP)4]2/2-MeTHF electrolyte although
the Coulombic efficiency was lower and overpotential was higher than
Mg[B(HFIP)4]2/triglyme. Raman spectra showed that the magnesium ions largely
coordinated to the solvent molecules in the Mg[B(HFIP)4]o/triglyme electrolyte, but
coordinated to the [B(HFIP)4]" in Mg[B(HFIP)4]2/2-MeTHF. Operando SXAS revealed
that the local distortion around the magnesium ions remained unchanged at the
magnesium electrode/electrolyte interface in the Mg[B(HFIP)4]2/triglyme and 2-MeTHF
electrolytes. Our DFT, XPS, and EIS results indicated that [B(HFIP)4]" decomposition in
the Mg[B(HFIP)4]o/triglyme electrolyte was hard to occur due to the high reduction
stability of uncoordinated [B(HFIP)4] anion, resulting in higher coulombic efficiency and
smaller polarization. The opposite was observed for the Mg[B(HFIP)4]./2-MeTHF
electrolyte, where reduction decomposition easily occurred because the magnesium and

[B(HFIP)4] interactions were stronger in the Mg[B(HFIP)4]2/2-MeTHF electrolyte than
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those in the Mg[B(HFIP)4]2/triglyme electrolyte. This study demonstrates the importance
of controlling the interactions between magnesium ions and anions, which can be done
by selecting suitable anions and solvents. We believe that our findings can significantly

promote developments of new electrolytes for magnesium rechargeable batteries.
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Figure 3-3. (a) SEM image, (b) EDX mapping and spectrum of Pt substrate after

electrochemical measurements in 0.3 M Mg[B(HFIP)4]2/triglyme.
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Figure 3-4. (a) SEM image, (b) EDX mapping and spectrum of Pt substrate after

electrochemical measurements in 0.3 M Mg[B(HFIP)4]»/2-MeTHF.
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Figure 3-5. Raman spectra of (a) Mg[B(HFIP)4]o/triglyme and (b) Mg[B(HFIP)4]2/2-

MeTHF with several concentrations in the region between 710 and 730 cm’!

111



722

e

o

~

@ 721}

Q0

E —n . —E @’

2

2720-

©

=

o L

8 19 Mg[B(HFIP),],/triglyme

% —m— Mg[B(HFIP),],/2-MeTHF

&718 1 1 1 1 1
00 01 02 03 04 05 06

Concentration / M

Mg[B(HFIP)],/triglyme
®  Mg(TFSA),/triglyme

Relative peak area

/I

-/./././

00 01 02 03 04 05 06
Concentration / M

Figure 3-6. (a) Peak top wavenumber of Mg[B(HFIP)4]»/triglyme and Mg[B(HFIP)4]2/2-
MeTHF plotted against concentration in the region between 710 and 730 cm™. (b)
Relative peak area of Mg[B(HFIP)4]o/triglyme and Mg[TFSA],/ triglyme with several

concentrations.

112



---05M

—— fitting ---03M

—— fitting

Intensity / a.u.
Intensity / a.u.

710 715 720 725 730 710 715 720 725 730
Wavenumber / cm™ Wavenumber / cm™
- 02M
---025M —— fitting

Intensity / a.u.
Intensity / a.u.

710 715 720 725 730 710 715 720 725 730
Wavenumber / cm™ Wavenumber / cm™
e
—— fitting 9

Intensity / a.u.
Intensity / a.u.

710 715 720 725 730
Wavenumber / cm* Wavenumber / cm™

710 7i5 7é0 7é5 730

Figure 3-7. Raman spectra and voigt function fitting results of Mg[B(HFIP)4]2/triglyme

in several concentrations in the wave number between 710 and 730 cm™.

113



---05M
— fitting

Intensity / a.u.

7i5 7&0 7é5
Wavenumber / cm™

710

---025M
— fitting

Intensity / a.u.

715 720 725
Wavenumber / cm™

710

---01M
— fitting

Intensity / a.u.

715 720 725
Wavenumber / cm™

Figure 3-8. Raman spectra and Voigt function fitting results of Mg[B(HFIP)4]>/2-MeTHF

---03M
— fitting

Intensity / a.u.

7i5 7é0 7é5
Wavenumber / cm™?

710

Intensity / a.u.

715 720 725
Wavenumber / cm™

---0.05M
— fitting

Intensity / a.u.

’

715 720 725
Wavenumber / cm™?

710 730

in several concentrations in the wave number between 710 and 730 cm™.

114



&5\“/\"\/\
03M
02M
0.1 M
W
triglym

750 800 850 900 950
Wavenumber / cm™?

©) o N
o N

0.3M
0.25M

0.2M

Intensity / a.u.

0.1M

W“/\\_/\
A

triglyme

Intensity / a.u

750 800 850 900 950
Wavenumber / cm™?

750 800 850 900 950
Wavenumber / cm™

Intens

Figure 3-9. Raman spectra of (a) Mg[TFSA]y/ triglyme (b) Mg[B(HFIP)4]»/triglyme and

(c) Mg[B(HFIP)4]2/2-MeTHF in the wave number between 750 and 950 cm™.

115



—05M —0.3M

—— Fit Peak 1 —— Fit Peak 1
—— Fit Peak 2 —— Fit Peak 2
—— Fit Peak 3 —— Fit Peak 3
I Fit Peak 4

—— Cumulative Fit Peak

I Fit Peak 4

—— Cumulative Fit Peak

Intensity / a.u.
Intensity / a.u.

780 800 820 840 860 880 900 780 800 820 840 860 880 900
Wavenumber / cm™ Wavenumber / cm™

—0.25M

—— Fit Peak 1 —02M

—— Fit Peak 2 —— Fit Peak 1

—— Fit Peak 3 —— Fit Peak 2

—— Fit Peak 3

[ Fit Peak 4

—— Cumulative Fit Peak

I Fit Peak 4

—— Cumulative Fit Peak

Intensity / a.u.
Intensity / a.u.

780 800 820 840 860 880 900 780 800 820 840 860 880 900
Wavenumber / cm™ Wavenumber / cm™
—0.1M —0.05M
—— Fit Peak 1 —— Fit Peak 1
—— Fit Peak 2 —— Fit Peak 2
—— Fit Peak 3 . |—— Fit Peak 3

I Fit Peak 4

—— Cumulative Fit Peak

I Fit Peak 4

—— Cumulative Fit Peak

Intensity / a.u.
Intensity / a.u

el <
T T T T T T T T — T T
780 800 820 840 860 880 900 780 800 820 840 860 880 900
Wavenumber / cm™ Wavenumber / cm™

Figure 3-10. Raman spectra and Voigt function fitting results of Mg(TFSA)»/triglyme in

several concentrations in the wave number between 780 and 910 cm™!.

116



——05M ——03M
—— Fit Peak 1 —— Fit Peak 1
—— Fit Peak 2 —— Fit Peak 2
. |——FitPeak 3 . |—— Fit Peak 3
S | FitPeak 4 S [ JFitPeak 4
@ |~ Cumulative Fit Peak @ |~ Cumulative Fit Peak
~ ~
> >
= =
2] (2]
c c
() [
- R
k= £
T T T T T T T T T T T T
780 800 820 840 860 880 900 780 800 820 840 860 880 900
Wavenumber / cm? Wavenumber / cm?
—0.25M —02M
—— Fit Peak 1 —— Fit Peak 1
—— Fit Peak 2 —— Fit Peak 2
. |—— Fit Peak 3 . |——FitPeak 3
S |[_JFitPeak 4 S |[_FitPeak 4
@ |—— Cumulative Fit Peak « Cumulative Fit Peak
~ ~
> >
= =
(%] (2]
c c
(] ]
R -
£ £
780 800 820 840 860 880 900 780 800 820 840 860 880 900
Wavenumber / cm? Wavenumber / cm?t
—01M ——0.05M
—— Fit Peak 1 —— Fit Peak 1
—— Fit Peak 2 —— Fit Peak 2
. |——FitPeak 3 . |—— Fit Peak 3
S | FitPeak 4 S |[_JFitPeak 4
@ |~ Cumulative Fit Peak @ |—— Cumulative Fit Peak
-~ ~
> >
= =
0 2]
c c
() [
- -
k= £
780 800 820 840 860 880 900 780 800 820 840 860 880 900
Wavenumber / cm™ Wavenumber / cm™
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Table 3-1. The fitted parameter results of Figure 3-16.

Electrolyte 0.3 M Mg[B(HFIP)4]»/triglyme 0.3 M Mg[B(HFIP)4]»/2-MeTHF
Ri/Q 223 453
Rei/ Q 115.6 151.4
CPE 1.1x 108 53x107
p 0.96 1.05
C/F 6.2x10° 1.0x 10
Time constant / s 7.9x 107 1.0x 10¢
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Chapter 4. Reaction Mechanism of Boron-Based Mg

Electrolytes with Different Anion Sizes

4-1. Introduction

With the rapid development of electric vehicles, it will be necessary for
rechargeable batteries to provide higher energy and power densities than the current
lithium-ion batteries. Magnesium rechargeable batteries are expected as high energy
density batteries, because the magnesium metal has a high theoretical volumetric capacity
(3834 mAh/cm?®) and a relatively low reduction potential (-2.38 V vs. SHE). I Moreover,
the safety and cost of magnesium make it a superior option to lithium. '® ' However,
magnesium rechargeable batteries have many challenges that hinder practical
applications.'>!” The electrolyte containing an inorganic salt and carbonate solvent,
which is normally used in lithium-ion batteries, cannot be used for the magnesium metal
deposition because the passivation film formed on the anode surface inhibits the passage
of magnesium ions.!® Although magnesium organohaloaluminate-based electrolytes
provide this reversible process, > " 1% they are hazardous, corrosive, and exhibit low
anodic stability; thus, a breakthrough in the development of suitable electrolytes is

necessary.

The bivalent nature of the magnesium cation leads not only to a very high volume
capacity, but also to strong electrostatic interactions with the anion as well as with the
solvent. Thus, the dissolution of ions always competes with their binding, which usually
manifests itself in poor salt solubility and/or poor ionic conductivity. ! In fact, ion pairs

and larger clusters have been found to form in many magnesium-based electrolytes, for
125



example, Mg(TFSA),>% Mg(BH4)..2® Thereby, the formation and size of the
agglomerates strongly depends on the anion, the solvent and the electric field strength. 2!
Such clusters can significantly affect the properties of the electrolyte: clusters can
effectively shield the double charge of magnesium cations, thus reducing the charge
density and the interaction between ion clusters; but at the same time, the cluster size is
large, reducing its diffusivity. Reduces the ionic conductivity, sterically impedes the

charge transfer on the electrode.

Recently, it has been reported that reversible Mg deposition/dissolution reactions
can occur in boron based weakly coordinating anion, such as, Mg(CBi1Hi2),,?’
Mg(CB11H11F),, 2 Mg[B(HFIP)4]» (HFIP=-OCH(CF3),)**- 3 and Mg[B(O2C2(CF3)4)2]2,!
and strongly interacting solvents such as glyme. Each of these anion classes possesses
rich substitutional chemistry that can be exploited to correlate anion structure with
electrolyte function and stability, thereby enabling rational electrolyte design. The
alkoxyborates anion is of particular interest because of its reported electrochemical
stability and high coulombic efficiency. However, the behavior of magnesium ions at the
interface between the negative electrode and the effects of formation and size of the

agglomerates on Coulomb efficiency and polarization have not been clearly understood.

In this study, we choose the different size of boron based electrolytes (Figure4-1),
to develop a better understanding of the influence of the cluster formation and size of ion
clusters on the overall battery performance. Raman spectroscopy, density functional
theory (DFT) calculations and electrochemical impedance spectroscopy (EIS) were done
to analyze the coordination structure of the magnesium ions in the bulk solution and
reductive stability of each anion in these electrolytes.
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4-2. Experimental

4.2.1. Material preparation

Mg[B(HFIP)s]>, Mg[B(PFTB)4]> and Mg[B(TFE)s]» were synthesized by the
dehydrogenation reaction of Mg(BH4), with hexafluoro-2-propanol, nonafluoro-tert-
butyl alcohol and 2,2,2-trifluoroethanol in DME, respectively.”” The 0.3 M
Mg[B(HFIP)s]2/triglyme , 0.3 M Mg[B(PFTB)4]2/triglyme and 0.3 M Mg[B(TFE)4]2/
triglyme electrolytes were prepared by mixing Mg[B(HFIP)4]>, Mg[B(PFTB)4]> and
Mg[B(TFE)4]2 with triglyme (KISHIDA CHEMICAL Co., Ltd. >99%) respectively, in

an Ar-filled glove box.

4.2.2. Electrochemical measurements

Cyclic voltammograms (CVs) were collected by three-electrode cells to examine
the magnesium deposition/dissolution reactions in each electrolyte. A platinum plate was
used as the working electrode and a magnesium plate (99.9%, Nilaco Co., Ltd.) as the
counter electrode and the reference electrode. All the electrodes were polished in an Ar-

filled glove box before use. Cyclic voltammetry was performed at 25 “C with a potential

sweep rate of 10 mV/s. The potential range was —1.5-3.5 V vs. Mg®"/Mg for each
electrolyte.

Electrochemical impedance spectroscopy (EIS) was carried out to analyze the
differences in the interfacial resistance using a similar cell configuration as that used in
the CV measurements. The alternating current (AC) frequency was scanned from 1 MHz
to 10 mHz with an amplitude of 50 mV. All experiments, including the electrolyte
preparation, cell construction, and electrochemical measurements, were carried out under

a dry Ar atmosphere.
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4.2.3. Characterization

The Raman spectra were collected by a DXR3 Smart Raman spectrometer
(Thermo Fisher Scientific) using a 532 nm diode-pumped solid-state laser at room
temperature. All the electrolytes were sealed in glass vessels in an Ar-filled glove box
and measured between 50 and 1800 cm™! without air exposure.

DFT calculations were carried out using the Gaussianl6 Revision A.03 code to
investigate the coordination effect on the electronic states. >> We calculated the optimized
geometries and the corresponding HOMO and LUMO energies of the free anion and
coordinated anion in the triglyme solvent using the polarized continuum model method
with the parameters for the triglyme bulk solvent (dielectric constant £=7.62).

4-3. Results and discussion

4.3.1. Behavior of the magnesium deposition/dissolution reactions

Magnesium metal deposition/dissolution reactions were examined for the 0.3 M
Mg[B(HFIP)s]o/triglyme, 03 M  Mg[B(PFTB)2/triglyme and 03 M
Mg[B(TFE)]2/triglyme by cyclic voltammetry. Figure 4-2 shows the obtained
voltammograms. Figure 4-2(b) shows an enlarged figure of the current density, near the
potential that the magnesium deposition occurs, during the potential sweep in the negative
direction (Figure 4-2(a)). In each electrolyte, cathodic and anodic currents, which are
attributed to magnesium metal deposition and dissolution reactions, were observed. In
contrast to the 0.3 M Mg[B(PFTB)s]2/triglyme and 0.3 M Mg[B(TFE)4]./triglyme
electrolyte, 0.3 M Mg[B(HFIP)4]>/triglyme showed significantly lower overpotential and
higher current density. The coulombic efficiencies of the magnesium metal

deposition/dissolution  reactions were 94%, 82% and 20% i 03 M
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Mg[B(HFIP)s]o/triglyme, 0.3 M  Mg[B(PFTB)4]o/triglyme and 03 M
Mg[B(TFE)s]2/triglyme, respectively.
4.3.2. Coordination structure of the magnesium ions in bulk solution

The coordination structure of the magnesium ions in each electrolyte is influenced
by the cation-anion interactions. The magnesium ions compete with the solvents to
interact with the anion; consequently, if the interaction between the magnesium ion and
anion is strong, magnesium ions coordinate to the anion as well as the solvent. To examine
the interactions between the anions and magnesium ions in the bulk solutions the Raman
spectra of these electrolytes were collected. The Raman spectra for the
Mg[B(TFE)]o/triglyme  and MQg[B(HFIP)s]2/triglyme  electrolytes with  various
concentrations were collected for the region between 750 and 950 cm ™! (Figure 4-3). The
Raman bands corresponding to the CH> rocking and C—O—C stretching vibrations of the

glyme solvent appear between 800 and 900 cm™!; 3 3* specifically, between 800 and 865

cm ! when the solvent does not coordinate to metal ions and between 865 and 890 cm™!

when they do interact. ** We observed the intensity of the band between 865 and 890 cm ™!
to increase with increasing salt concentration, which indicated that the triglyme solvent
in both electrolyte systems were well coordinated to magnesium ions. To estimate the
coordination degree of magnesium ions with triglyme molecules, we focused on the bands
near 865-890 cm ™! and performed a nonlinear least-squares curve-fitting analysis for the
observed Raman spectra (Figure4-5, 4-6).* Using the integrated area of the coordinated
triglyme, we compared the solvation degree of the two electrolyte systems. We employed
Voigt function fitting to show the ratio of complexation between the magnesium ions and

triglyme molecules with various concentrations of the MQ[B(TFE)a]./triglyme and

Mg[B(HFIP)4]2/triglyme electrolytes (Figure 4-4). The plots exhibited straight lines for
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both electrolytes systems, but the slope of the Mg[B(TFE)s]2/triglyme plot was smaller
than that of the Mg[B(HFIP)a]2/triglyme plot. These results indicated that the triglyme
molecules coordinated to magnesium ions stronger in the Mg[B(HFIP)4]o/triglyme
electrolyte than in the Mg[B(TFE)a]2/triglyme electrolyte.
4.3.3. Reductive stability of the anion

To understand the difference in magnesium deposition behavior for each
electrolyte, DFT calculations was used to identify reductive stabilities of the different
anions. DFT calculations were conducted for both Mg-coordinated and Mg-
uncoordinated anions. The lowest unoccupied molecular orbital (LUMO) energy level of
B(HFIP)4] anion for both coordinated and uncoordinated states to the magnesium ions
were calculated, and are shown in Figure 4-7. The LUMO energy level of the coordinated
[B(HFIP)4] anion was —1.26 eV (—0.79 V vs. Mg**/Mg), which was much lower than that
of the uncoordinated [B(HFIP)s]" anion (—0.73 eV; —1.32 V vs. Mg®/Mg). In
Mg[B(HFIP)4]> electrolyte system, uncoordinated [B(HFIP)4] anions (free [B(HFIP)4]
anions) are more stable than coordinated [B(HFIP)4] anions, as the LUMO energy level
of the uncoordinated [B(HFIP)4]" anion was much higher than that of the coordinated
[B(HFIP)4] anion. The DFT calculation results of both coordinated and uncoordinated
[B(PFTB)4]" anions to the magnesium ions in the case of Mg[B(PFTB)4], /triglyme, are
shown in figure 4-8. DFT results show that, uncoordinated [B(PFTB)4] anions are more
stable than coordinated [B(PFTB)s]  anions. Mg[B(PFTB)s]" was decomposed to
Mg(PFTB) and B(PFTB); even during structure optimization. The DFT results of both
coordinated and uncoordinated [B(TFE)4] anions are shown in Figure 4-9. The LUMO
energy level of the uncoordinated [B(TFE)4] anion was —0.76 eV (—1.29 V vs. Mg?*/Mg),

which was much higher than that of the coordinated [B(TFE)4] anion (—1.35eV; 0.7 V
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vs. Mg?"/Mg). These results indicate that the coordinated [B(TFE)4]” anion undergoes
reduction decomposition more easily than the uncoordinated one.

To further examine the interfacial resistance of the Mg anode, electrochemical
impedance spectroscopy (EIS) was performed, where Nyquist plots of the Mg electrode
immersed in different electrolytes were developed (Figure 4-10a) and fitting parameters
were evaluated using an equivalent electrical circuit (Figure 4-10c) (Table 4-1). The
solution resistance (Rs) value changes for each three-electrode cell because the position
of the reference electrode cannot be correctly fixed in the cell. The Nyquist and bode plots
showed that only one semicircle appeared in both electrolytes around a high frequency
(10° Hz), which was attributed to the charge transfer resistance (Re).>>>’ The Re of the
0.3 M Mg[B(PFTB)4]o/triglyme and 0.3 M MQg[B(TFE)s]2/triglyme electrolyte was
comparable to that of the 0.3 M Mg[B(HFIP)4]2/triglyme electrolyte (Table 4-1). In our
previous study, we reported that the Mg deposition was inhibited by the decomposition
of [TFSA] anions due to the high passivation layer resistance (Rpi).>” Compared to those
of the Mg(TFSA),-based electrolyte, there are negligible passivation layer resistance of
anionic decomposition, and the Re: of the Mg[B(HFIP)4]2 electrolytes were significantly
small. These results indicated that it was difficult for the [B(HFIP)4] anions to decompose,
which was due to the high reduction stability of the anion; Furthermore, the R¢ 0of 0.3 M
Mg[B(PFTB)s]2/triglyme and 0.3 M Mg[B(TFE)a]./triglyme electrolytes were larger than
that of the 0.3 M MQg[B(HFIP)s]./triglyme electrolyte, corresponded to the slow
interfacial reaction kinetics for the deposition/dissolution reactions (Figure 4-2).

4.3.5. Discussion
Figure 4-11 schematically illustrates the behavior of the magnesium ions at the

anode/electrolyte interface. Compared with the 0.3 M Mg[B(PFTB)s]2/triglyme and 0.3
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M Mg[B(TFE)s]2/triglyme electrolytes, the 0.3 M Mg[B(HFIP)s]2/triglyme electrolyte
showed excellent Coulombic efficiency and small polarization for the magnesium
deposition/dissolution reactions. This is because magnesium ions highly coordinated with
the solvent, the interaction between Mg?" and [B(HFIP)4] is relatively week, compare to
[B(TFE)4]" anions. Consequently, the magnesium deposition is not inhibited by the
decomposition of [B(HFIP)4]" due to the high reduction stability, resulting in higher
coulombic efficiency and smaller polarization than 0.3 M Mg[B(PFTB)4]2/triglyme and
0.3 M Mg[B(TFE)s]2/triglyme electrolyte in magnesium deposition/dissolution reactions.

4-4. Conclusion

In this study, the behavior of magnesium ions at the interface between the
negative electrode and the effects of formation and size of the agglomerates on Coulomb
efficiency and polarization were analyzed using different size of boron based electrolyte
Mg[B(HFIP)4]2/triglyme, Mg[B(PFTB)sl2/triglyme and Mg[B(TFE)s]./triglyme. The
cyclic voltammetry demonstrates that Mg[B(HFIP)4]2/triglyme shows significantly lower
overpotential and high Coulomb efficiency for magnesium deposition/dissolution
reactions than Mg[B(PFTB)a]./triglyme and Mg[B(TFE)s]2/triglyme. Raman spectra
showed that the magnesium ions largely coordinated to the solvent molecules in the
Mg[B(HFIP)4]2/triglyme electrolyte. Our DFT and EIS results indicated that [B(HFIP)4]
decomposition in the Mg[B(HFIP)4]»/triglyme electrolyte was hard to occur due to the
high reduction stability of uncoordinated [B(HFIP)4] anion, resulting in higher coulombic
efficiency and smaller polarization. The opposite was observed for the
Mg[B(PFTB)4]-/triglyme and Mg[B(TFE)s]2/triglyme electrolytes, where reduction
decomposition easily occurred because the magnesium and anions interactions were

stronger than those in the Mg[B(HFIP)4]2/triglyme electrolyte. This study demonstrates
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the importance of controlling the interactions between magnesium ions and anions, which
can be done by selecting suitable size of anions. We believe that our findings can

significantly promote developments of new electrolytes for magnesium rechargeable

batteries.
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Figure 4-1. Boron-based Mg salts with different anion sizes
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Figure 4-6. Raman spectra and Voigt function fitting results of Mg[B(TFE)4]2/triglyme
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Figure 4-8. DFT cluster calculations of free [B(PFTB)4] and in contact [B(PFTB)4]".
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phase element is Cpg and the Warburg impedance is Zy.
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Table 4-1. The fitted parameter results of Figure 4-10.

Electrolyte 0.3 M 03M 0.3 M
Mg[B(HFIP),] /triglyme ~ Mg[B(PFTB), ], /triglyme  Mg[B(TFE), | /triglyme
R /Q 223 151.9 263.8
R, /7Q 115.6 653.8 1083
CPE2 1L1x10" 9.9x 10" 7.0x 107
p2 0.96 0.96 0.99
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Figure 4-11. Schematic illustrations of the behavior of the magnesium ions at the
anode/electrolyte interface in the Mg[B(HFIP)4]2/triglyme, Mg[B(PFTB)4]2/triglyme,

and Mg[B(TFE)4]2/triglyme electrolytes.
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Chapter 5. Phase Transition Behavior of MgMn204 Spinel

Oxide Cathode During Magnesium Ion Insertion

5-1. Introduction

The development of energy storage devices is important for the realization of a
sustainable society, and there is an urgent need to develop storage batteries that
outperform the rechargeable lithium-ion batteries that are currently in practical use.!?
Rechargeable batteries with a magnesium metal anode are attracting attention as the next
generation of rechargeable batteries due to the high theoretical capacity of magnesium
metal anodes (2205 mAh/g, 3832 mAh/cm?3) and the abundance of resources and because
magnesium metal anodes are highly safe.®® However, the magnesium metal anode
secondary batteries have major challenges that need to be addressed before they can be
commercialized, one of which is the development of a cathode material that can reversibly

insert and extract divalent magnesium ions.

Magnesium ions, which are divalent, are more difficult to insert into and extract
from a host than are lithium ions, which are monovalent, owing to their strong interactions
with anions.” Sulfide-based cathode materials, such as Chevrel’-® and thiospinel,**? are
capable of reversible insertion and extraction of magnesium ions, but their low capacity
and potential make them difficult to construct high energy density batteries. Therefore,
oxide materials such as V20s, *15 MnO, 617 polyanions,*®2! layered rock-salt, 2% and
spinels?-32 have been developed toward achieving higher charge-discharge potentials and

capacities than those of sulfide-based cathode materials.
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Among the oxides, spinel oxides have relatively high potential and capacity.?32
They are currently difficult to use in Me3*/Me** redox, owing to their high potential and
large polarization and because of the effects of electrolyte decomposition. 2573032 On
the other hand, Okamoto et al. found that magnesium ions can be inserted into and
extracted from spinel oxides at relatively low potentials using Me?*/Me3* redox, 33!
similar to the insertion of lithium ions into LiMn204.3 In Me?*/Me** redox,*%%a
transition from the spinel phase to the rock-salt phase occurs when a magnesium ion is
inserted into the 16¢c empty site of the spinel structure, as the cation at the 8a site is
transferred to the other 16¢c empty site. It has been investigated in detail that the phase
transition behavior of LiMn2O4 spinel oxides, which is the cathode material for lithium-
ion secondary batteries, undergoes typical two-phase reaction between LiMn2O4 spinel
oxides and Li-Mn,O4 rock-salt oxides.®* However, detailed crystal structure analysis of
magnesium insertion into spinel oxides has not been performed, and details of the
mechanism of the transition from a spinel layer to a rock-salt layer have not been clarified.
In this study, we investigated the crystal structural changes and valance changes in
MgMn204 during Mg?* insertion using X-ray diffraction (XRD) and X-ray absorption
spectroscopy (XAS) in order to elucidate the mechanism of the phase transition from

spinel to rock-salt.

5-2. Experimental
5.2.1. Synthesis of MgMn04

MgMn.O4 was prepared using a previously reported propylene-oxide-driven sol-
gel method.?” Stoichiometric amounts of magnesium and manganese chlorides were

dissolved in ethanol with citric acid. Then, propylene oxide was added to the solution to
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produce organic-metal complex gels. The wet gels were washed with ethanol and acetone
to remove byproducts, and then the liquids in the pores were sequentially replaced with
acetone and cyclohexane. After preparing for xerogel through freeze drying for the rinsed
sample with liquid nitrogen, and then MgMn2O4 was obtained by calcining the xerogel at
300°C for 5 h in air.
5.2.2. Electrochemical measurements

Galvanostatic discharge/charge measurements were carried out using two-
electrode cells. The composite electrodes were prepared by mixing 80 wt% MgMn2Qg,
10 wt% acetylene black, and 10 wt% poly(vinylidene fluoride) in N-methylpyrrolidone
solvent, and the resultant mixture was pasted on aluminum foil. The composite electrodes
were used as the positive electrode, while a Mg-Al-Zn alloy (AZ31) with a Mg:Al:Zn
atomic ratio of 96:3:1 was used as the negative electrode. 0.3 M Magnesium
tetrakis(hexafluoroisopropyloxy)borate (Mg[B(HFIP)4]2)/triglyme, in which
Mg[B(HFIP)s]. was prepared by previously reported method, used as electrolyte
solution filled in separator. The charging capacity was fixed at 135 mAh/g instead of
setting the upper limit potential during charging, as the decomposition of the electrolyte
starts at 3.0 V or higher as shown in Figure 5-1. Galvanostatic discharge and charge
measurements were performed at a rate of C/20 (1 C = 270 mA/g) with a capacity limit
of 135 mAh/g at 50 °C, which is similar condition in the previously report.?” Open-circuit-
voltage (OCV) measurements were performed using a three-electrode cell; the composite
electrode was used as the working electrode and AZ31 was used as the counter and
reference electrodes, while 0.3 M Mg[B(HFIP)4]./triglyme was used as the electrolyte.

The OCV curve for the discharge process was obtained for the MgMn.O;4 electrode by
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repeating the electrochemical process consisting of current pulses at C/20 for 4 h and
relaxation for 20 h.
5.2.3. Characterization

Synchrotron XRD measurements of the samples before and after the
electrochemical measurements were performed at the BL5S2 beamline in Aichi
Synchrotron Radiation Center, Aichi Science & Technology Foundation, Aichi, Japan.
The wavelength was 0.62025 A, which was calibrated using CeO-. Rietveld refinement
was carried out using the program JANA2006 (Windows version, copyright 2008)% with
a pseudo-Voigt profile function. For the synchrotron XRD measurements, the samples
were inserted into glass capillaries, which were then sealed with resin in an argon-filled
glove box to prevent air exposure. The atomic ratio of the as-prepared MgMn2O4 powder
was determined using inductively coupled plasma optical emission spectroscopy (ICP-
OES) at the industrial research center of Shiga prefecture, Japan. The particle size of the
as-prepared MgMn2O4 powder was determined using transmission electron microscopy
(TEM, FEI Tecnai F20 or FEI Tecnai Osiris).

XAS measurements of the samples before and after the electrochemical
measurements were performed in the energy region of the Mn K-edge in transmission
mode at the BL11S2 beamline of the Aichi Synchrotron Radiation Center, Aichi Science
& Technology Foundation, Aichi, Japan. For the XAS measurements, the samples that
had undergone electrochemical measurements were sealed in an argon-filled glove box
to prevent air exposure.

5-3. Results and discussion

The crystal structure of the spinel cathode was examined using XRD and the

results are shown in Figure 5-2. Rietveld analysis of the obtained XRD pattern revealed
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that the spinel cathode consisted of 86% spinel phase with an 14:/amd space group and
14% rock-salt phase with an Fm-3m space group (Table 5-1). The X-ray absorption near
edge structure (XANES) of the Mn K-edge of the cathode showed that the energy at a
normalized intensity of 0.5 was lower than that of MnOz (Figure 5-3). This indicates that
the valence of Mn in the cathode was reduced compared to stoichiometric MgMn20a. The
ICP-OES measurements showed that the Mg/Mn ratio was 0.52, indicating that the
cathode contained an excess amount of Mg and composition is Mgi.04Mn20O4. These
results suggest that the rock-salt phase was formed owing to the excess of Mg over the
stoichiometric composition during synthesis. In order to determine the particle size of the
Mgi.04Mn204 oxides, TEM images of the samples were obtained (Figures 5-2 b). The
average particle size of the as-prepared Mgi.04Mn2O4 was approximately 10 nm, which
was consistent with a previous report.?’

The first discharge—charge curves of the synthesized Mgi.04Mn2O4 is shown in
Figure 5-4 a and the OCV plot for the first discharge is shown in Figure 5-4 b. A reversible
charge / discharge behavior with large polarization can be seen in Figure 5-4 a, which is
similar to previous report. 2 The OCV plot showed that the potential decreased gradually
with Mg?* insertion, unlike the charge—discharge behavior of LiFePO4.% 37 This indicates
that Mg?" insertion into Mg;.04Mn2O4 does not proceed via a typical two-phase reaction
as does Li" insertion/extraction for LiFePO4. 3% 3" When x (Mg 04+xMn204) is 0.2 or less,
the polarization is small, and when x is 0.2 or more, the polarization is large.

The XAS spectra of the Mn K-edge for Mg;0sMn,O4 after Mg** insertion was
obtained in order to examine the charge compensation of the Mn in Mg1.04-xMn2O4
(Figure 5-5). The XANES shifted toward lower energy upon Mg*" insertion (Figure 5-5

a). It can be seen that the oxidation number of Mn in the synthesized MgMn>O4 was
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shifted to the lower energy side than the oxidation number of Mn(Ill') in Mn203, and was

further reduced. This is consistent with the XRD and ICP-OES results. The energy at a
normalized intensity of 0.5 (Eos) decreased with Mg?" insertion to the energy range
between those of Mn>O3 and MnO (Figure 5-5 b), indicating that some of the Mn ions in
Mgi.04+xMn204 were reduced from Mn** to Mn?*. The XANES spectrum of Mg 04Mn>O4
during Mg?" insertion did not show the isosbestic points that were observed for LiFePO4>®
(Figure 5-5 a inset), indicating that Mg?* insertion into Mg 04Mn>O4 does not proceed via
a typical two-phase reaction as LiFePO4 does. These XAS results were in agreement with
the OCV measurement results.

Changes in the crystal structure of Mgi 04Mn>O4 during Mg?" insertion were
examined using synchrotron XRD measurements. In the XRD patterns (Figure 5-6 a),
Mgi.04Mn204 before discharge gave peaks attributed to spinel phase with an /4i/amd
space group and a small amount of rock-salt phase with an Fm-3m space group. After the
insertion of more than 0.2 mol of Mg?*, the intensity of the spinel-derived peaks decreased
with further Mg?* insertion, while the intensity of the rock-salt-derived peaks increased.
Rietveld analysis was used on the obtained XRD patterns to estimate the change in the
phase fraction between the spinel and rock-salt phases with the insertion of Mg?*. The
results of Rietveld refinement are shown in Figures 5-7 — 5-11 and Tables 5-2 — 5-6.
Before Mg?" insertion, the spinel phase fraction was 86% and the rock-salt phase fraction
was 14%, and the phase fractions were constant with the insertion of up to 0.2 mol of
Mg?" (Figure 5-6 b). However, when the amount of Mg?" inserted exceeded 0.2 mol, the
spinel phase fraction decreased with further Mg?" insertion, while the rock-salt phase
fraction increased, and the spinel and rock-salt phase fractions after the insertion of 0.5

mol of Mg?" were 34% and 66%, respectively.
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The changes in the lattice parameters of the spinel and rock-salt phases with Mg?*
insertion are shown in Figure 5-12. For the spinel phase, lattice constants a and b remained
unchanged even after Mg?® insertion (Figure 5-12 a). Lattice constant ¢ increased with
the insertion of up to 0.4 mol of Mg?" and then remained unchanged with further Mg**
insertion (Figure 5-12 a). For the rock-salt phase, the lattice constant increased with the
insertion of up to 0.4 mol of Mg?* and then remained unchanged with further Mg?*
insertion (Figure 5-12 b). The ratio of volume changes was calculated using the following
equation:

Vrocksalt, — Vspinel,

AV(%) =
(%) Vspinel,

where Viocksalt and Vpinel are the lattice volumes normalized by the number of Mn
atoms in a single lattice. The ratio of volume changes increased with the insertion of up
to 0.4 mol of Mg?" and remained unchanged with further Mg?" insertion (Figure 5-12 c).
However, the ratio of volume change at each amount of Mg was smaller than the ratio of
volume changes for the conversion of MgMn;O4 to MgoMn,O4 for stoichiometric
composition.

In the early stage of Mg?" insertion into Mg1.04+xMn204 (0 < x < 0.2), the ratio
between the spinel and rock-salt phases remained unchanged (Figure 5-6 b), while the
lattice constant of each phase increased (Figures 5-12 a and b). The expansion of lattice
constant ¢ for the spinel phase (Figure 5-12 a) indicates that Mg?* insertion into
Mg1.04Mn204 proceeds via a solid-solution reaction (Mgi+«Mn20s) and the lattice
expansion was attributed to the reduction of Mn ions in the spinel phase. In contrast, the
increase of the lattice constant for the rock-salt phase indicates that the rock-salt phase in

the pristine state had Mg vacancies (Mg>-sMn204) and the reduction of Mn with Mg?*
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insertion into the Mg»-sMn204 rock-salt phase increased the lattice constant. In the middle
stage of Mg?* insertion (0.2 < x < 0.4), the amount of the spinel phase decreased while
lattice constant c increased; conversely, the amount of the rock-salt phase increased while
the lattice constant increased (Figure 5-6 b and Figures 5-12 a and b). This indicates that
the phase transition from the Mgi+«Mn204 spinel phase to the Mg.-sMn,O4 rock-salt
phase occurs with Mg?* insertion into each phase. In the last stage (0.4 < x < 0.5), the
amount of the spinel phase decreased and that of the rock-salt phase increased while the
lattice constant of each phase remained unchanged (Figure 5-6 b and Figures 5-12 a and
b). This indicates that the Mgi+«Mn204 spinel and Mg,-sMn204 rock-salt phases reached
a solid solution limit and that Mg?* insertion proceeded via a two-phase coexistence
reaction between the two phases. The Mg contents in the Mgi+.Mn204 spinel and
Mg>-sMn204 rock-salt phases in the two-phase coexistence region were estimated to be
1.4 (Mg14Mn204 spinel) and (MgisMn20O4 rock-salt) based on Rietveld analysis,
respectively. The XRD results show that Mg?* insertion into MgMn2O4 does not proceed
via a typical two-phase reaction as LiFePO4 does, which is in agreement with the results
of OCV measurements and XAS.

The phase transition mechanism of Mg?* insertion into Mg; ¢4Mn>O4 is shown in
Figure 5-13. Since polarization during Mg?* insertion increases as the phase proportion
between the Mgi+«Mn204 spinel and Mg>-sMn204 rock-salt phases changes (Figures 5-
4b and 5-6b), ¥ suppression of the phase transition from the spinel phase to the rock-salt
phase to reduce this polarization is important. The phase transition from spinel to rock-
salt is caused by the transfer of Mg?* from an 8a site to a 16c site after the insertion of

Mg into an empty 16c site of the spinel phase. Therefore, the substitution of Mg in spinel

155



MgMn,04 with elements that prefer tetrahedral sites, such as zinc,*® could suppress the

polarization caused by the phase transition.

5-4. Conclusions

The mechanism for the phase transition during Mg?* insertion into a spinel
MgMn,0O4 cathode for rechargeable magnesium batteries was clarified using OCV
measurements, XAS, and XRD in this study. Mg?* insertion into Mg;.04Mn2O4 does not
occur through a simple two-phase reaction between the MgMn2O4 spinel phase and
Mg2Mn204 rock-salt phase. In the early stage of Mg?* insertion, Mg?* is inserted into the
spinel (Mgi+«Mn204) phase and rock-salt (Mg2-sMn204) phase, which are both found in
pristine samples. In the middle stage, Mg?* is inserted into the Mg;-,Mn204 spinel phase
and the Mg.-sMn204 rock-salt phase with a phase transition from the spinel phase to the
rock-salt phase. In the last stage of Mg?* insertion process, Mg?* insertion proceeds via a
two-phase coexistence reaction between Mg1.4Mn204 spinel and Mg1.6Mn204 rock-salt
phases without changes in the Mg content in either phase. As the phase transition from
the spinel phase to the rock-salt phase increases the polarization in the Mg?* insertion
process, suppression of this phase transition is important in designing a spinel oxide

cathode with a high rate performance.
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Figure 5-1. Linear sweep voltammetry. Three-electrode cells using Pt working electrode,
Mg metal counter electrode, and reference electrodes were used. Electrolyte was 0.3 M

Magnesium tetrakis(hexafluoroisopropyloxy)borate (Mg[B(HFIP)4]2) in triglyme.

Potential sweeping rate was 10 mV s~!, and measurement temperature was 50°C.
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Figure 5-2. Characterization of MgMn>O4 cathode: (a) XRD pattern and Rietveld
analytical fitting profile of the Mg1.04Mn2O4 cathode sample and (b) TEM image of the

Mgi.04Mn204 powder.
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Table 5-1. The crystal structure parameters obtained from Rietveld analysis of the

Mg1.04Mn20O4 cathode.
Sample : Mg, 0sMn,0, Ryp=3.14 %
- Phase
Phase Spack Atom site X y z o8l —— a amounts in
group pancy parameter /A R
Mg11 4b 0 0 0.5 1 a 5.766(2)
spinel 14/amd Mn12 8c 0 -0.25 0.125 1 b 5.766(2) 0.859(18)
O11 16h 0 0.252 0.364 1 c 9.082(3)
Mg21 4a 0 0 0 0.3 a 4.206(4)
rocksalt Fm-3m Mn21 4a 0 0 0 0.5 b 4.206(4) 0.141(19)
021 4b 0.5 0.5 05 1 c 4.206(4)
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Figure 5-3. XANES for Mn K-edge of the Mgi.04Mn2O4 cathode
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Figure 5-4. (a) Constant-current discharge—charge curves with a capacity limit of 135
mAh/g at 50 °C. (b) GITT profile of Mgi.04Mn20O4. The grey arrows indicate the OCP

change.
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Figure 5-5. (a) Mn K-edge XANES of Mg1.04Mn,O4 before and after Mg?" insertion and

(b) energy at a normalized intensity of 0.5 in the XANES.
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Figure 5-6. (a) XRD patterns of Mg 04+:xMn204 (0 < x < 0.5) before and after Mg**
insertion. Black index shows diffraction pattern of spinel-type MgMn»>O4 with tetragonal
symmetry (/4i/amd) while blue index shows diffraction pattern of rock-salt-type
Mg>Mn>O4 with cubic symmetry (Fm-3m). (b) Ratio between spinel and rock-salt phases

estimated through Rietveld analysis.
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Figure 5-7. XRD pattern and Rietveld analytical fitting profile of the Mg1.14Mn2O4

cathode sample.

Table 5-2. The crystal structure parameters obtained from Rietveld analysis of the

Mg1.14Mn204 cathode sample.

Sample : Mg, 1,Mn,0, Rup=3.83 %
. Phase
Phase SR Atom site X y z Ol LefifoE 2 amounts in
group pancy parameter /A
mass
Mg11 4b 0 0 0.5 1 a 5.764(2)
Mg12 8d 0 -0.25 0.625 0.05 b 5.764(2) 0.85(2)
spinel 14/amd
Mn12 8c 0 -0.25 0.125 1 ] 9.101(4)
o1 16h 0 0.252 0.367 1
Mg21 4a 0 0 0 0.325 a 4.235(4)
rocksalt Fm-3m Mn21 4a 0 0 0 0.5 b 4.235(4) 0.15(2)
021 4b 0.5 05 05 1 ® 4.235(4)
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Figure 5-8. XRD pattern and Rietveld analytical fitting profile of the Mgi.24Mn2O4

cathode sample.

Table 5-3. The crystal structure parameters obtained from Rietveld analysis of the

Mg1.24Mn;04 cathode sample.

Sample : Mg, ,sMn,0, Rup=3.62 %
X Phase
Phase SRR Atom site X y z L LERES 3 amounts in
group pancy parameter /A
mass
Mg11 4b 0 0 0.5 1 a 5.758(2)
Mg12 8d 0 025 0.625 0.1 b 5.758(2) 0.802(19)
spinel 14,/amd
Mn12 8¢ 0 -0.25 0.125 1 c 9.158(3)
o1 16h o] 0.258 0.369 1
Mg21 4a 0 0 0 0.35 a 4.253(3)
rocksalt Fm-3m Mn21 4a o] 0 0] 0.5 b 4.253(3) 0.198(19)
o021 4b 0.5 0.5 0.5 1 c 4.253(3)
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Figure 5-9. XRD pattern and Rietveld analytical fitting profile of the Mgi.34Mn2O4

cathode sample.

Table 5-4. The crystal structure parameters obtained from Rietveld analysis of the

Mg1.34Mn204 cathode sample.

Sample : Mg, 3,;Mn,0, Rup =317 %
. Phase
Phase Sk Atom site X y z Gz Lefitees 5 amounts in
group pancy parameter /A
mass
Mg11 4b 0 0 05 1 a 5.767(2)
Mg12 8d 0 -0.25 0.625 0.15 b 5.767(2) 0.75(2)
spinel 14/amd
Mn12 8c o] -0.25 0.125 1 c 9.200(3)
o1 16h 0 0.263 0.369 1
Mg21 4a 0 0 0 0.375 a 4.301(2)
rocksalt Fm-3m Mn21 4a o] 0 0 05 b 4.301(2) 0.25(2)
021 4b 0.5 05 0.5 1 c 4.301(2)
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Figure 5-10. XRD pattern and Rietveld analytical fitting profile of the Mgi.44Mn2O4

cathode sample.

Table 5-5. The crystal structure parameters obtained from Rietveld analysis of the

Mg1.44Mn204 cathode sample.

Sample : Mg, 4,Mn,0, Ryp = 2.96 %
. Phase
Phase e Atom site X y z Gz Laiiies 3 amounts in
group pancy parameter /A
mass
Mg11 4b 0 0 05 1 a 5.773(2)
Mg12 8d 0 -0.25 0.625 0.2 b 5.773(2) 0.61(2)
spinel 14,/amd
Mn12 8c 0 -0.25 0.125 1 c 9.224(3)
o1 16h 0 0.259 0.372 1
Mg21 4a 0 0 0 0.4 a 4.332(2)
rocksalt Fm-3m Mn21 4a o] 0 0 0.5 b 4.332(2) 0.39(2)
021 4b 0.5 0.5 0.5 1 c 4.332(2)
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Figure 5-11. XRD pattern and Rietveld analytical fitting profile of the Mgi.54Mn2O4

cathode sample.

Table 5-6. The crystal structure parameters obtained from Rietveld analysis of the

Mg 54Mn,0O4 cathode sample.

Sample : Mg, 5sMn,0, Rup =3.23 %
. Phase
Phase SEEE Atom site X y z O LEIiToE 2 amounts in
group pancy parameter /A
mass
Mg11 4b 0 0 0.5 1 a 5.775(2)
Mg12 8d 0 025 0.625 0.2 b 5.775(2) 0.48(3)
spinel 14,/amd
Mn12 8c 0 -0.25 0.125 1 c 9.218(4)
on 16h 0 0.259 0.375 1
Mg21 4a 0 0 0 04 a 4.342(2)
rocksalt Fm-3m Mn21 4a 0 0 0 0.5 b 4.342(2) 0.52(3)
021 4b 0.5 0.5 0.5 1 c 4.342(2)
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Figure 5-13. Schematic illustration of the volume changes and phase transition model for

the transition from spinel phase to rock-salt phase upon magnesium ion insertion.
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Chapter 6. Reaction Mechanism of Electrochemical Insertion

of Magnesium Ions in ZnMn204 Spinel Oxide Cathode

6-1. Introduction

To achieve a sustainable society of the future, there is a growing demand for large
batteries for electric vehicles and stationary energy storage systems.™? Magnesium
rechargeable batteries are candidates for next-generation battery systems because low-
cost magnesium metal anodes provide high energy density and stability without the
formation of dendritic structures such as those resulting from lithium deposition.®®
However, compared to the monovalent lithium ion, the divalent magnesium ion has a
stronger interaction, which making it more difficult to insert into or extract from the host
materials. One of the major challenges in the development of magnesium rechargeable

batteries is the limited availability of alternative cathode materials.

In recent years, various cathode materials such as Chevrel”® and thiospinel,%-1?
which are capable of reversible insertion and extraction of magnesium ions have been
reported. But their low capacity and low potential make them difficult to construct high
energy density batteries. As a strategy to improve electrochemical properties,
intercalation materials with high theoretical voltage and capacity were focused on. In
terms of higher voltage and capacity, oxides are attractive as cathode materials for
magnesium rechargeable batteries. Therefore, oxide materials such as V20s,%*> MnO,*6

7 polyanions,*?! layered rock-salt,?? 2 and spinels?*-*? have been developed toward
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achieving higher charge-discharge potentials and capacities than those of sulfide-based

cathode materials.

Among the oxides, 3d transition metal oxides with a spinel structure are the most
promising because of their relatively high potential and capacity. 2432 Recent studies,
including those by our group, have suggested that the phase transition from the spinel
phase to the rock-salt phase increases the polarization in the Mg?* insertion process,
suppression of the phase transition from the spinel phase to the rock-salt phase to reduce
this polarization is important. The phase transition from spinel to rock-salt is caused by
the transfer of Mg?* from an 8a site to a 16c¢ site after the insertion of Mg into an empty
16c¢ site of the spinel phase. Therefore, the substitution of Mg in spinel MgMn,04 with
elements that prefer tetrahedral sites, such as zinc, could suppress the polarization caused
by the phase transition. Recently, Ichitsubo’s group focusing on the feature that Zn prefers
a tetrahedral configuration in spinel oxides, they demonstrate theoretically and
experimentally that Zn-based spinel oxides exhibit a markedly improved reversibility in
the spinel—rocksalt transition.®* However, there is a lack of information on the reaction

mechanism for the insertion of magnesium ions into the Zn-based spinel oxides.

To investigate the magnesium ion insertion mechanism, Zn-based spinel oxide
ZnMn04 is chosen here as a host structure. In this study, we carried out a comparative
study of the magnesium insertion mechanism in MgMn,0O4 and ZnMn;O4 spinel oxides.

we investigated the crystal and local structural changes in ZnMn2O4 during Mg?* insertion
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using X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS) in order to

elucidate the mechanism of the phase transition from spinel to rock-salt.

6-2. Experimental

6.2.1. Synthesis of ZnMn;04

Nanocrystalline ZnMnOs was prepared using a previously reported inverse

coprecipitation method. 3% 3 An aqueous solution of metallic nitrate salts was added
dropwise to a solution of Na;COs at 70 °C to obtain a precursor. The obtained precursor
was ball-milled after vacuum drying, and then calcined in air at 350 °C for two hours.
6.2.2. Electrochemical measurements

Galvanostatic discharge/charge measurements were carried out using two-electrode
cells. The composite electrodes were prepared by mixing 80 wt% ZnMn204, 10 wt%
acetylene black, and 10 wt% poly(vinylidene fluoride) in N-methylpyrrolidone solvent,
and the resultant mixture was pasted on aluminum foil. The composite electrodes were
used as the positive electrode, while a Mg-Al-Zn alloy (AZ31) with a Mg:Al:Zn atomic
ratio of 96:3:1 was used as the negative electrode. 0.3 M Magnesium
tetrakis(hexafluoroisopropyloxy)borate (Mg[B(HFIP)4]2)/triglyme, in which
Mg[B(HFIP)s]. was prepared by previously reported method,® used as electrolyte
solution filled in separator. The charging capacity was fixed at 112 mAh/g instead of
setting the upper limit potential during charging, as the decomposition of the electrolyte
starts at 3.0V or higher as shown in Figure 6-1. Open-circuit-potential (OCP)
measurements were performed using a three-electrode cell; the composite electrode was

used as the working electrode and AZ31 was used as the counter and reference electrodes,
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while 0.3 M Mg[B(HFIP)4]./triglyme was used as the electrolyte. The OCP curve for the
discharge process was obtained for the ZnMn.Os electrode by repeating the
electrochemical process consisting of current pulses at C/30 for 1 h and relaxation for 12

h.

6.2.3. Characterization

Synchrotron XRD measurements of the samples before and after the
electrochemical measurements were performed at the BL0O2B2 beamline in SPring-8,
Japan. The wavelength was 0.6193 A, which was calibrated using CeO.. Rietveld
refinement was carried out using the program JANA2006 (Windows version, copyright
2008)* with a pseudo-Voigt profile function. For the synchrotron XRD measurements,
the samples were inserted into glass capillaries, which were then sealed with resin in an
argon-filled glove box to prevent air exposure. The particle size of the as-prepared
ZnMn;04 powder was determined using transmission electron microscopy (TEM, FEI
Tecnai F20 or FEI Tecnai Osiris).

XAS measurements of the samples before and after the electrochemical
measurements were performed in the energy region of the Mn K-edge in transmission
mode at beam lines BLO1B1 and BL14B2 of the SPring-8 synchrotron radiation facility
in Hyogo, Japan. For the XAS measurements, the samples that had undergone
electrochemical measurements were sealed in an argon-filled glove box to prevent air
exposure.

6-3. Results and discussion

The crystal structure of the spinel cathode was examined using XRD and the

results are shown in Figure 6-2a. The XRD pattern was indexed to the 141/amd space
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group. There are no detectable peaks attributed to impurities in the sample. In order to
investigate the particle size of the ZnMn2Os, a TEM image of the sample was captured
(Figure 6-2b). The average particle size of the as-prepared ZnMn,O4 was about 10 nm.
From the transmission electron image and electron diffraction pattern of ZnMn2O4
(Figure 6-3), we also can confirm that the as-prepared powder sample was indexed to the
spinel phase. The X-ray absorption near edge structure (XANES) of the Mn K-edge of
the cathode showed that the energy at a normalized intensity of 0.5 was in good agreement
with Mn2Os (Figure 6-4). This indicates that the valence of Mn in the cathode was not
reduced compared to stoichiometric ZnMn2O4 which is comparable with MgMn20s. As
the cathode MgMn2Os contained an excess amount of Mg and composition is
Mg1.04Mn20a.

The first discharge—charge curves of the synthesized ZnMn>O4 are shown in
Figure 6-5. As shown in Figure 6-5a, reversible charge / discharge behavior can be
occurred in ZnMn2O4. In contrast to the MgMn;O4 cathode, ZnMn;0s showed
significantly small polarization. We performed cyclability test for ZnMn,O4 cathode in
the 0.3 M (Mg[B(HFIP)4]>)/triglyme electrolyte under the capacity limiting condition of
112 mAh/g. (Figure 6-6) The charge capacity remained unchanged during 5 cycles,
whereas the discharge capacity drastically decreased after first cycle and gradually
decreased in the subsequent cycles. The unchanged charge capacity is attributed to the
oxidation of the electrolyte because the anodic current appears around 2.5 V by using
platinum electrode. The oxidation of the electrolyte inhibits the magnesium extraction
reaction of the cathode, resulting in the discharge capacity fading after first cycling.
Therefore, in this study, we focus on the Mg insertion reaction instead of Mg extraction

reaction, because it is hard to evaluate the charging capacity and Mg composition of the
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ZnMn,04 cathode due to the effects of the electrolyte decomposition. The OCP plot
showed that the potential decreased gradually with Mg?" insertion, unlike the charge—
discharge behavior of LiFePQ4.%** This indicates that Mg?" insertion into ZnMn,O4 does
not proceed via a typical two-phase reaction as does Li" insertion/extraction for
LiFeP04.3>** When x (MgxZnMn204) is 0.4 or less, the polarization is small, and when x
is 0.4 or more, the polarization is large.

The XAS spectra of the Mn K-edge for ZnMn,O4 after Mg?" insertion was
obtained in order to examine the charge compensation of the Mn in MgxZnMn,O4 (Figure
6-6). The obtained XANES spectra shifted toward the lower energy region with
increasing amounts of inserted Mg?*. (Figure 6-7a). This shift to lower energy means that
the Mn ions in ZnMn>O4 are reduced. The energy at a normalized intensity of 0.5 (Eo.s)
decreased with Mg?" insertion to the energy range between those of Mn,O3; and Mn3O4
(Figure 6-7b), indicating that some of the Mn ions in ZnMn>O4 were reduced from Mn>*
to Mn**,

Changes in the crystal structure of ZnMn,O4 during Mg?* insertion were
examined using synchrotron XRD measurements. In the XRD patterns (Figure 6-8),
ZnMn;04 before discharge gave peaks attributed to spinel phase with an 14:/amd space
group. As shown in Figure 6-8, a rocksalt phase is formed after discharge process. After
the insertion of more than 0.4 mol of Mg?*, the intensity of the spinel-derived peaks
decreased with further Mg?* insertion, while the intensity of the rock-salt-derived peaks
increased. This indicates that the phase transition from the spinel phase to the rock-salt
phase occurs with Mg?* insertion into each phase. Although Zn prefers tetrahedral
coordination, it was reported that a metastable cubic rocksalt structure can be formed due

to coexistence with Mg.3! The XRD results show that Mg?* insertion into ZnMn2O4 does
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not proceed via a typical two-phase reaction as LiFePO4 does, which is in agreement with

the results of OCP measurements and XAS.

The phase transition mechanism of Mg?* insertion into ZnMn»O4 is shown in
Figure 6-9. In the beginning stage of Mg?* insertion into MgxZnMn,O4 (0 < X < 0.4),
Mg?* insertion into ZnMn>Os spinel phase proceeds via a solid-solution reaction with the
reduction of Mn ions in the spinel phase. When the x up to 0.4, the phase transition from

the spinel phase to the rock-salt phase occurs with Mg?* insertion into each phase.

6-4. Conclusions

The mechanism for the phase transition during Mg?* insertion into a spinel
ZnMn;04 cathode, which is considered to be more stable at tetrahedral sites and less prone
to the spinel-to-rock salt phase transition was clarified using XAS and XRD in this study.
From the electrochemical measurements, it was confirmed that the polarization during
Mg?* insertion of ZnMn,O4 was smaller than that of MgMn,Os. Mg?* insertion into
ZnMn»O4 does not occur through a simple two-phase reaction between the spinel phase
and rock-salt phase. The XRD results showed that, unlike the MgMn2O4 cathode material,
the Mg?* insertion into ZnMn.O4 proceeded in a single phase from the initial state, and
the phase transition between the spinel and rock salt phases occurred after the Mg?*
insertion amount reached 0.4 mol. Since polarization during Mg?* insertion increases as
the phase proportion between the spinel and rock-salt phases changes, suppression of the
phase transition from the spinel phase to the rock-salt phase to reduce this polarization is
important. From the above results, we can confirm that the polarization due to the phase
transition was suppressed by substituting elements in the tetrahedral sites in the spinel

oxide.
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Figure 6-3. Transmission electron image and electron diffraction pattern of ZnMn2Os.
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Figure 6-4. XANES for Mn K-edge of the ZnMn,O4 cathode.
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Chapter 7. General Conclusion

Rechargeable magnesium batteries, which have attracted tremendous attention
in large-scale energy-storage applications beyond LIBs, have many advantages such as
high volumetric capacity, low cost, environmental friendliness and high abundance of
magnesium. However, the combination of electrolytes and cathode being studied is
limited. A clear understanding of the reaction mechanism will provide useful information
for designing new electrolyte and cathode materials for practical magnesium rechargeable
batteries. In this study, we combined the operando soft X-ray absorption spectroscopy,
Raman spectroscopy, electrochemical impedance spectroscopy (EIS), X-ray
photoelectron spectroscopy (XPS), and DFT calculation to elucidate the reaction
mechanism at the anode/electrolyte interface for different types of electrolyte systems.
Furthermore, we investigated the crystal and local structural changes in spinel oxides
during Mg?* insertion using X-ray diffraction (XRD) and X-ray absorption spectroscopy
(XAS) in order to elucidate the mechanism of the phase transition from spinel to rock-
salt.

In chapter 1, the necessity of magnesium rechargeable batteries was described.
We mainly reported the past magnesium rechargeable battery electrolytes and cathode.
The importance of understanding the anode reaction mechanism in magnesium
rechargeable batteries was presented, especially focusing on the interface between

electrolytes and cathodes were reviewed.
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In chapter 2, the coordination structures of the magnesium ions in the bulk
solution and at the anode/electrolyte interface of three magnesium electrolytes were
analyzed in this study. In the 0.5 M Mg(TFSA)./triglyme electrolyte, quasi-reversible
magnesium deposition/dissolution reactions occurred, whereas no magnesium deposition
reaction occurred in the 0.5 M Mg(TFSA)>/2-MeTHF electrolyte. In the 0.5 M
Mg(BH4)2/THF electrolyte, although the current density was relatively low, reversible
magnesium deposition/dissolution reactions occurred. Operando XAS measurements
showed that the valency of the magnesium ions did not change, and the local structure
distortion around the magnesium ions increased in all the electrolytes at the magnesium
electrode/electrolyte interface during the cathodic polarization. We conclude that
suppressing the reduction decomposition of the anion is crucial for achieving successful
magnesium deposition; furthermore, separating the magnesium ion from the anion is

important for accelerating the magnesium deposition.

In chapter 3, the effects of anion species and solvents on the coulombic efficiency
and polarization of magnesium deposition/dissolution reactions, the anode/electrolyte
interfacial behavior of magnesium tetrakis(hexafluoroisopropyloxy) borate
(Mg[B(HFIP)4]2) and magnesium bis(trifluoromethanesulfonyl)amide (Mg(TFSA)) was
investigated and compared in triglyme and 2-methlytetrahydrofuran (2-MeTHF). When
using triglyme, which has strong interaction with magnesium ion, decomposition of
[B(HFIP)4]" in Mg[B(HFIP)4]o/triglyme was hard to occur due to the high reduction
stability of uncoordinated [B(HFIP)4] anion, resulting in significantly higher coulombic
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efficiency and smaller polarization than Mg(TFSA)./triglyme. When 2-MeTHF was used
as the solvent, magnesium deposition/dissolution reactions occurred in the
Mg[B(HFIP)4]2/2-MeTHF electrolyte but not in the Mg[TFSA]>/2-MeTHF electrolyte.
This is because the coordinated [B(HFIP)4] anion in Mg[B(HFIP)4]o/2-MeTHF is stable
at the magnesium deposition potential. However, the reductive stability of the coordinated
[B(HFIP)4] anion is inferior to that of the uncoordinated [B(HFIP)4] anion, resulting in
the Mg[B(HFIP)4]2/2-MeTHF coulombic efficiency being lower than that of
Mg[B(HFIP)4]o/triglyme. Our results indicate that solvents that could not be used with
Mg(TFSA), are suitable in weakly coordinating anion electrolytes, such as
Mg[B(HFIP)4]>.

In chapter 4, the effects of boron-based Mg electrolytes with different anion sizes
on the Coulombic efficiency and polarization of magnesium deposition/dissolution
reactions were investigated. The coordination structure of the magnesium ions in the bulk
solution of each electrolyte was analyzed by Raman spectroscopy. The reductive stability
and decomposition reaction of each anion in these electrolytes was determined by DFT

calculations and EIS.

In chapter 5, we investigated the reaction mechanism of magnesium ion insertion
for magnesium spinel oxides, MgMn,O4, by electrochemical measurements, X-ray
absorption spectroscopy (XAS), and synchrotron X-ray diffraction (XRD) with Rietveld
analysis. Open-circuit-voltage and XAS measurements showed that Mg?" insertion into
MgMn20O4 does not proceed via a simple two-phase coexistence reaction between the
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spinel and rock-salt phases. Synchrotron XRD measurements showed that Mg?" insertion
into MgMn»O4 involves crystal structural changes in three stages. In the early stage of the
Mg?" insertion process, Mg?" is inserted into the spinel (Mg;+,Mn2O4) phase and rock-
salt (Mg2-sMn204) phases, which are included in the pristine samples, without significant
volume changes. In the middle stage of the Mg?* insertion process, Mg*" is inserted into
the Mg1+«Mn204 spinel phase and the Mgx-sMn20O4 rock-salt phases with a large volume
change. In the last stage of Mg?" insertion process, Mg?" insertion proceeds via a two-
phase coexistence reaction between Mg 4MnO4 spinel and Mg sMn,O4 rock-salt phases
without Mg content changes in either phase. The phase transition from the Mgi+sMn2O4
spinel phase to the Mgz-sMn204 rock-salt phase with a large volume change resulted in
significant polarization during the Mg?* insertion process.

In chapter 6, we investigated the mechanism of magnesium-ion insertion into
ZnMn20Os spinel oxides by electrochemical measurements, XAS, and synchrotron XRD
with Rietveld analysis. The polarization during Mg?" insertion of ZnMn»O4 was smaller
than that of MgMn,Os. Mg?* insertion into ZnMn,O4 does not occur through a simple
two-phase reaction between the spinel phase and rock-salt phase. Unlike the MgMn2O4
cathode material, the Mg?" insertion into ZnMn>O4 proceeded in a single phase from the
initial state, and the phase transition between the spinel and rock salt phases occurred
after the Mg?" insertion amount reached 0.4 mol. The polarization due to the phase
transition was suppressed by substituting elements in the tetrahedral sites in the spinel

oxide.
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