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ABSTRACT OF THE DISSERTATION

Understanding the Electrode/Electrolyte Interphase in Magnesium-lon Electrolytes with
Simple Mg Salts

by

Rahul Jay
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2018
Dr. Juchen Guo, Chairperson

A typical electrochemical cell contains an anode (negative electrode), a cathode
(positive electrode) in an ion-conducting medium (electrolyte). With the increase in energy
demands there is great interest in high energy density energy storage devices. Researchers
are highly interested in Magnesium-ion (Mg-ion) electrochemistry owing to its high natural
ambulance, high volumetric capacity/energy density and non-dendritic platting/stripping
of Mg metal anodes. Commercialization of Mg-ion rechargeable batteries is hampered due
to the lack of practical electrolytes and cathode materials. A comparative study on the SEI
formed in Magnesium(I1) Bis(trifluoromethanesulfonyl)imide (Mg(TFSI).) in tetraglyme
(G4) and Magnesium Monocarborane (Mg(CB11H12)2) in G4 was performed. Reversible

deposition/stripping was observed in both electrolytes Mg(TFSI). displayed high

vii



overpotential of deposition and stripping and high potential hysteresis. Whereas;
Mg(CBu11H12). displayed considerably lower overpotential and hysteresis under the same
conditions. X-ray Photoelectron Spectroscopy (XPS) measurements conducted on Mg
deposited on Copper (Cu) surface indicated side products from the Mg(TFSI)2 electrolyte
but not for the Mg(CB11H12)2 electrolyte. SEM, and XPS analysis were also conducted on
Mg metal surface after chronopotentiometry experiments to get a thorough understanding
of Mg metal as an anode for the proposed electrolytes. The surface characterization results
indicated Mg(TFSI)2 has unstable anion prone to cathodic decomposition leading to the
formation of SEI that severely impedes efficient deposition and stripping of Mg.
Electrochemical activity of alternate carborane molecule Mg(CBgHio). with
simpler/cheaper synthesis route was tested. Results showed promising electrochemical
behavior similar to its predecessor. Sulfur electrode was proposed as a promising candidate
for the Mg(CB11H12). electrolyte. Initial coin-cell although shows compatibility between
the electrode and electrolyte, polysulfide shuttle mechanism witnessed during the charge
process impedes reversible electrochemical activity of the cell. Nano-confined sulfur
composites were used to restrict the shuttle mechanism providing mixed results. Methods
for thorough understanding of the conversion reaction at the cathode side like XPS and
UV-vis were used, and additional experiments are proposed to bring to light a new high

energy density Mg-ion battery.
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Chapter 1: Introduction

1.1 Rechargeable Battery Overview

With the rampant increase in energy demands and the dwindling energy resources like
petroleum and coal and the adverse effects of these resources on the environment looming
on our shoulders, demands for alternate energy sources has been increasing dramatically.
High energy density energy storage devices are an essential factor in the storage and
distribution of such energy sources. Batteries are electrochemical energy storage device
that is made up of one or more electrochemical cells that provides a current at a voltage
over a period of time. Rechargeable batteries are devices where the redox reaction can be
reversed by applying an external current. Rechargeable batteries are used in a wide range
of applications from hand held electronic devices, laptops, automobiles, even multitude of
other stationary and grid scale applications. There is only a limited commercially viable
rechargeable battery technology. Table 1.1 depicts an array of commercially available
major battery systems with voltages, battery type, and specific energy and energy density
values ®. The table includes both primary and secondary (rechargeable) batteries. Lead-
acid batteries where the first battery technology to dominate the commercial rechargeable
battery technology and is still the most commonly used secondary batteries, consuming
more than 70% of world’s lead production boasting a theoretical energy density of 252 Wh
kgtat 2.1 V. Although mature and well established the lead-acid technology may be, the
knowledge of adverse effects of lead and the highly acidic nature of the electrolyte to the
customer and the environment and the ever-increasing energy demands as driven the

scientific community to look for multiple chemistries. Lithium-ion batteries (LIB’s) is



currently at the forefront of high energy density electrochemical devices. LIB’s can provide

a theoretical specific energy of 410 Wh kg™ at 4.1 V which is significantly higher than

lead-acid.

Table 1.1 List of different Commercialized Battery Chemistries

Battery Chemistry Type Voltage | Theoretical | Practical Practical
(V) Specific Specific Energy
Energy Energy Density
(Whke') | Whke') | (Whdm>)
Zn/MnO; Primary 1.5 358 145 400
(alkaline)
Li/I Primary 2.8 560 245 900
Pb/acid Secondary 2.1 252 35 70
Ni/Cd Secondary 1.3 244 35 100
Ni/MH Secondary 1.3 240 75 240
Na/S Secondary 2.1 792 170 345
Na/NiCl,(ZEBRA) | Secondary 2.6 787 115 190
Lithium-ion Secondary 4.1 410 150 400




1.2 Electrochemical Cell Principles and Li-ion Batteries

An electrochemical cell has three major components the anode, cathode and the electrolyte.
Most commercially available electrochemical systems have solid electrodes (anodes and
cathodes) and liquid electrolytes, which could vary from aqueous to organic. The
electrolyte acts as an ion conducting medium between the chemical reaction in the anode
and cathode. Electrons are forced to transfer from one electrode to another depending on
the state of the battery (discharge or charge) through an external circuit, the ion transport
across the electrolyte also ensures electroneutrality. During discharge anode undergoes
oxidation and the electrons move from anode over the external circuit and is received at
the cathode, undergoing the reduction process. The process is can be reversed by applying
an external current in rechargeable cells. LIB’s are used in this sub chapter to further
explain the electrochemical principle. Development of LIB’s was inspired from the work
that was done by solid state chemists on intercalation chemistry in 1975 by Whittingham 2
and the development of the first commercial LIB by Goodenough 3. Fig 1.1 shows a
schematic of the first LIB % The first-generation LIB’s contained graphite as anode
material and lithium cobalt oxide (LiCoO2) as the cathode material, with Lithium
hexafluorophosphate (LiPFs) salt dissolved in a mixture of diethyl carbonate and propylene
carbonate as electrolyte. Although, battery systems are also slightly more complex as
showed in Fig 1.1 as both the anode and cathode materials are a mixture of the active
material along with additives that increases electrical conductivity like carbon and
polymeric binders (like polyvinylidene fluoride) pasted on copper (Cu) and aluminum (Al)

current collector respectively. The electrodes are separated by porous polyethylene or



polypropylene separator film. The electrochemical process that drives these LIB’s is
known as intercalation/insertion chemistry. The half-reactions at the anode (1) and cathode
(2) of the cell in Fig 1.1 is as follows

LiCg = Ce+ Lit + e~ 1)

Co0, + Lit + e~ = LiCo0, 2

During discharge as shown in equation (1) and (2) the anode goes through oxidation where
Li* ions are extracted from the graphite and moves in between the layered cubic structure
of CoOg, the electrons that moves through the external circuit is accepted by the Al current
collector and is transported to the redox centers as the cathode undergoes reduction and
forms LiCoO». During charge both the reactions are reversed where the graphite anode
undergoes reduction and the LiCoO- cathode undergoes oxidation. For this LIB the full
reaction is as follows

LiC4 + Co0, = C¢ + LiCoO, (3)

These LIB’s provides an energy density of around 250 Wh kg™ at a potential of 3.6 V.
Although these LIB’s came into existence in the early 90°s and has been a constant subject
for research for almost three decades significant increase in neither the energy density nor
the cell voltage has not been achieved. The highly reactive nature of Li metal and the heavy
safety concern it possesses when used as an anode material seriously hampers momentous
change in the LIB landscape. The highly reactive nature of Li also hampers the efficiency
of these Li-ion cells as the reaction between the solvent, electrolyte and the anode in the
first charge cycle forming a Li* permeable layer of chemical/electrochemical reaction

byproducts on the anode surface which is referred to as the Solid Electrolyte Interphase



(SEI) is responsible irreversible capacity as there is irretrievable loss of Li ions from the
cathode during this process. Although these SEI layers contribute towards initial capacity
loss in an LIB’s they also prevent further electrolyte decomposition by forming a physical
barrier between the pristine electrode and the electrolyte. Significant increase in capacity
for LIB’s can only be achieved by radical change in both the anode and cathode of the
electrochemical cell. For example, implementation of Li metal as anode can radically
increase the achievable capacity of Li-ion batteries. Sadly, such horizons are still long way
away from being a reality. Hence, there is a lot of focus by the current electrochemical
community to look beyond LIB’s for fresh pastures in the development of secondary
batteries. One of such pastures include use of metals with multivalent ions like Magnesium

(Mg), Aluminum (Al) instead of the monovalent Li as a metal anode.
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1.3 Mg-ion Batteries

1.3.1 Motivation for Mg — ion Batteries

Mg metal possess immense potential to be a viable anode material as it boasts high
volumetric capacity, 3832 mAh cm= as compared 837 mAh cm by its commercial LIB
counterpart graphite or 2061 mAh cm™ by Li metal. The high abundance and the
environmental benignity of the metal is also a huge boost towards looking into this
material. Mg metal cannot compete with Li metal in terms gravimetric capacity, 2205 mAh
g vs 3862 mAh g* for Li. Li also possess a higher redox potential of - 3.0 V vs Standard
Hydrogen Electrode (SHE) compared -2.3V vs SHE by Mg. However, commercialization
of Li metal as anode for Li metal have been hindered due to the safety concerns attached
to the Li metal during charge/discharge process of the battery. Li metal tends to form needle
like dendritic structures during the charge process especially at higher rates which could
lead to short circuit and thermal runaway. In direct contrast it has been well documented
that Mg anode is not plagued by dendrite formation ° and is free of such safety concerns.
The interaction between Mg metal and the electrolyte is of great interest to Mg-ion
researchers. Several challenges hamper the commercialization of Mg anode chemistry. The
lack of practical electrolytes and cathode materials paired with sluggish kinetics not only
makes Mg a weak candidate to replace LIB’s but also far from practical usage. The absence
of practical electrolytes in Mg-ion chemistry is attributed to the undesirable reactivity of
Mg metal and the surface layer formation known as the Solid Electrolyte Interphase (SEI)
layer formed during the stripping and deposition process. The decomposition of both salt

and solvent occurs due to the highly reductive nature of metals like Mg and Li. SEI layer



formed on Mg metal displays a stark contrast to that of Li, Although the passivating layer
on both metal surfaces provides resistance from further decomposition of both salt and
solvent, the SEI layer formed on the Mg surface unlike in case of Li prevents diffusion of
Mg?* ions into the metal surface due to the sluggish diffusion through the solid phase. This
severely hampers the reversibility of the Mg systems. A systematic study on the

morphology and nature of the Mg deposits is sorely lacking

1.3.2 Mg-ion electrolyte Systems

Although electrochemical properties of Mg were displayed as early as 1912 ® from diethyl
magnesium and magnesium iodide in diethyl ether. Although multiple other systems
reported Mg deposition "2, reversible deposition and stripping with an effort to build a
Mg — ion battery was displayed by Gregory et.al 3 in 1990. His work on magnesium
organoborates and organohaloaluminates was a major driving force for future high-profile
Mg electrolyte systems 148, These works focused on the nature of the Lewis acid and the
Grignard reagent to avoid the formation of the SEI layer which was deemed detrimental
for the reversible electrochemical activity in Mg-ion chemistry. A detailed account of

different Mg electrolyte systems will be discussed in the following sub chapters



1.3.2.1 Naked Magnesium Salts
Naked Mg salts are Mg salts where the Mg?* cation coordinates to the solvent molecule. In

13 report he states that the simple Mg salts does not have favorable

Gregory’s
electrochemical activity with Mg anode as SEI layer formed via the decomposition of the
electrolyte acts a hindrance for Mg?* diffusion into the metal and to most cathode material.
Simple Mg salts with halide (Cl, Brz, I2) anions are deemed as an unworthy electrolyte
material as they have extremely low solubility in ethereal solvents which are compatible
with Mg metal. Although there have been reports of Mg deposition from Mgl there has
been no concrete evidence to match the claims. Both Connor ° and Sheha *° reports
reversible Mg deposition from high concentration MgBr. in 2-methyltetrahydrofuran and
DMSO respectively. Mg-ion researchers has cast a bigger focus on salts whose complex
anions are analogous to the LIB electrolytes. Early works on these electrolytes conducted
by Genders *? and Gregory ** shows most of these Li analog anions form very thick
passivating layers on the Mg anode which resist magnesium transport. Although, recently
Keyzer et al. 2° reports reversible cycling deposition and stripping of Mg(PFs)2 in 1:1 THF:
ACN solution. They also displayed a high oxidative stability for the electrolyte excess of
4V vs Mg. Tran et.al 2 in 2012 reported that the reductive stability of ACN is -0.2V vs Mg
which makes Kayzer’s claim of Mg deposition suspicious. The most interesting analogs of
Li salts is Mg(TFSI)2 which was believed to form highly passivating SEI layers that inhibit
further Mg interactions. Ha et.al 22 was among first report reversible deposition/stripping

for Mg(TFSI)2 in binary mixture of G1-G2 solvents with a high anodic stability of about

4V vs Mg. Ha also reported that higher glyme solvents (G3 ,G4) showed no deposition



under constant current deposition conditions due to the very high overpotentials. Ha’s work

23 and Mc Farlane ?* who sucessfully deposited Mg(TFSI),

also inspired Wattanabe
although by use of drying agents as additives in the electrochemical process like molecular
sieves and Mg(BHa4)2. More work on this electrolyte will be illustrated in Chapter 2 of this
dissertation. Mohtadi % displayed reversible deposition and stripping in Mg(BHa)2 in
monoglyme/diglyme. The idea was to implement a strong reducing agent like BH4™ ion that
would be able to withstand the heavy reducing environment of Mg anode. Although, the
electrolyte is non-corrosive low oxidation potentials of 1.7V on Pt, 2.2 V on SS were
observed due to the catalytic effects of Pt on the decomposition of BH4 . Gregory =
reported on the first Mg salt with a naked cation. He proposed a reaction between BusB a
Lewis acid with Bu2Mg to form Mg(BusB)2 in a solvent mixture of THF and DME. The
solubility and the voltage stability of these salts heavily depends on the anion ligands.
Reports have suggested that different anion ligands for Lewis acid and Grignard reagent
causes aryl metathesis which causes scrambling of the aryl groups resulting in SEI layer
formation, smaller reductive potentials which is detrimental to reversible Mg plating 5. To
avoid this aryl metathesis process ion exchange pathway of a Mg dimer to a silver
intermediate were proposed, which can easily ion exchanged to the desired Mg salt. The
borate cations that results from this process are water stable contrastingly, the aluminate
analogs are not. Using these methods multiple electrolytes with superior solubilities and
anodic stabilities were reported. Muldoon and coworkers 252 introduced Mg(BArg)2 by

reacting MgBr. and Ag(BArg) in THF. The resulting electrolyte boasted high anodic

stability more than 4V vs Mg on a stainless steel (SS) electrode. Magnesium
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monocarborane (Mg(CB11H12)2)was developed independantly by Tutusaus et al. 28 and
McArthur et al. 2° in 2015, displayed high anodic stability and low overpotential deposition
and stripping with high coloumbic efficiency. Interphasial phenomenon of this electrolyte

would be further discussed in Chapter 2 of this dissertation.

1.3.2.2 Dimer Magnesium Salts

A Dimer Mg salt refers to the dimer structure of its respective Mg cation where two
magnesiums are coordinated to three halides and six solvent molecules. Since these cations
carries two magnesiums per cation, they double the transference number of magnesium at
the same concentration. These dimer cations also increase the solubility of these salts in
organic solvents. Although, these salts are highly reactive and decomposes when exposed
to air or water unlike the carborane salts. The presence of halides in most these salts also
reduces their anodic stability regardless of the anions present. Most these dimer salts are
products of two kinds of reactions. The reaction between Lewis acid and Grignard reagents
in nonstoichiometric ratios results in the formation of the dimer cations. Inspired by the
work done by Gregory, Aurbach investigated the electrochemical properties of different
electrolytes formed by the reaction of multiple combinations of dialkylmagnesiums to
Lewis acid (alkyl aluminum chlorides) and how it effects the oxidative stability and
coulombic efficiency. Aurbach developed Mg(AICI.BuEt;), (DCC) electrolyte *° by
reacting one-part dibutylmagnesium to two parts ethylaluminum dichloride (4) in THF.
Bu,Mg + 2EtAlCl, - Mg(AlCl,BuEt,), 4)

The electrolyte exhibits reversible deposition and stripping with very low over potential

and high coulombic efficiency of 100%. The presence of chlorine and the presence of other
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by products due to the in-situ preparation of the electrolyte and a lack of purification
process leads low oxidative stability of 2.2 V vs Mg in Pt electrode. Although, other
researchers have disputed the claims of high coulombic efficiency of 100% by claiming
the coulombic efficiency of the DCC electrolyte is considerably less in the early cycles %,
the study also suggested that the electrolyte is not ideal for use in a robust Mg-ion system
as the GC and NMR analysis of the electrolyte points towards decomposition of the
electrolyte. The recrystallized salt from the in-situ synthesized electrolyte did not show any
reversible electrochemical activity >323%, The small operating voltage window greatly
reduces the energy density of the battery, to improve upon the anodic stability of the DCC
electrolyte Aurbach engineered the APC ** electrolyte which effectively improved the
oxidative stability from 2.2 to 3.2 V in Pt vs Mg with similar coulombic efficiency results.
The APC electrolyte was synthesized by the reaction of one-part aluminum trichloride with
two parts phenyl magnesium chloride (5).

2PhMgCl + AICl; - Ph,AlICl; + M g,Cl} (5)

The substitution of alkyl group in the Grignard component with an aromatic group resulted
in eliminating the prospects B-H elimination as a possible route for electrolyte
decomposition. Due to the in-situ synthesis process, these magnesium
organohaloaluminate electrolytes produces unwanted corrosive and nucleophilic side
products which makes the electrolytes unusable for conversion cathodes like sulfur ** and
aluminum current collectors *. Muldoon *° synthesized an electrolyte with an oxidative

stability of 2.5 V vs Mg via mixing of three parts of a Hauser base hexamethyldisilazide
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magnesium chloride (HMDSMgCI) and one-part Lewis acid aluminum trichloride (AICl3)
(6).
3HMDSMgCl + AlCl; —» Mg,Cl¥ + HMDSAICI; + (HMDS),Mg (6)

Muldoon claims that they were able to achieve reversible electrochemical activity on the
electrolyte even after recrystallization and dissolving of the salt in the THF solvent contrary
to APC electrolyte which was not chemically active after recrystallization. According to
the report by Muldoon the nucleophilic reaction byproduct (HMDS2Mg) can be removed
during the process of recrystallization thus improving the oxidative stability and
compatibility with high capacity cathode materials like sulfur. Zhao-Karger and co-
workers 173837 reported on similar Hauser base electrolytes by reacting MgHMDS; with
AICI3 and MgCl; in the following reaction procedure (7) and (8).
2[(HMDS),Mg] + 4AICl; - Mg,Cl} + HMDSAICl; + 3[(HMDS)AICL,] (7)
[(HMDS)AICl,] + 2MgCl, - Mg,Cl3 + HMDSAICI; (8)
Zhao-Krager was motivated by Muldoon’s work on the sterically hindered amides with
low nucleophilicity. He was able to improve the oxidative stability of the electrolyte to 3.2
V vs Mg in Pt electrode. Muldoon also later proposed boron-based electrolytes with similar
dimer chemistry which are known as GEN2 and GEN3 * with increased oxidative stability
and decreased corrosivity. The reaction equation for GEN2 and GEN3 electrolytes are
shown in (9) and (10) respectively
3PhMgCl + PhyB - Mg,Cl} + Ph,B~ + Ph,Mg 9)
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Doe and co-workers *° from Pellion Technologies designed a new dimer-based magnesium
electrolyte, by a stoichiometric reaction of MgCI2 and AICI3 resulting in the MACC
electrolyte as noted on (11)

2MgCl, + AlCl; - Mg,Clf + AlCl; (11)
MACC electrolyte lacks the R2Mg nucleophile by-product present in the in-situ synthesis
like with majority of the dimer type electrolyte. Although the electrolyte reports a high
conductivity and voltage stability of 3V vs Mg. the electrolyte requires heavy conditioning
of the electrolyte before high coulombic efficiencies are observed “° and is also highly
corrosive to current collector materials like Al and SS. Although, these dimer type
electrolytes show reversible electrochemical activities with high coulombic efficiencies,
the nucleophilic nature and the presence of chlorine in the anion and the cation makes these
electrolytes not viable with current collector material like aluminum and stainless steel.
Although there has been a plethora of work being put into the electrolyte systems. Mg-ion

chemistry also sorely lacks in cathode materials to go with these electrolytes.

1.3.3 Mg-ion Cathode materials

The two fundamental issues facing the prospect of commercialization for Mg-ion batteries
are absence of practical electrolytes and cathode materials. Although there is a plethora of
work on multiple Mg electrolyte systems. Studies on cathode materials for majority of
those systems is sorely lacking. Due to the major hurdles with Mg anode in finding practical
electrolytes studies on developing major cathode materials for Mg-ion systems were put
on hold. A proper well-defined study on different cathode systems for the rechargeable Mg

ion systems is overdue. The biggest challenges researchers face in the current environment
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is improving the mobility of Mg?* ions thus improving the diffusion pathways. Besides the
efforts of electrochemical researchers, slow diffusion of Mg?* ions and the instability of
the cathode structures are the biggest hurdle in current Mg-ion battery technology. This

sub chapter gives a brief account on different type of cathode materials

1.3.3.1 Intercalation/Insertion Cathode materials

Intercalation/Insertion cathode materials acts as a host to the guest cations. For intercalation
materials the guest ions can be inserted and removed during the discharge and the charge
process while maintaining the host’s framework. These materials often undergo very
significant volume expansion and contraction during the discharge and charge process.
Good cathode materials should have low Fermi energy like with high oxidation state
transitional materials, be chemically stable to the electrolyte, anode and other battery
components, electronically conductive, have stable structure that can withstand the range
of ion intercalation/deintercalation. Intercalation in Mg-ion has its own potential
difficulties. The solid-state diffusion of Mg?* has very slow kinetics due to the likelihood
of being trapped in the defects. All the Mg-ion intercalation have inherently lower voltage
hence there is a need to look at transitional metal oxides and polyanion based materials.
Mg prefers octahedral coordination than tetrahedral coordination affecting the diffusion of
ions. Reactive nature of Mg electrolytes leading to the chemical instability of these cathode
materials also severely hampers the choices for cathode materials. None of the reported
insertion cathode materials for Mg-ion can compete with current Li-ion technologies in
capacity or operational voltages. An account of intercalation cathode materials for Mg-ion

are given below.
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1.3.3.1.1 Chevrel Phase M0sSs

Aurbach 3! first demonstrated the capability of MoeSs as a promising cathode material for
Mg-ion systems for his DCC electrolyte system. Aurbach demonstrated reversible
intercalation and de intercalation behavior with a capacity of around 70 mAh g with up
to 1.3V over a period of 2000 cycles. MosSg had a rhombohedral crystal structure with
cubic cavities between the MoeSg blocks. These cubic cavities contain six tetrahedral
coordination sites. Although, the electrostatic repulsion limits the insertion to a single Mg?*
ion per cavity which limits the specific capacity of the electrode reaching its theoretical
specific capacity. The electrode was shown to have a very stable performance with less
than 15% of capacity fade at a 100% depth of discharge (DOD). The discharge profile of
MosSs shows two distinct plateaus at 1.4V and 1.1V which corresponds to the insertion of
the Mg?* ion into the inner region between the two MosSs blocks (12) and the plateau at
1.1V shows further insertion of Mg into the adjacent outer site with higher energy after
(13) respectively.

MogSg + Mg?* + 2e™ & MgMogSg (12)

MgMogSg + Mg?** + 2e~ & Mg,MogSg (13)

Mo6S8 is still the most successful and widely used cathode material for Mg-ion battery
systems. The electrode has been set as the standard cathode material for all Mg-ion
electrochemical systems. Studies has also revealed that the substitution of the sulfur with
the more polarizable material like selenium (Se), and tellurium (Te) via structural

modifications helps in reducing Mg?* trapping and better mobility leading to higher
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capacities close to theoretical capacity 42, Cycling at elevated temperature and reducing

the size of the MosSs particles were also shown to increase diffusion kinetics of Mg?*.

1.3.3.1.2 Other Intercalation Cathodes

Researchers in search of cathodes and capacity investigated layered oxides, sulfides, and
other polyanion materials that are well studied in L1B technologies. The layered vanadium
pentoxide (V20s) is one such material that has gathered lot of attention due to its high
energy densities, facile synthesis and low costs. In L1B chemistries V20s can accommodate
more than 3 mol of Li* into its layered structure and boast a theoretical capacity of 400
mAh gt and is highly reversible due to its variable oxidation states. Although V.05 was/is
a strong perspective candidate. A large activation barrier for the solid diffusion limits
results is high overpotentials and the charge rates. The V20s structure consists edge and
corner sharing VOs square pyramids with a corner sharing tetrahedral site. Novak et.al 43
investigated a single-crystal V2Os that could host very small amounts of Mg?* on the
crystal’s surface because the diffusion into the bulk single crystal was very slow at ambient
conditions. It was also shown that presence of water molecules has a significant role to
play in the easing of the Mg?* insertion process as the H.O molecules can preferentially
solvate Mg?* “*45, It was also reported that presence of high concentration of water
molecules were detrimental to the Mg metal anode as the water molecules accelerates the
passivation layer on the anode surface resulting in severe capacity fade and horrendous
cycle stability and cycle life. Although it was expected that V205 can insert 2 mol of Mg?*
ions, it only turned out close to 0.6 mol of Mg?* ions were able to be inserted due to the

presence of chemically bounded water molecules in the channel of the V205 host. The
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ability to expand the interlayer spacing of layered hosts by exfoliation or ion exchange has
led to materials like MoS; and MoO2 with improved Mg?* diffusion “¢47. MnQO; is another
promising cathode material because of its extremely low cost and non-toxicity. MnO-
materials have three different polymorphs: tunnel, layer phase and spinel structures that is
represented in 1D, 2D, and 3D respectively. The tunnel structure a-MnO; cathode material
4849 reported close to 100 mAh g at close to 2.25 V vs Mg which was significantly lower
than the 308 mAh g* expected from the formation of MgosMnO2. This significant capacity
drop is attributed to the Mn?* dissociation and the conversion of the Mg to MgO. Although
the 5-MnQ; *%° improved on the capacity by 230 mAh g* at close to 2.8 V. The high
capacity achieved was solely dependent on the wet nature of the electrolyte due to the
involvement of proton. Capacity in non-aqueous electrolyte was noted to be close to 35
mAh g* for Mn,O4 spinel structure material 522 proving the vital nature of water molecule
in the intercalation process of these MnO> cathode materials. Along with MosSs, V20s,
MnO: another Mg-ion cathode material of great interest is materials with polyanion
framework. Works done on materials with polyanion framework like MnSiO4 > and
FeSiO4 > showed promising initial capacities of 240 and 330 mAh g at voltages around
1.6 and 2.5 V respectively. But the capacity was very low around 80 mAh g for electrodes
made from MnSiO4 powders as the sol-gel synthesized electrodes showed the superior
performance and extremely low current densities had to be used to get these capacities.
Cells containing non-agqueous electrolytes had very low cycle life of less than 5 cycles. As
mentioned earlier of all the insertion cathode materials MoeSs is the most successful

insertion cathode material. Although other materials like V20s, MnO2, and polyanions

18



were used the high capacity was only achieved with the presence of water which is

detrimental for the cycle life and capacity retention of the cell.

1.3.3.2 Conversion Cathode materials

Although intercalation cathode materials have characteristics that can result in long cycle
life, the moderate capacity and operational voltage, and intrinsically slow Mg?* diffusion
into the cathode remains a challenge to create high capacity/ high energy density batteries.
Conversion cathodes such as sulfur, oxygen and other metal halides are garnering great
interest as a high capacity, high energy density cathode materials. Despite, these conversion
cathodes having similar issues in both Mg and Li chemistry. The opportunity of the two-
electron reduction producing high capacity and high energy density batteries is enticing.
Conversion reactions offer capacities five times as much as intercalation materials using
cheap environmentally friendly materials like sulfur and oxygen. Unlike intercalation
materials, conversion cathodes undergo significant structural change at both anode and
cathode during charge/discharge process. This transformation involves complete oxidation
and reduction of both anode and cathode and forming new compounds with entire different
structure. The following sub-chapters identifies different conversion cathode materials for

Mg-ion systems.
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1.3.3.2.1 Magnesium-Sulfur (Mg-S)

Among all the conversion cathode materials sulfur is the most promising cathode material
boasting a high theoretical capacity of 1671 mAh g*. Sulfur is also highly abundant,
environmentally friendly and very cheap ticking all the boxes to be a perfect candidate for
a high energy density Magnesium-ion battery. The two-electron conversion reaction (14)
yields a theoretical cell voltage of 1.77V offering a theoretical energy density of 3200 Wh
L-1 compared to 2800 Wh L-1 for Li-S systems with Li metal as anode.

Mg** + S+ 2e” & MgS (14)

The 24% volume expansion resulting from the reaction between Mg and S is significantly
lower than the 72% expansion of Li-S systems when Li.S is formed. Although,
considerable advances have been made in the Li-S system, Mg-S battery systems is still at
its infancy. Although there is a plethora of Mg-electrolytes with different compositions the
electrophilic nature of sulfur excludes nucleophilic electrolytes such as DCC and APC. The
first Mg-S cell was demonstrated by Muldoon’s group from Toyota in 2011%° by reacting
stochiometric ratio of Hauser-base HMDSMgCI and AICIs as shown in equation (6).
Eventhough, the cell exhibited a low open circuit potential (OCP) of 0.5V the cell exhibited
a discharge plateau 0.85V boasting an initial discharge capacity of 1200 mAh g*. The first
charge profile showed higher capacity than the discharge capacity and a capacity decline
to 394 mAh g on the second cycle pointing towards the well-known polysulfide shuttle
mechanism due to which Muldoon claims that the cell could only be cycled a few times.
The use of THF as a solvent the presence of chlorine in both cation and anion we believe

be detrimental for a high energy density cell that needs to cycle at high voltages. This
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electrolyte spurred on researchers like Zhao-Karger and co-workers 337 with a similar
electrolyte following the reactions noted in equations (7) and (8) to Muldoon with higher
anodic stability by using glyme solvents. Zhao-Karger and co-workers worked on diverse
types of Mg-S cells changing the carbon matrix to graphene oxide for the Sulfur 3. Using
solvent mixtures of glyme and ionic liquid to increase the viscosity to reduce the
polysulfide shuttling observed by Muldoon. Although they were able slightly raise the
oxidative stability of the electrolyte, they were not able to significantly improve on the
performance of the cell as it displayed large overpotential during charge, loss of active
material from the cathode due to the polysulfide dissolution, and low coulombic efficiency.
Although, other electrolyte systems have been reported to have compatibility with sulfur.
All these systems fail to produce a high energy density cell due to the relatively low
oxidative stability with respect to battery materials like aluminum and stainless steel due
to the presence of chlorine and low coulombic efficiency. Chapter 4 of this thesis will focus

on a possible new electrolyte candidate for Mg-S system.

1.3.3.2.2 Other Conversion Cathodes

One of the most popular and interesting conversion cathode material for both Li and Mg
ion battery systems is oxygen. As these batteries theoretically can be incredibly economic
and can produce high-energy densities that could rival any battery systems. Although this
great concept is plagued by major drawbacks. The battery requires either an aqueous
electrolyte and a metal ion conducting membrane to protect the metal anode from reacting
with the electrolyte forming a thick passivating layer, or a non-aqueous electrolyte that

would support reversible oxygen electrochemistry. Both requirements are hard to
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materialize due to the highly reactive nature of the Mg metal anode and a lack of materials
that is Mg2* conducting and stable in aqueous systems. Shiga et.al ° reported on an
I,/DMSO complex capable of decomposing MgO with visible Oz evolution. He reported
the cycling data of the cell at 60 °C, reporting initial discharge capacity of upwards of 2200
mAh g*. But, the cell showed massive capacity fade on the following cycles. The author
also failed to discuss the reactivity of the complex to the Mg anode that could lead to self-
discharge of the cell. Chilton ®’ reported on the only metal halide conversion cathode for a
reversible Mg-ion battery system at ambient conditions. The solubility of the CuBr:
cathode material in the diethyl magnesium-ether electrolyte resulted in low coulombic
efficiencies of 40% with respect to discharge and 33% with respect to charge. We believe
Mg-S system is the most promising contender for creating high capacity high energy

density beyond Li- battery technology.
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1.4 Direction of our research

Of all the electrolytes systems discussed above in this chapter we believe a simple naked
Mg salt with a very stable but weakly coordinating anion like a monocarborane
(HCB11H11) could be very interesting prospect for rechargeable Mg-ion battery systems.
The chemical stability of the anion could be beneficial for the electrolytes compatibility
with Mg metal in a real battery system. We believe the magnesium monocarborane
(Mg(CB11H12)2) electrolyte paired with sulfur conversion cathodes could yield the high
capacity high energy density Mg-ion batteries as the oxidative stability of the electrolyte is
close to 4.0V vs Mg. The following chapters in this thesis will focus on both anode and

cathode interactions for Mg(CB11H12)2 for Mg-ion battery systems.
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Chapter 2: A Comparative Study of Mg(CB11H12)2 and Mg(TFSI)z at the
Magnesium/Electrolyte Interface

2.1 Introduction

Rechargeable Mg-ion batteries have received increasing attention as an energy storage
technology beyond lithium-ion batteries. However, the development of Mg-ion batteries is
hampered by the lack of high-capacity cathode materials and limited options of Mg-ion
electrolytes. The conventional Mg-ion electrolytes are mainly based on organo-
haloaluminate complex originating from the seminal works by Gregory et al. in 1990 ! and
Aurbach et al. in 2000. 2 These electrolytes typically contain a mixture of Grignard reagents
(RMgCI or R2Mg, R is alkyl, aryl, or carboranyl group) and Lewis acids (typically AICIs),
37 thus suffering from low anodic stability due to the nucleophilicity of the Grignard
reagents. 2° Therefore, non-Grignard electrolytes have been developed including
magnesium aluminum chloride complex (MgCl,-AICls), 812 magnesium alkoxides
(ROMgCI or Mg(OR)2), ¥ fluorinated alkoxides,® and amides such as
hexamethyldisilazide magnesium chloride (HMDSMgCI) ® and magnesium
bis(hexamethyldisilazide) (Mg(HMDS)z). "' However, majority of the reported
electrolytes still contain active chloride anions, which renders these electrolytes corrosive
in nature, thus not compatible with battery components. 8 Therefore, the recent
developments are more focused on non-Grignard and halide-free (or the halide sequestered
in a polyatomic anion) electrolytes based on Mg salts with weakly coordinating anions
including borohydride, % hexafluorophosphate, 2! monocarborane ((CB1iHi2)), 2%

fluorinated alkoxyborate, 2* and fluorinated alkoxyaluminate anions. 22
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Among all the “simple” Mg salts, magnesium bis(trifluoromethanesulfonyl)imide
(Mg(TFSI)z2) is readily available and soluble in ethers, which are widely considered as the
only type of solvents compatible with Mg metal anodes. 2”2 Therefore, its electrochemical
properties have been the subject of several investigations. The early studies suggest Mg
could not be deposited from acetonitrile solution of Mg(TFSI)2 due to the reduction of
acetonitrile at a potential of -0.2 V vs Mg, 2 while the ethereal Mg(TFSI)2 solutions seemed
capable of reversible Mg plating-stripping, however, with an inferior overpotential. -
The theoretical investigations on Mg(TFSI) indicated the ion pairing between partially
reduced Mg?* cation (to Mg*) and TFSI- facilitating the cathodic TFSI decomposition on
the electrode surface. ** On the contrary, Mg(CB11H12)2, developed independantly by
Tutusaus et al. 22 and McArthur et al. 2% in 2015, was demonstrated as one of the best Mg
salts for Mg-ion elecrtoyletes with excellent anodic stability and low Mg plating-stripping
overpotential. The opposite electrochemical properties of the Mg(TFSI), and
Mg(CBu11H12). electrolytes seem to originate from their different interfacial mechanisms.
However, the Mg/electrolyte interphase in these electrolytes are not well understood,
particularly for Mg(CB11H12)2. Therefore, in this study we aim to obtain the direct
information on their interfacial behaviors and interphase compositions through a

systematic investigation.

31



2.2 Experimental Methods

2.2.1 Preparation of electrolytes

All manipulations were carried out using standard Schlenk or glovebox techniques under
a nitrogen or argon atmosphere unless otherwise stated. Mg(CB11H12)2 was prepared by the
method of McArthur et al. 2 Tetraethylene glycol dimethyl ether (G4) (>99%, Sigma-
Aldrich) was distilled over sodium metal under inert conditions on the Schlenk-line and
stored with molecular sieves until electrolyte solution was mixed. Mg(TFSI). salt
(Solvionic, 99.5%) was dried inside a tube furnace at 180 °C under vacuum in an argon
(Ar) filled glovebox for 48 hours. The preparation of both electrolytes was conducted
inside the Ar-filled glovebox. Moisture content of G4 and the electrolytes were measured

with Karl Fischer titrator.

2.2.2 Electrochemical analyses and materials characterizations

Cyclic voltammetry (CV) and chronopotentiometry of Mg plating-stripping are performed
with the three-electrode setup inside the Ar-filled glovebox. Standard platinum working
electrode (3mm disk) was used in the CV experiments. Copper (Cu) foil (Lyon Industries)
was used in the Mg deposition experiments. Cu foils were polished by soaking in 2.0 M
sulfuric acid (Fisher Chemicals) for 3 days. The soaked Cu foils were sonicated three times
for five minutes each in anhydrous ethanol (Sigma Aldrich), the dried Cu foils were stored
in the Ar-filled glovebox for use. Mg foil was used as electrode in the chemical
compatibility study and the Mg stripping experiments. The Mg foil was polished with 1200

and 2500 grade sand papers inside the glovebox and then washed with anhydrous G4 before
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use. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) was performed on NovaNanoSEM 450. Samples were carefully washed with G4
and THF inside the glovebox before being mounted on the sample stubs. To perform the
X-ray photoelectron spectroscopy (XPS), samples were transferred from the glovevbox via
sealed stainless steel transfer tubes to the XPS facility. XPS experiments were conducted
with a Kratos Axis Supra with a dual anode Al/Ag monochromatic X-ray source. The
samples were transferred into the analysis chamber via the integrated glovebox filled with

inert gas.

2.3 Results & Discussion
2.3.1 Electrochemical activity of 0.75M Mg(CB11H12)2 & 0.5 M Mg(TFSI)2 in G4

Due to the insolubility of Mg(CB11H12)2 in lower glymes, we selected G4 as the solvent for
both Mg(CB11H12)2 and Mg(TFSI)2. Figure 2.1 shows the selected CV cycles of Mg
plating-stripping in 0.5 M Mg(TFSI); and 0.75 M Mg(CB11H1.): electrolytes at 50 mV s
with Pt working electrode, Mg counter electrode, and Mg reference electrode in three-
electrode setup. The coulombic efficiency (CE) of the plating-stripping proceess over 50
cycles was calculated from the CV curves and shown as the inset. The water content in
both electolytes was 8 ppm measured with Karl Fischer titration. The Mg(CB11H12)2
electrolyte demonstrates low plating overpotential at -0.5 V vs Mg?*/Mg in the first cycle,
which was further lowered to -0.35 V on subsquent cycles. The Mg stripping potential is
at 0 V vs Mg?*/Mg thus resulting in a small plating-stripping potential hysterisis. On the

other hand, although the Mg(TFSI)2 electrolyte indeed displays a pair of reversible redox
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peaks, corresponding to Mg plating-stripping, the overpotentials are very high: -0.9 V for
plating and 2.1 V for stripping vs. Mg?*/Mg. Furthmore, the CE of Mg plating-stripping in
the Mg(CB11H12). electrolyte is stabilized at approximately 97% over the course of 50
cycles. In comparison, the CE of Mg plating-stripping in the Mg(TFSI)2 electrolyte is well
below 40% during 50 cycles. We speculate the significantly different CE of the two
electrolytes is due to their different solid electrolyte interphase (SEI) formation mechnisms

during the Mg plating-stripping process.
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Figure 2.1 Representative CV scans and coulombic efficiency of Mg plating-stripping in
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Potential (V vs Mg)

(a) 0.75 M Mg(CB11H12)2 and (b) 0.5 M Mg(TFSI)2 in G4 at 50 mV s™
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2.3.2 Surface Characterization of Mg deposits on Cu

To study the SEI formation during the Mg plating, chronopotentiometry experiments
Figure 2.2 were performed in both electrolytes at a current density of 1 mA cm™ for a
period of 12 hours on a copper (Cu) electrode. The X-ray diffraction (XRD) measurements
Figure 2.3 confirm the deposition of Mg metal from both electrolytes. The scanning
electron microscopic (SEM) images in Figures 2.4a and 2.4b at different magnifications
display uniform Mg deposition from the Mg(CB11H12): electrolyte. The digital image inset
clearly shows the deposited Mg metal has a metallic grey color and smooth surface. On the
contrary, the Mg deposited form the Mg(TFSI), electrolyte has a distinctly different
appearance and micromorphology. As depicted in the digital image inset in Figure 2.4c, the
Mg deposited from Mg(TFSI), electrolyte is aggregated black particles on the Cu substrate.
The SEM images in Figure 2.4c and Figure 2.4d verify that the Mg deposition from
Mg(TFSI), electrolyte indeed is composed by particles instead of smooth layer deposition.
The micromorphology of the Mg from the Mg(TFSI): electrolyte is consistent with the
previous Mg deposition, reported by Ha et.al, 2’ from Mg(TFSI). in monoglyme and

diglyme.
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Figure 2.3 XRD pattern of the Mg deposited from Mg(CB11H12)2 and Mg(TFSI)2
electrolytes.
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Figure 2.4 SEM images at different magnification of Mg deposited from (a, b)
Mg(CB11H12)2 and (c, d) Mg(TFSI) electrolyte on Cu substrate with constant current at 1
mA cm for 12 hours. Insets are the digital images of Mg deposited on Cu.
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To understand the stark contrast of Mg deposits from these two electrolytes, energy-
dispersion X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) were
used to identify the surface composition of the deposited Mg. The EDS elemental mapping
of the Mg surface deposited from Mg(CB11Hi2): electrolyte (Figure 2.5a) displays strong
presence of Mg and oxygen. The corresponding Mg2p XPS spectrum (Figure 2.5b)
consistently indicate that the Mg-containing composition on the surface includes metallic
Mg and magnesium oxide (MgO). Considering the absence of oxygen atom in the
Mg(CB11H12)2 salt and good resistance of G4 to electrochemical reduction, we believe the
MgO layer is due to the oxidation from the environment. It is also worth noting that the
XPS technique only probes a very thin surface layer of a few nanometers. Therefore, the
composition ratio shown in the Mg2p XPS spectrum does not correlate to the actual content
of MgO in the deposited Mg. Strong evidence for the stability of Mg(CB11H12)2 electrolyte
also comes from the Bls and Cls XPS spectra on the Mg surface shown in Figures 2.5¢
and 2.5d. The B1s XPS spectrum shows the B-B and B-C bonds, which are consistent with
the pristine Mg(CB11H12)2 salt (Figure 2.6 in Supporting Information), resulting from the

salt residue on the Mg surface. The Cls XPS spectrum shows the signal from the
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adventitious carbon contamination (C-C, C-O-C, and O-C=0 bonds) and the C-B bond

from salt residue without indication of G4 decomposition.
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Figure 2.5 (a) SEM image with EDS elemental mapping and XPS spectra of (b) Mg2p, (c)
B1s, and (d) C1s of Mg surface deposited from Mg(CB11H12)2 electrolyte.
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Figure 2.6 B1s XPS Spectrum of the pristine Mg(CB11H12): salt.

In stark contrast to the excellent stability of the Mg(CB11Hi2): electrolyte, analyses of the
surface of Mg deposited from the Mg(TFSI). electrolyte clearly indicates severe SEI
formation. The EDS elemental mapping in Figure 2.7a displays surface composition
including Mg, oxygen, fluorine, and sulfur. The Mg2p XPS spectrum in Figure 2.7b shows
Mg bonds from magnesium sulfide (MgS) and MgO (Mg binding energy in these two
compounds are very close), and magnesium fluoride (MgF2) without indication of metallic
Mg. The F1s XPS spectrum in Figure 2.7c confirms the existence of MgF2 and compounds
containing C-F bonds on the surface of Mg deposited from Mg(TFSI)2. Similarly, the S2p
XPS spectrum in Figure 2.7d indicates the existence of MgS and sulfur-oxygen bonds,

which can be attributed to the sulfonyl group from the electrolyte residue, and/or sulfite
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(SO3?) and dithionite (S204%") anions from the decomposition of TFSI- anions. 313 The
Cls XPS spectrum in Figure 2.7f only shows peaks from the adventitious carbon

inconsistent with the C 1s spectrum from the Mg(CB11H12)2 electrolyte, indicating G4

solvent is stable.
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Figure 2.7 (a) SEM image with EDS elemental mapping and XPS spectra of (b) Mg 2p,
(c) F1s, (d) S 2p, and (e) C 1s of Mg deposited from Mg(TFSI) electrolyte.

2.3.3 Surface Characterization of Mg metal after soaking

The EDS and XPS results in Figure 4 lead to the conclusion that SEI is formed during Mg
deposition in Mg(TFSI) electrolyte via TFSI™ anion reduction. Rajput et al. through their
theoretical invetigation 33 proposed the proneness of TFSI™ anion to reduction is due to a
transient ion pair of Mg*~TFSI- from partial reduction of Mg?* cation. It is also known that
metallic Mg is capable of reducing C-F, N-S, and S=0 bonds, 3¢ thus it is not surprising

that the similar decomposition is observed electrochemically for TFSI anion. It is unlikely
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that the monocarborane anion decomposes chemically in the presence of metallic Mg, since
we prepare the electrolyte in high purity and yield via a Mg reduction. Therefore, to prove
that TFSI™ anion specifically degrades in the presence of Mg metal anodes and the
monocarborane anion does not, we investigated the chemical compatibility of Mg metal in
both Mg(CB11H12)2 and Mg(TFSI) electrolytes. Figure 2.8a displays the SEM image of
the soaked Mg surface with no indication of morphology change. The Mg2p XPS spectrum
of the soaked Mg surface (Figure 2.8b) shows metllic Mg and MgO from the native oxide
on the surface. (The native MgO layer cannot be completely removed by polishing as
shown in the Mg2p XPS pesctrum of the polished Mg in Figure 2.9.). After being soaked
in the Mg(CB11H12). electrolyte for 14 days, no visible change can be observed on the Mg
surface Figure 2.9. The EDS spectrum in Figure 2.10 also evidence no compostion change
after soaking in Mg(CB11Hz12)2 electrolyte. On the other hand, the Mg electrode soaked in
Mg(TFSI)2 electrolyte demonstrates drastic visual change from metal grey to black as
shown in Figure 2.11. Clear surface morphological change (pitting-like) can be observed
in the SEM image in Figure 2.8c. EDS spectrum in Figure 2.12 clearly shows surface
compounds containing significantly amount of O, F and S elements. The XPS spectra of

Mg2p, F1s, and S2p (Figures 2.8d, 2.8e, and 2.8f) show very similar results to those on the
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Mg surface electrochemically deposited from Mg(TFSI) electrolyte. The XPS spectra are

strong evidence that TFSI™ anion can also be chemically reduced by Mg metal.
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Figure 2.8 (a) SEM image and (b) Mg2p XPS spectrum of the Mg surface soaked in
Mg(CB11H12). electrolyte, (c) SEM image and (d) Mg2p, (e) F1s and (f) S2p XPS spectra
of Mg surface soaked in Mg(TFSI) electrolyte.
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Figure 2.9 Digital image of (a) polished Mg foil and (b) the same Mg foil after soaking in
Mg(CBu11H12). for 14 days. (c) The Mg2p XPS spectrum of the polished Mg surface.
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Figure 2.10 SEM image and EDS spectra at multiple locations of Mg metal was soaked in
Mg(CB11H12)2. EDS spectra shows a high concentration of Mg
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Figure 2.11 Digital image of (a) polished Mg foil and (b) the same Mg foil after soaking
in Mg(TFSI) for 14 days. (c) The Mg2p XPS spectrum of the polished Mg surface.
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Figure 2.12 SEM image and EDS spectra at multiple locations on the Mg surface soaked
in Mg(TFSI)2 electrolyte. EDS spectra shows a significant concentration of O, F, and S on
the Mg surface.
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2.3.3 Surface Characterization of Mg metal after stripping/ redeposition

The distinctly different chemical stability of Mg(CB11Hz12)> and Mg(TFSI). with Mg metal
(i.e., different interfacial composition) results in very different behaviors of Mg stripping.
As shown in Figures 2.13a and 2.13b, the Mg stripping at 1 mA c¢cm? in Mg(CB11H12)2
electrolyte demonstrates an very low overpotential of 0.05 V vs Mg. On the controry, the
Mg stripping with the same current density in Mg(TFSI). electrolyte demonstrates a
significantly higher overpotential at 1.4 V vs Mg. This high overpotential of Mg stripping
could contribute to the previous observation that Mg-S two-electrode cells using
Mg(TFSI): electrolyte in monoglyme failed to demonstrate discharging capacity. "3 The
interphase on Mg electrode also impacts the behavior of Mg plating following the stripping
process as displayed in Figure 2.13c. Mg plating after stripping in Mg(CB11H12)2
electrolyte shows a modest overpotential of -0.25 V vs Mg; on the other hand, Mg plating
after stripping in Mg(TFSI)2 shows a high overpotnetial of -0.5 V vs Mg with a
considerablely high potential overshoot. The EDS and XPS analysis of the Mg surfaces
after stripping and re-plating (Figures 2.14 to 2.17) show consistent results with the
analyses described above: Mg surface in Mg(CB11H12)2 electrolyte is virtually interphase-

free and the one in Mg(TFSI). electrolyte contains oxide, sulfide, and fluoride compounds.
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Figure 2.13 Chronopotentiometry Mg stripping curve in (a) Mg(CB11H12). electrolyte and (b) Mg(TFSI)2 electrolyte, (c)
chronopotentiometry curves of Mg stripping and plating. The current density is 1 mA cm™ and the duration is 5 hours for
stripping and 5 hours for
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Figure 2.14 SEM image; EDS elemental mapping and spectrum; Mg2p and Bls XPS
spectra of Mg metal after stripping at 1 mA cm for 5 hours in Mg(CB11H12): electrolyte.
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Figure 2.15 SEM image; EDS elemental mapping and spectrum; Mg2p, F1s, and S2p XPS
spectra of Mg metal after stripping at 1 mA cm for 5 hours in Mg(TFSI): electrolyte.
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Figure 2.16 SEM image; EDS elemental mapping; Mg2p and B1s XPS spectra of Mg
metal after plating following stripping at 1 mA cm™ for 5 hours in Mg(CB11H12)2

electrolyte.
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Figure 2.17 SEM image; EDS elemental mapping; Mg2p, F1s, and S2p XPS spectra of
Mg metal after plating following stripping at 1 mA cm™ for 5 hours in Mg(TFSI).

electrolyte.

53



2.4 Conclusion

Through systematic electrochemical analyses, microscopic and spectroscopic
characterizations, we have demonstrated superior Mg plating-stripping performance of the
Mg(CB11H12)2 electrolyte in comparison with Mg(TFSI).. Such excellent electrochemical
performance of Mg(CB11H12)- can be unambiguously attributed to the superb chemical and
electrochemical stability at the Mg/electrolyte interface. Our results indicate virtually no
interphase formation occurs during Mg plating due to the cathodic stability of the
(HCB11H11)  anion. On the contrary, we also demonstrate that Mg(TFSI)2 is an inferior
salt for Mg-ion electrolyte due to it severe interphase formation, which occurs both
chemically and electrochemically due to the reduction of TFSI- anion. Mg(TFSI)2 may only
be a feasible salt for Mg-ion electrolytes with proper Mg anode protection as demonstrated
by Ban and coworker.®® Undoubtedly, Mg(CB11H12). is one of the most Mg-compatible

salts for Mg-ion electrolytes to date.
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Chapter 3: Below the 12-vertex: 10-vertex carborane anions as non-corrosive, halide
free, electrolytes for rechargeable Mg batteries.

3.1 Introduction

Due to rapid technological advances in rechargeable portable devices and electric vehicles
there is an urgent need to develop rechargeable batteries that are safer and have greater
energy density compared to current state-of-the-art Li-ion cells.! Furthermore, given the
low earth abundance of Li (Li*, 0.0017% of the earth’s crust), and the fact that cells
constructed with pure Li metal are inherently unsafe, due to dendrite formation, alternative
anode materials based on other elements are of great interest. Mg-based batteries are a
potentially game changing alternative to Li-ion systems because Mg is far less expensive,
much more abundant (4% of the earth’s crust), more tolerant of air, and does not form
dendrites. The fact that Mg does not form dendrites allows the utilization of pure Mg
anodes, which significantly increases both the volumetric and gravimetric energy densities
of Mg-cells compared to Li-ion batteries. To realize high energy density Mg-cells
appropriate cathode materials must be identified. However, the discovery of such cathode
materials has been hampered by the lack of suitable electrolytes that facilitate the
electrochemical oxidation and reduction reactions. In contrast to Li* ions, Mg?* ions from
conventional Mg salts, such as Mg(PFs)2, Mg(ClO4)2 cannot reversibly penetrate the solid
electrolyte interface (SEI) layer on Mg anodes.? Most of the current Mg electrolytes are
composed of simple ethereal solvents and Mg-organic complex represented by Grignard
reagents and similar compounds like organo borates 3, borohydrides® and Grignard halo
aluminates”°, However, these compounds generally limited by low electrochemical

oxidation potentials, i.e. narrow electrochemical stable window. Another caveat is that the
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electrolyte cannot contain halide ions, since their oxidation leads to radicals or elemental
halogens that corrode non-noble metal current collectors and battery casing materials.®
Recently, Mc.Arthur*! and Mohtadi*? and coworkers independently reported the synthesis
and implementation of the non-corrosive and halide free electrolyte Mg(CB11H12)2,
featuring 12-vertex icosahedral carborane anions®® 1 (Scheme 1, A). The carborane anion
(CB11H12) is immune to any acids/bases’*, is compatible with Mg metal, and does not
undergo electrochemical oxidation until +5.36 V vs Mg®*2.'® Prior to the discovery of
Mg(CB11H12). all other known electrolytes for Mg batteries had high halide content and
or suffered from poor electrochemical stability. In contrast to Mohtadi’s route to prepare
Mg(CBu11H12)2, which uses a precious metal and results in material that is difficult to purify,
we developed a superior method, namely cation reduction. As depicted in the reaction
scheme from Fig 1, this cation reduction methodology utilizes magnesium metal to reduce
trimethylammonium cations to produce Mg(CBi11Hz2)2 in high purity and without the
consumption of precious metal.

While Mg(CB11H12)2 meets the basic electrochemical requirements to enable the
discovery of novel cathode materials that will result in the development of high capacity
Mg batteries, the cluster 1 is rather expensive to produce. Furthermore, even if functional
high capacity conversion cathodes such as sulfur'®? or moderate capacity high voltage
cathodes such as transition metal oxides®®?3 for Mg cells are discovered a library of
electrolytes will be needed to optimize performance of the materials. Indeed, each cathode
material will display distinct chemical behavior with different electrolytes. Here we report

the discovery of a novel non-corrosive air stable electrolyte Mg(CBgH10)2 that utilizes a
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smaller 10-vertex carborane (CBgH10) (Fig 3.1)%42. This electrolyte is less expensive to
prepare compared to Mg(CBi11H12)> and displays similar electrochemical stability.
(CBgH10)” can be conveniently prepared without cyanide and Na metal, via a simple

reaction of BioH14 with p-formaldehyde?® followed by oxidation with 1,%°.
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Figure 3. 1 Schematics of Mg(CB11H12)2 (top) and Mg(CBgH10)2 (bottom) synthesis via
cat-ion reduction
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3.2 Experimental Methods

3.2.1 Synthesis of Mg(CBgH10)2

The synthesis route of the 10-vertex route is provided in the reaction scheme in Fig 3.2. As
mentioned above the anionic component of the electrolyte was synthesized by three easy
steps. Decaborane (BioH14) was reacted with p-formaldehyde® in presence of base to
install a carbon vertice in place of a boron to form an “arachno” species carborane (CBoH14)
this reaction mechanism is known as the brellochs reaction. The resulting open cluster with
all ten required vertices then underwent iodine oxidation with elemental iodine to form a
fully closed carborane cluster 2-(CB9H10) which is the 2-isomer of the required product.
The 2-isomer was then refluxed in DME for 5 days to obtain the required anion of 1-
(CBgH10). The carborane cluster then underwent the familiar Mg reduction process from
the Mg(CB11H12)2 salt from Chapter 2, where (CB9H10)” (HNMes*) (2.0 g, 10.3 mmol) was
added to a suspension of Mg powder (4.0 g, 165 mmol) in a minimal amount of THF (5mL)
and the resulting suspension was stirred for 1 hr. After 1 hr, additional THF (30mL) was
added and the suspension was left to stir for 24 hours. The THF solution was then filtered
through a medium porosity fritted funnel. The collected precipitate of white powder and
excess magnesium was washed with DME, dissolving the white powder of the collected
precipitate. Unreacted magnesium powder was collected and reused. The DME solvent was
removed under high vacuum, resulting in compound Mg(CBgH1o)2 as a white powder in
91% yield (4.1g 9.37 mmol). Once dried, compound Mg(CBgH1o)2 is only soluble in DME
at cold temperatures -30°C (Note: Mg?* counter cation is coordinated to three DME

molecules).to obtain Mg(CBgyH1o)z.
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Figure 3. 2 Reaction schematics for the synthesis of Mg(CBgH1o0)2

3.2.2 X-ray Structure Determination

A colorless prism fragment (0.495 x 0.247 x 0.202 mm3) was used for the single crystal x-
ray diffraction study of [C4H1002]3Mg?*2(CH10Bg])” (sample vL170SM_0m). The crystal
was coated with paratone oil and mounted on to a cryo-loop glass fiber. X-ray intensity
data were collected at 100(2) K on a Bruker APEX2 platform-CCD x-ray diffractometer
system (fine focus Mo-radiation, A = 0.71073 A, 50KV/30mA power). The CCD detector
was placed at a distance of 5.0600 cm from the crystal. A total of 3600 frames were
collected for a sphere of reflections (with scan width of 0.30 in o, starting ® and 20 angles
of =300, and ¢ angles of 0o, 900, 1200, 1800, 2400, and 2700 for every 600 frames, 10
sec/frame exposure time). The frames were integrated using the Bruker SAINT software
package and using a narrow-frame integration algorithm. Based on an orthorhombic crystal
system, the integrated frames yielded a total of 75989 reflections at a maximum 26 angle
of 61.996 (0.69 A resolution), of which 10124 were independent reflections (Rint = 0.0484,

Rsig = 0.0306, redundancy = 7.5, completeness = 100%) and 9094 (89.8%) reflections
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were greater than 26(I). The unit cell parameters were, a = 20.7310(10) A, b =10.6782(5)
A, c=143738(7) A, a =B =y =900, V=3181.93) A3, Z = 4, calculated density Dc =
1.114 g/cm3. Absorption corrections were applied (absorption coefficient u = 0.084 mm-
1; max/min transmission = 0.983/0.959) to the raw intensity data using the SADABS
program. The Bruker SHELXTL software package was used for phase determination and
structure refinement. The distribution of intensities (E2-1 = 0.762) and systematic absent
reflections indicated two possible space groups, Pna2(1) and Pnma. The space group
Pna2(1) (#33) was later determined to be correct. Direct methods of phase determination
followed by two Fourier cycles of refinement led to an electron density map from which
most of the non-hydrogen atoms were identified in the asymmetric unit of the unit cell.
With subsequent isotropic refinement, all the non-hydrogen atoms were identified. There
was one cation of (CsH1002)3Mg?* and two anions of (CH10Bo)™ present in the asymmetric
unit of the unit cell. Atomic coordinates, isotropic and anisotropic displacement parameters
of all the non-hydrogen atoms were refined by means of a full matrix least-squares
procedure on F2. The H-atoms were included in the refinement in calculated positions
riding on the atoms to which they were attached, except the H-atoms of the two CH-group
of the carboranes were refined unrestrained. The refinement converged at R1 = 0.0353,
wR2 = 0.0811, with intensity [>2c (I). Absolute structure parameter cannot be reliably
determined because no heavy atom is present in the structure. The largest peak/hole in the

final difference map was 0.223/-0.157 e/A3.
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3.2.3 Electrochemical Measurements

Experimental: Conductivity of the electrolyte was measured using an electrochemical cell
with two symmetric Pt film-electrodes. Potentiostatic EIS program from Gamry reference
1000 potentiostat was used to measure the impedance across the cell for each

concentration. Conductivity was calculated by using the following equation

o= (1)

where ¢ is the conductivity, | is the distance between the electrodes, A is the cross-
sectional area and R is the resistance. The cell was calibrated using standard aqueous KClI
solution. Three electrode experiments were conducted in a bob-cell on a Gamry reference
1000 with polished standard electrodes like Pt, Au and glassy carbon (GC). And polished
foils like Ni,SS, and Al as working electrodes with polished Mg foil as reference and
counter. All three electrode experiments were conducted in an argon filled glovebox. Mg-
ion battery performances were demonstrated with coin cells (CR2032) with Mg anode and
Chevrel phase MoeSg cathode using 0.45 M Mg(CBgHzo). in G4. Chevrel phase MosSs was
prepared with a method previously established by Aurbach et.al”, MosSs electrodes were
prepared by mixing 70wt% active material, 20% carbon black and 10% polyvinylidene
fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP). The mixed paste was then applied as
a thin uniform coating on a Ni foil and then dried in a vacuum oven overnight at 50 °C.
Cells were assembled in an argon filled glovebox. 6mm diameter disc of MosSg coating on
Ni foil were punched out as the cathode and placed on the bottom base of the CR2032 coin
cells, 40ul of the Mg(CBgH10)2 in G4 was pippetted onto the cathode. A polypropelene

seperator was carefully placed over the cathode and 60ul electrolyte was added (total of
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100 pl) to wet the seperator surface. A polished Mg disc of 6mm in diameter was placed
on the wetted seperator the cell was then filled with two spacers and a washer to fill the
base, the top cap was then placed on the top and the cell was hydraulically pressed to seal

the cell. The cells where cycled in and arbin cyler at a C-rate of C/10.

3.3 Results & Discussion

3.3.1 Solid state structure of Mg(CBgH10)2

While the 10-vertex anion was discovered by Knoth?* in 1967 very little is known about
its electrochemical properties. While the reductive stability of 2 is unknown a single report
from Hawthorne?’ claims that the anion is oxidatively stable to +1.95 V vs SCE (+4.56 V
vs Mg%?"). Therefore, we became interested in exploring the reductive stability of the
cluster and its potential use as an electrolyte for Mg batteries. We envisioned utilizing our
cation reduction methodology to prepare Mg(CBgHi). from its corresponding
trimethylammonium salt (HNMes*) (CBgHio)". Cation reduction is not only the most
efficient way to prepare halide free Mg electrolytes, but it is also a chemical test to prove
the compatibility of an electrolyte with Mg metal anodes (reductive stability).
Mg(CBgH10)2is a solvent separated ion pair and the cluster is compatible with metallic Mg.
Indeed, stirring a solution of Mg(CBgH10)> with activated Mg powder for one-month results
in no decomposition of the electrolyte. Similar to Mg(CB11H12)2, the salt Mg(CBgH1o)2
precipitates from the THF solution and can be collected by filtration or extraction with
DME. The structure of Mg(CBgH10)2 was unambiguously confirmed by a single crystal x-

ray diffraction study. In the solid state the Mg?* ion is coordinated by three chelating DME
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molecules and the two carborane counteranions are not interacting with the metal center

(Fig 3.3).

Figure 3. 3 Solid state-structure of Mg(CBgH10)2> with 3 coordinated DME molecules to
the Mg cation. Hydrogen atoms omitted for clarity. (color code: brown = boron; red =
oxygen; green = Mg; grey = carbon)
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3.3.2 Electrochemical Measurements of Mg(CByH1o0)2

At room temperature, the ionic conductivity of Mg(CBgyH1o)2 in tetraglyme (G4) was
measured as a function of concentration (Fig 3.4) between 0.15 and 0.65 M. A maximum
conductivity of 1.57 mS cm™ was achieved at 0.45 M, which is comparable to the optimal
conductivity of Mg(CB11H12)2 in G4 (1.8 mS cm™) at a much higher concentration of 0.75
M. the experiment also revealed that although the electrolyte’s conductivity increases to
increase in concentration after 0.6 M there is decline in ionic conductivity. Three electrodes
cyclic voltammetry (CV) experiments of 0.45 M Mg(CBgH10)2in G4 shown in Fig 3.5 with
Platinum as working electrode and Mg foil as counter and reference demonstrates
reversible Mg deposition/stripping. Coulombic efficiency measurements conducted over a
perion of 50 cycles (inset Fig 3.4a) shows respectable initial coulombic efficiency of
around 89% at its peak and declined to 80% over the course of 50 cycles. This might
indicate to a possible presence of slight impurities from the synthesis process and can be
mitigated by a better crystallization/ cleanup process. Excellent anodic (electrochemical
oxidation) stability on a variety of metal working electrodes including platinum (Pt), gold
(Au), glassy carbon (GC), nickel (Ni), 316 stainless steel (SS) and aluminum (Al).
Oxidative onset occurs at around 3.5 V vs Mg®?* on all current collectors as shown in Fig
3.5, which is at the solvents oxidative stability limit. In other words, like Mg(CB11H12)2 the

solvent in Mg(CBgH10)2 is oxidized before the carborane anion.
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Figure 3. 4 Selected CV curves of Magnesium deposition-stripping for 0.45M
Mg(CBgH10)2 in G4 (inset- The coulombic efficiency of 0.45M Mg(CBgH1o)2 in G4 with
respect to cycle number)
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We next sought to test the electrolyte with a working cathode material in Mg battery. Due
to the limitation of suitable electrolytes, the only reliable cathode material yet discovered
for such applications is the Chevrel Phase MogSs’ Coin cell Mg-ion battery performance
was demonstrated with Mg anode and MosSs cathode using 0.45 M Mg(CBgH1o0)2in G4 as
the electrolyte. The prepared cells were cycled at a current density of 12.9 mA g* (0.1C).
Initial discharge capacity of 93 mAh g was achieved in the first discharge, but the capacity
of the following cycles decreases to approximately 40 mAh g (Fig 3.6). While the
observed performance of this Mg/MoeSg battery is slightly lower than the analogous cell
utilizing Mg(CB11H12)2 as an electrolyte, these results serve as proof of principle that
smaller carborane anions are viable alternatives. Furthermore, while the mechanism of the
irreversible capacity and the capacity fade is currently under investigation, it is conceivable
that chemical modifications to the tunable cluster’s surface might lead to improved
performance. Importantly, one must realize that cathode materials other than MoeSs
materials may behave completely different, thus Mg(CBgH10)> would be a good candidate

to include in any screens of novel high capacity/voltage cathode materials being developed.
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of Mg-ion cells for a span of 30 cycles).
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3.4 Conclusion

This chapter introduces a new paradigm in the development of Mg batteries, by
showing that closo-carborane anions having less than 12 vertices are enabling
electrolytes. These 10-vertex anions are less expensive to produce than their larger
cousins and thus should be more amenable to commercialization if high capacity
secondary Mg batteries are realized. Reversible cycling behavior was obtained for this
newly synthesized electrolyte. More work can be done by creating a library of clusters
with different carborane anions to see the viability as a Mg-ion electrolyte. Better
crystallization process may help in mitigating the dip in coulombic efficiency that has
been observed. Deposition experiments and surface characterization as seen in Chapter 2

can also be done to further understand the reaction at the electrode/electrolyte interphase.
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Chapter 4: Electrochemical Magnesium-Sulfur Reactions in Magnesium
Monocarborane Electrolyte

4.1 Introduction

With rise in technological advances in the current society, there has been vast increase in
energy demands and decreasing energy resources like coal and petroleum., knowledge of
lasting effects of these resources on the environment and individual health has motivated
researchers to investigate alternate energy resources that could battle this ever-rising
energy demand tide. The idea is for renewable energy sources like solar or wind to
compliment and eventually replace current commercial energy sources. Due to the irregular
energy production nature of these sources i.e. non-windy times with wind and cloudy days
with solar, there is a dire need of an efficient energy storage device capable of storing the
energy produced to utilize at the time of need. Concerns over fuel emissions have also
driven consumer interests into hybrid and electric vehicles. To tackle all these avenues in
energy demand, there is a dire need of a low cost high energy density energy storage
system. Batteries are electrochemical energy storage devices that provides a current over a
period at a voltage as a response to the redox reaction that is taking place inside the
electrochemical cell. Rechargeable batteries are batteries where the redox reaction can be
reversed by applying an external current. Chapter 1 of this thesis document covers an array
of rechargeable battery systems that has been commercialized. Although batteries are a
simple concept their slow development can be directed towards the lack of suitable/pairable
materials and the inability to understand and control the complexities of the redox reaction

that drives them L. Lithium-ion batteries (LIB’s) is currently at the pole position of high
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energy density electrochemical devices. The first LIB was developed by Goodenough 2 and
later by Sony in 1990 2 geared towards commercialization. These LIB’s possess high
operating voltage around 3.6V vs Li and relatively high capacity for both anode (360 mAh
gl) and cathode (140 mAh g). The LiCoO> can only allow intercaltion/deintercalation
upto 50% of Li* ions while maintaining a stable structure 2. Although LIB’s brought
forwards a technological revolution in the modern world by being the backbone of
technologies involving hand held electronics, electric vehicles and multitudes of other
technologies. After almost three decades after its inception the LIB technology seems to
have hit a stagnation point in terms achievable capacity, the energy density of current LIB’s
is still 1/10™ to that of gasoline. The safety concerns regarding the use of toxic solvents
and dendritic formation which is amplified if Li metal is used and the use of high cost
cathode materials like cobalt as cobalt is significantly higher priced than other transitional
metals # and is also toxic. Hence, there is a lot of focus by the current electrochemical
community to look beyond LIB’s for fresh pastures in the development of secondary
batteries. One of such pastures include use of metals with multivalent ions like Magnesium
(Mg), Aluminum (Al) instead of the monovalent Lithium (Li) as a metal anode. Mg metal
possess immense potential to be a viable anode material as it boasts high volumetric
capacity, 3832 mAh cm™ as compared 837 mAh cm™ by its commercial LIB counterpart
graphite or 2061 mAh cm by Li metal. The high abundance (2000 times than Li) making
the metal 1/25" the cost of Li and the environmental benignity of the metal is also a huge
boost towards looking into this material. Mg metal cannot compete with Li metal in terms

gravimetric capacity, 2205 mAh g* vs 3862 mAh g for Li. Li also possess a higher redox
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potential of - 3.0 V vs Standard Hydrogen Electrode (SHE) compared -2.3V vs SHE by
Mg. However, commercialization of Li metal as anode for Li metal have been hindered
due to the safety concerns attached to the Li metal during charge/discharge process of the
battery. Li metal tends to form needle like dendritic structures during the charge process
especially at higher rates which could lead to short circuit and thermal runaway. In direct
contrast it has been well documented that Mg anode is not plagued by dendrite formation
and is free of such safety concerns °. However, several challenges hamper the
commercialization of Mg anode chemistry. The lack of practical electrolytes and cathode
materials paired with sluggish Kinetics not only makes Mg a weak candidate to replace
LIB’s but also far from practical usage. The concerns regarding the different electrolyte
systems were discussed in Chapter 1 and 2 of this document. This chapter will focus on in
identifying the right cathode material of Mg-ion chemistry. Gregory © investigated several
transition metal oxides and sulfides, and borides as a contender for reversible Mg?*
intercalation. The slow kinetics of the diffusion of Mg?* through solid state and the reactive
nature of the Mg metal makes for an arduous task to find ideal candidates that can be strong
contender to provide a high energy density secondary Mg-ion battery. Intercalation of Mg?*
ions into Chevrel phase MosSs demonstrated by Aurbach 9 in 2000  was the first
breakthrough on reversible Mg-ion batteries from the cathode front. A multitude of cathode
materials involving intercalation chemistry have been studied. Materials like V205 1112,
TiS'%4, Mo03!®, MnO2 %8 and poly anions like MnSiO4 1° and FeSiO4 ?°. Prospects of
these materials are thoroughly discussed in Chapter 1 and is also shown on Table 4.1. but

as described in Chapter 1, we believe the ideal cathode material of future Mg-ion chemistry
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is Sulfur. The conversion of Sulfur to MgS provides a theoretical capacity of 1671 mAh g
! and energy density of 3200 Wh Lt compared Li-S batteries that can provide 2800 Wh L
1 (Li metal anode) or 1100 Wh L for graphite anode. The first Mg-S batteries were
proposed by Muldoon 2%, followed by Fichtner and coworkers 2224 using the Hauser base
electrolytes described in Chapter 1. Mg-S cells were also reported for other electrolyte
systems like MACC 2°, Mg(TFSI)2-MgCl, 2627, Although all these cells showed Mg-S
conversion reaction and compatibility with Sulfur. The capacity fade from cycle to cycle
due to the polysulfide shuttle process, low coulombic efficiency, and low operational
voltage limits these Mg-S systems from being the next high energy density Mg-ion
batteries. We believe that magnesium monocarborane (Mg(CBi1H12)2) electrolyte
independently developed by Tutusaus et.al 8 and Mc Arthur et.al 2° could be the best
electrolyte candidate for Mg-S batteries. The (HCB11H11) ion is one of the most stable
anions known to the chemistry world 2°. Derivatives of this anion cluster have been used
either spectator anions for reactive molecular species % or as ligand substituents 3. The
high oxidative stability close to 4V vs Mg with respect to most metals (Al, SS,Ni,C) and
non-reactive nature of the anion should make this electrolyte system a perfect candidate

for high energy density Mg-S battery system.
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Table 4. 1 List of commercial cathode materials

Capacity  achieved
Cathode (Theoretical Voltage
Material capacity) (mAh g!) |(VvsMg)  |[Notes
>2000 cycles. Full capacity
achieved when cycling at 60
Mo6Ss 70 (128) 1.1 °C).
Cycled at 60 °C. Significant
Layered - TiS> [20 (260) <0.75 capacity fade.
Using the All-Phenyl Complex|
electrolyte. 90 mAh g! when|
using Mg(AICL2BuEt),
Spinel — TiS> 200 (260) 1.2 electrolyte.

130 as a powder, 250

Poor diffusion kinetics, aided by
formation of gels (aero- or xero-

Ortho-V>0s as a gel (295) ~3.0 ) or high temperatures.
Tunnel structure. Significant
capacity loss due to conversion|
a-MnO> ~100 (308) <2.25 to MgO and Mn?*dissolutions.
Capacity achieved dependent on
electrolyte. “Wet” electrolytes
6-MnO» give greater capacities, proton|
(Birnessite) Up to 230 (308) ~2.8 involvement demonstrated.
Significant  capacities  only
150 in  aqueous achieved in aqueous
electrolytes, 35 in| electrolytes. Mg intercalation
Mn204 non-aqueous (308) [2.5-3.0 roven even in aqueous system
Cell life of 5 cycle in non-
FeSi0,4 330 (362) ~2.5 aqueous electrolytes.
Low current densities used. 80
MnSiO4 240 for sol-gel (364) [1.6 and 1.1  |mAh g'! as powder.
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4.2 Experimental Methods

4.2.1 Synthesis of Sulfur-Carbon composite

80 wt% of Sulfur was mixed with 20 wt% of the Integrated Ketjen Black (IKB) carbon and
thoroughly mixed in mortar and pestle until the yellow of the sulfur was visually integrated
with the IKB. The powder was then transferred to a small vial under a hood where carbon
disulfide (CS2) was slowly added into the powder enough to completely wet and drown the
powdered mixture. The CSz dissolves the sulfur and thoroughly mixes with the carbon. The
vial was left overnight on hot plate at 60 °C for drying. The resulting mixture was then
sealed under vacuum in a glass tube. And heated at 155 °C at a heating rate of 5 °C min™
for 10 hours. The resulting sulfur- carbon composite was used to make the IKB-S
electrodes in this chapter. Synthesis of CF10-S composite material was in accordance to
the publication by Fu et.al 32 where the 1:1 mixture of Sulfur and the carbon fiber (CF10)
purchased from Kuraray Chemical Co., Japan was mixed, sealed, heated as the procedure
established for IKB-S composite. The only difference being after the initial heating were
the sulfur melts and enters the pores of CF10 carbon, the composite is then transferred into
a ceramic boat and heated at 200 °C in flowing argon for 8 hours to remove the sulfur that
has been deposited on the surface of CF10. Unlike IKB-S composite, CF10-S composite

does not have any sulfur content on the surface and is only limited to inside the pores.
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4.2.2 Synthesis of 0.75M Mg(CB11H12)2 & 0.5M Mg(TFSI)z2 in G4

The electrolyte synthesis is exactly same as mentioned in Chapter 2. Tetraethylene glycol
dimethyl ether (G4) (>99%, Sigma-Aldrich) was distilled over sodium metal under inert
conditions on the Schlenk-line and stored with molecular sieves until electrolyte solution
was mixed. The preparation of the electrolyte was conducted inside the Ar-filled glovebox.
Moisture content of G4 and the electrolytes were measured with Karl Fischer titrator. All
manipulations were carried out using standard Schlenk or glovebox techniques under a
nitrogen or argon atmosphere unless otherwise stated. Tetrahydrofuran (THF) was distilled
from a solvent still over potassium metal and refluxed for several days. Cs(CB11H12), was
prepared following a procedure from Reed et al. *° Following recrystallizations, the
trimethylammonium salt (HNMes") (HCBuHi1)® was obtained from dissolution of
Cs(CBu11H12) in hot water followed by addition of 1.0 equiv. trimethylamine hydrochloride
to yield a white powder. (HNMes*) (HCB11H11) (2.0 g, 10.3 mmol) was added to a
suspension of Mg powder (4.0 g, 165 mmol) in a minimal amount of THF (5mL) and the
resulting suspension was stirred for 1 hour. After 1-hour, additional THF (30mL) was
added and the suspension was left to stir for 24 hours. The THF solution was then filtered
through a medium porosity fritted funnel. The collected precipitate of white powder and
excess magnesium was washed with 1,2-dimethoxyethane (DME), dissolving the white
powder of the collected precipitate. Unreacted magnesium powder was collected and
reused. The DME solvent was removed under high vacuum, resulting in compound
Mg(CB11H12)2 as a white powder in 91% vyield (5.44 g, 9.37 mmol) (Note: Mg?* counter

cations contain 3 coordinated DME molecules).
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4.2.3 Synthesis of Magnesium Sulfide

Magnesium Sulfide (MgS) was synthesized via solid state heating of stoichiometric
mixture of Mg and S. Mg powder (Alfa Aesar) was activated after the process of ballmilling
two times for 30 minutes with 10 minutes break in between. The Mg powder was then
transferred into a vial where vacuum was pulled while stirring the powder overnight. The
activated Mg powder was then mixed with Sulfur at a 1:1 ratio in a mortar and pestle. Then
was vacuum sealed in a quartz tube. The sealed quartz tube was then moved into a muffle
furnace and was heated to 700 °C at a rate of 5 °C min™* for 80 hours. MgS is very sensitive
to air, most steps were conducted in a Ar filled glovebox.

4.2.4 Electrochemical Measurements

Electrodes for both IKB-S and CF10-S was comprised of 80 wt % of the sulfur-carbon
composite, 20 wt% carbon black (Super P) and 10 wt% of polyvinylpyrrolidone (PVP)
(Sigma-Aldrich) binder in N-methyl-2pyrrolidone (NMP) solvent. This ingredient mixture
was mixed in a ball mill for 20 minutes 3 times with ten-minute breaks after each run. The
resulting slurry was then pasted on aluminum foil (99.45%, Alfa Aesar). The electrodes
were dried overnight under a hood then transferred to a vacuum oven operating at 50 °C
and dried for 24 hours to remove all the NMP solvent from the electrode. CR 2032 cells
were made for charge/discharge experiments with the prepared cathodes. A 6mm diameter
cathode (IKB-S, CF10-S) was punched out and placed in the base of the coin cell casing.
30 ul of the synthesized electrolyte was pipetted onto the cathode. A polypropelene
separator was over the cathode and an additional 20 pl of electrolyte was added (total of

50 ul) to sufficiently wet the separator. The Mg foil (100 um thick, MTI) was polished
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with 1200 and 2500 grade sand papers inside the glovebox and then washed with anhydrous
G4 before use. 6mm diameter of polished Mg metal discs where punched out and placed
over the wet separator. The cell was then filled with a spacer and a washer and capped with
the top cap. The cell was hydraulically pressed to seal the cell. Charge/Discharge
experiments were conducted with 2032 cells on an Arbin cycler. The three-electrode
discharge was conducted in a bob cell with rectangular pieces of the IKB-S of width of

5mm as working electrode and polished Mg foil as counter and reference.

4.2.5 Material Characterization

To perform the X-ray photoelectron spectroscopy (XPS), samples were transferred from
the glovevbox via sealed stainless steel transfer tubes to the XPS facility. XPS experiments
were conducted with a Kratos Axis Supra with a dual anode Al/Ag monochromatic X-ray
source (280 W). The samples were transferred into the analysis chamber via the integrated
glovebox filled with inert gas. The crystal structure of the synthesized MgS was confirmed
by X-ray powder diffraction (XRD, PANalytical Empyrean) analysis. UV-vis spectroscopy
(Horiba Aqualog) was conducted on the discharged electrolytes after the three electrode
discharge. Electrolye samples where diluted with G4 solvent and pipetted into quartz cells
which were sealed with a cap and secured by wrapping with parafilm to avoid introduction

of air, moisture into the system with the added insentive to avoid spillage.
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4.3 Results and Discussion

4.3.1 Electrochemical Activity of IKB-S Cathode

2032 Coin cells with IKB-S composite material as cathode and Mg as anode were used to
conduct charge/discharge experiments. Coin cells for both electrolytes Mg(CB11H12)> and
Mg(TFSI)2 were cycled at a constant current at a rate of C/100. Where is C having to deal
with the rate of charge/discharge need to achieve the theoretical capacity of the sulfur.

Theoretical capacity can be calculated by the following equation (1)

Q __ nFx1000
" Mw=3600

1)

Where Q is the theoretical capacity of the material in terms amount of charge per unit
mass/volume (gravimetric/volumetric), n is the number of electrons transferred, F is the
Faraday Constant and Mw is the molecular weight of the material. The numerical fraction
are just constants to convert the calculations to mAh g*. So, at C/100 the cell is expected
to take 100 hours during discharge and charge to achieve the theoretical capacity Q. Current

| can be calculated by the following equation (2), where m is the mass of active material

and in a given time t

Fig 4.1 shows the discharge/charge profile of IKB-S for Mg(CBi1iH12)2 (top) and
Mg(TFSI)2 (bottom) at C/100. Cell containing Mg(CB11H12)> clearly shows distinct
discharge profile with two distinct plateaus at 1.4 V and 0.6 V. the cell shows a discharge
capacity of around 680 mAh g. Studies done by Zhao-Karger also shows a similar two
distinct discharge plateaus; Although, at different voltages describes the reaction as a

twostep process where 1) there is fast solid-liquid reduction process from solid phase Sg to
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high-order polysulfides like MgSs, MgSe and MgSs. That has high solubility in the ether
solvent and exists solely in the liquid phase. 2) slow liquid-solid reduction from higher
order poly sulfides to lower order polysulfides like MgS. and MgS. Which have little to no
solubility. The charge profile shows the overcharging behavior attributed to the polysulfide
shuttle mechanism which was also seen by Muldoon in his report 2%, Polysulfide shuttle
reaction can be attributed to similar reaction that is prevalent in Li-S cells. The poly sulfide
shuttle happens when the higher-order poly sulfides formed during the charge process
diffuses to the Mg electrode and reacts to form lower-order polysulfides and they in-turn
diffuses back to the cathode to form higher-order polysulfides, creating this shuttle
mechanism of going back and forth®3. This mechanism shows up in the charge profile as
overcharging behavior although this mechanism does not contribute to the actual charge
capacity of the cell. Mg(TFSI). on the other hand did not show any discharge profile due
to the extremely high overpotential associated with the electrolyte which was discussed in
Chapter 2 of this thesis. Moreover, the cell showed corrosion behavior during the charge
behavior of the cell indicating the decomposition of the electrolyte due to the presence of
sulfur at higher voltages. We also investigated charge/discharge profiles with a charge
protocol first to confirm the presence of the shuttle process. The idea behind the
experiments was to see if we see similar shuttle behavior if there is no higher order
polysulfides available during first charge. Fig 4.2 shows charge/discharge profiles of IKB-
S for Mg(CB11H12)2 (top) and Mg(TFSI)2 (bottom) at C/100 with a charge first protocol.
The Mg(CB11H12)2 cell as expected did not show the shuttle behavior during the 1% charge

profile but showed the same overcharging behavior noted earlier during the second charge
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profile confirming our suspicions. Cells with Mg(TFSI). electrolyte on the other hand
showed similar corrosion like behavior even in the initial charging stage showing the
probable instability of the electrolyte with respect to the sulfur electrode. To further
understand the reaction during the discharge process three electrode chronopotentiometry
discharge was used with IKB-S as working electrode (W.E) and Mg foil as counter (CE)

and reference (RE) for both the electrolytes.
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with discharge to 0.3V as the first step for Mg(CB11H12)2 (top) & Mg(TFSI)2 (bottom)

&9



3.0 -

2.5 |
a 2.0_ M‘\—MM
5 t
g - —IKB-S 18t cycle
3 1.54 — IKB-S 2"d Charge
& 1.0-
0.5
0.0,

0 200 400 600 800 1000 1200
Specific Capacity (mAh g™

2.5-

2.0-

1.5

1.0- <t
IKB-S 15t Charge_Mg(TFSI),

Cell Voltage (V)

0.5

0-0 1 ' 1 M 1 M 1 ' I N 1
0 200 400 600 800 1000
Specific Capacity (mAh g™)

Figure 4. 2 Charge/Discharge profile for the IKB-S cathode material at a rate of C/100
with charge to 2.8V as the first step for Mg(CB11H12)2 (top) & Mg(TFSI). (bottom)

90



4.3.2 Three electrode Discharge of IKB-S Cathode and Characterization

Having a dedicated reference electrode that does not contribute to the electrochemical
reaction would provide accurate voltage measurements for the discharge profile. The three
electrode chronopotentiometry experiments were done at C rate of C/200. Thick WE with
about 7-8 mg cm of the electrode material was immersed in both the electrolytes in a bob
cell with polished Mg foil either side as CE and RE. Slow C-rate for the experiment was
to ensure good conversion of the IKB-S at the working electrode and not get skipped due
to the overpotential of the system (mainly with Mg(TFSI)2). Fig 4.3 shows the
chronopotentiometry curves of IKB-S for both Mg(CB11H12)2 (red) and Mg (TFSI)2 (black)
at C/200. The Mg(CB11H12)2> shows two plateaus unlike the profile from Fig 4.1 the first
plateau at 1.4V vs Mg seems to be much longer than the second plateau around 0.8 V vs
Mg indicating the dissolution of higher polysulfides in excess electrolyte which can be
corroborated by the UV-vis measurement of the electrolyte after the discharge shown in
"Fig 4.4 (top) that shows significant high intensity peaks at 240-250nm which corresponds
to Ss, 300nm which corresponds to Se? and 400 nm that corresponds to S4% , the numbers
are consistent with polysulfide dissolution studied by Bieker 4. Zhao-Karger 2* also noted
similar data where he noted that the dissolution of elemental sulfur is more dominant than
that of other polysulfides which could be attributed to the low capacity due to the loss of
active material. Interestingly, Mg(TFSI). shows a discharge profile unlike the data from
Fig 4.1 where no discharge profile was seen due to the high overpotential. Although, the
discharge profile of Mg(TFSI)2 is quite different as it only showed one plateau at around

0.8 V. the OCP was considerably lower for the Mg(TFSI)2, little over 1.0V vs Mg which
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is significantly lower than the first discharge plateau for the Mg(CB11H12)2 electrolyte. The
UV-vis data in Fig 4.4 (b) shows similar data to that of Mg(CB11H12)2 showing increased
Sg and higher order polysulfide dissolution which probably results in the low capacity. To
understand the cathode surface before and after discharge XPS was conducted on the IKB-
S electrode for both the electrolytes. Fig 4.5 shows the deconvoluted S2p spectra of the
IKB-S electrode a) pristine electrode, b) after C/200 discharge for Mg(CB11H12)2
electrolyte, c) after C/200 discharge for Mg(TFSI)2 electrolyte. S2p peaks comes as twin
peaks where S2p %2 is 1.16eV apart from S2p 3/2 at around half the size. We can see form
the XPS spectra of the pristine electrode there is a presence of sulfate as an impurity on the
electrode along with the Sg peaks at around 164 eV for S2p 3/2. The deconvoluted S2p
spectra of the W.E after discharge at C/200 for Mg(CB11H12)2 shows heavy presence of the
converted product after reduction of the sulfur electrode MgS at around 161.5 eV for the
S2p 3/2. along with unreacted sulfur and sulfate impurity. All this data unequivocally
confirms the compatibility of sulfur with Mg(CB11Hz12)2 and can undergo the conversion
reaction at the sulfur electrode. Although, XPS data for the Mg(TFSI) electrolyte showed
same peaks as the Mg(CB11H12)2 sample, the MgS peaks were overshadowed by the sulfate
peak which is not only available in the pristine electrode as an impurity it also heavily
present in the excess electrolyte that was in contact with the electrode. Efforts taken to
eliminate/diminish this sulfate impurity peak by etching via using depth profile function in
the XPS turned unfruitful as the sulfate peak got reduced so did the MgS peak indicating
that the IKB-S material deeper into the electrode surface did not react during the discharge

process. MgS particle was synthesized via the solid-state heating at extremely high
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temperature. XRD data shown in Fig 4.6 shows evidence of successful synthesis of MgsS.
The idea is to make electrodes with MgS as active material and re-do the surface/electrolyte
study for the charge protocol to see if the polysulfide shuttle is as prevalent if there is no

higher polysulfides dissolved in the electrolyte at the beginning of charge process.
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Figure 4. 3 Three electrode chronopotentiometry discharge profile of the IKB-S cathode
material at a C-rate of C/200 for Mg(CB11H12)2 & Mg(TFSI).

93



Mg(CB1 1 H12)2 after Discharge

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Mg(TFSI)o after Discharge

Absorbance (a.u.)

300 400 500 600 700
Wavelength (nm)

Figure 4. 4 UV-vis data profile of Mg(CB11H12)2 (top) & Mg(TFSI). (bottom) after
discharge at a C-rate of C/200 with IKB-S as working electrode
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Figure 4. 5 Deconvoluted S2p XPS profiles for IKB-S electrode, Pristine (top), after
discharge in Mg(CB11H12)2 (middle), after discharge in Mg(TFSI)2 (bottom)
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Figure 4. 6 XRD profile of synthesized MgS (balck) and MgS reference (red)
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4.3.3 Electrochemical Activity of CF10-S Cathode

From, Fig 4.1 charge/discharge profile we can see that the main issue plaguing a viable
Mg-S cell for Mg(CB11H12). electrolyte is the overcharging feature that is attributed
towards the polysulfide shuttle mechanism. This process is inhibiting the conversion of
MgS back to sulfur during the charge process, making the cell irreversible. As described
earlier in the chapter the conversion of sulfur reaction happens two steps as the solid sulfur
reduces to form higher order polysulfides that is dissolved in the G4 solvent which is
further reduced from liquid state to solid state MgS. Researchers believed porous structures
could be employed to act as sulfur hosts which in-turn will act as a reservoir as a host for
the polysulfides *°. Work done by Fu 32 from our group for Li-S cells envisioned a sulfur
host that could restrict the electroactive species inside the pores in solid state. A porous
carbon fiber (CF10) with pore sizes between 0.4 — 1.0 nm was chosen, and sulfur was
infused, and sulfur deposited was removed by the procedure mentioned in section 4.2.1.
After a successful report on controlling the shuttle process via confining the conversion
reaction to happen in solid state 32, the idea was to use the same material to see if it can be
implemented into Mg-S chemistry. Fig 4.7 shows discharge/charge profiles of the first
three cycles of CF10-S composite as cathode material. The first thing to note is unlike IKB-
S composite, the CF10-S was able to cycle for more than one discharge and charge.
Although, we do see a significant dip in initial capacity with little over 215 mAh g. Rather
than 2 distinct discharge plateaus we saw in Fig 4.1 we can only see one distinct plateau at
1.25 V. Regrettably, we also see the overcharging feature at the first charge cycle that is

indicative of the polysulfide shuttle although, unlike the IKB-S material the CF10-S
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composite seems to be reversible. That, explains the capacity fade in subsequent cycles.
The reason for the presence of this overcharging feature is currently unknown. One
possible avenue is due to presence of sulfur outside the pores (not witnessed in control Li-
S cells, we did not see two distinct plateaus indicative of sulfur present on the surface of
the electrode). Three electrode experiments described in section 4.3.2 would be able answer
the question whether the CF10-S material was able to constrict the reaction in solid state
as the color of the electrolyte will change from clear to yellow if polysulfide dissolution
takes place and can be detected via UV-vis. Theoretical capacity of sulfur is 1671 mAh g
1 for CF10-S the fact that we see a significantly less capacity is also a point of concern.
The low initial capacity could be due to multitude of reason including low accessibility of
the cations in large solvents like G4 into the sub nano pores of the carbon matrix due to the
large solvation shell. Slow diffusion of the cations into the sub nano pores of the CF10-S

pores could also result in low capacity due to the bulky nature of the electrolyte.
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Figure 4. 7 Charge/Discharge profile for the CF10-S cathode material at a rate of C/100
with discharge to 0.3V as the first step for Mg(CB11H12)2
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4.4 Conclusion

In this chapter, we gave a brief overview on different cathode materials that has been
employed for Mg-ion systems. Although, a plethora of intercalation materials has been
studied, we summarized that only Chevrel phase Mo6S8 came out as the front runner and
only realistically viable candidate as an insertion cathode material. The low voltage and
relative low capacity disqualifies M0o6S8 as a candidate for high energy density Mg-ion
battery that could compete with Li-ion. We realized conversion cathode like sulfur with
high theoretical capacity was the ideal candidate for the Mg(CB11H12)2 electrolyte. Initial
charge/discharge profiles showed sulfur compatibility with the Mg(CB11H12). electrolyte
and promising discharge profile with a capacity close to 680 mAh g*. Although, the
overcharging behavior indicative of polysulfide shuttle mechanism continues to be a road
block. To understand the conversion reaction mechanism three electrode experiments were
conducted where the cell was discharged at extremely slow rates and resulting electrolyte
and electrode surface was characterized using UV-vis and XPS respectively which showed
dissolution of higher order polysulfides including Ss which is indicative of the initial
capacity loss. XPS showed tangible proof of the conversion reaction on the cathodes by
the presence of MgS. Strategies to study the charging mechanism for the cell was also
proposed via the synthesis of MgS. Inspired by the work by Fu *?, nano confined sulfur
composite (CF10-S) was also used. Although, reversible cycling was achieved presence of
the overcharging feature in the charge plateau suggests presence of polysulfide shuttle and
initial low capacity of the cell is also matter that needs to be investigated further via three

electrode experiments. once fundamental understanding of the reaction mechanism is
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understood, we could work with different solvent and solvent mixtures to further relate
Mg-S studies to Li-S so that we can understand the mechanism better. We believe, Mg-S
cells for the Mg(CB11H12)2 electrolyte is a very promising candidate to move Mg-ion

battery system forward.
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Chapter 5: Conclusion

In the first chapter the concept of Rechargeable batteries was introduced. We moved on
from basic concepts to the need of high energy density batteries by using Li-ion batteries
as an example. We also concluded that major reform in the field of battery research is
necessary to significantly improve the current state of the art LIB’s due to its limitations.
Mg-ion systems was introduced as a potential candidate for beyond Li high capacity/ high
energy density batteries due to its high abundance lack of dendrite formation during
deposition and stripping, making it a potential candidate for high energy density cells. A
lack of practical electrolytes and cathode materials hamper the commercialization of Mg-
ion cells. Chapter 1 further discussed multiple electrolyte systems that has been reported.
Two main cation types comprise most of the Mg-ion electrolyte systems. Namely, “Naked”
Mg salts & “Dimer” Mg salts. “Naked” Mg salts makes Mg?* ions surrounded by the
solvent molecules as its solvation structure like most simple salts including Mg(TFSI)2 and
Mg(CB11H12)2. “Dimer” Mg salts solvates as a Dimer cation complex like
organhaloaluminates, MACC electrolytes, Hauser base electrolytes etc... forms Mg2Cls".
Although these electrolytes show reversible electrochemical behavior with high coulombic
efficiency, presence of Cl, in both the cation and anion adversely effects prospects of high
energy density cells as the oxidation stability of this electrolyte when it comes to metals
like Al, and SS is very low. Also, the nucleophilic nature of most of these electrolytes also
makes the electrolyte a bad choice for high capacity conversion cathode material like
sulfur. “Naked” Magnesium salts like Mg monocarborane salts was deemed to be the most

promising salt for Mg-ion cells due to the high stability of the eakly coordinating anion
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under highly reductive conditions. A brief introduction to intercalation and conversion
cathodes was also reported in Chapter 1. All the reports show that conversion cathodes like
sulfur is the best way to achieve high energy density batteries.

Chapter 2 looked into the interphase between electrode and electrolyte during deposition
and stripping of simple ‘“Naked” Mg salts like Mg(TFSI), and Mg(CB11H12)2.
Mg(CB11H12)2 showed much superior electrochemical activity compared to Mg(TFSI)..
Surface studies conducted on Mg deposited surfaces for both electrolytes showed a
significant difference in the electrode surface layer (SEI) composition. While Mg deposited
surface in Mg(CB11H12)> did not show any kind of surface layer. Mg deposited on
Mg(TFSI)2 on the other hand showed heavy oxide, sulfide and fluoride layer formations.
Polished Mg metal soaked in Mg(TFSI)2 for 2 weeks showed signs of decomposition
reiterating the claims of (TFSI) being a weak anion prone to self-decomposition. While,
Mg(CBu11H12)2 showed no signs of decomposition. The work reported in Chapter 2 shows
the promising nature of the monocarborane molecule as a viable electrolyte for Mg-ion
battery systems. Multiple studies on different simple non-halogenated Mg salts is the right
path to take to understand Mg anode. Electrochemical and interfacial study of Li analogs
like PFe”would be an interesting research topic.

Chapter 3 introduced an alternate carborane cluster as a potential Mg-ion electrolyte with
10 vertices instead of 12. The new cluster was synthesized much faster and was
significantly more economic. Electrochemical behavior of the electrolyte showed the new
Mg(CBgH10)2 electrolyte as immense potential to be Mg-ion electrolyte. Reversible

electrodeposition and stripping was observed along with high oxidative stability close to
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4V vs Mg at much lower concentration compared to Mg(CB11H12).. Slightly depleting
coulombic efficiency may be due to the impurities present in either the solvent or prepared
salt, that can be mitigated by much more rigorous recrystallization process. The electrolyte
also showed reversible cycling behavior when paired with Chevrel phase MosSg showing
an initial capacity of around 90 mAh g*. Chapter 3 showed we were able to synthesize
smaller carborane molecules with less vertices from the traditional 12 vertex cluster and
have boast good electrochemical properties.

Chapter 4 we re-introduced different cathode materials for Mg-ion systems we re-iterated
our conclusions from chapter 1 stating that sulfur is the most ideal candidate for high
energy density Mg-ion battery systems. Charge/discharge profile of the synthesized sulfur-
carbon composite showed 2 distinct discharge plateaus providing a capacity of around 700
mAh g. An overcharging behavior indicative of the polysulfide shuttle mechanism was
observed for the cells during the first charge. Characterization of the electrode and
electrolyte via XPS and UV-vis showed massive amounts of higher order polysulfide
dissolution leading to the low initial capacity and probable shuttle mechanism. Sub-nano
confined sulfur-carbon composites were synthesized to act as polysulfide reservoir and
force the conversion reaction to occur inside the sub-nano pores in solid state. Although,
charge/ discharge profile shows reversibility the low capacity and the overcharging
behavior is still present in the sub-nano confined material. The small pores on the cathode
material can act as a barrier for bulky solvent molecules to diffuse through leading to lower
capacity. Three electrode experiments with XPS and UV-vis was proposed for the sub

nano-confined material to further understand what might have happened with the particle.
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MgsS was synthesized so as to study the electrochemical conversion reaction from Mgs to
S in a three-electrode cell without initial polysulfide dissolution in the system, Although,
there is long way to go for a commercial Mg-ion battery. Materials like Mg(CB11H12)2
along with sulfur as a cathode material shows great promise for the next high capacity/

high energy density battery system.
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