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ABSTRACT

Non-aqueous Rechargeable Magnesium batteries (RMBSs) represent a safer, cheaper, and more
powerful alternative to lithium-ion battery technology. However, at electrode/electrolyte interfaces
(called Solid-Electrolyte Interfaces, SEIs), the high charge density of Mg?* ions triggers the formation
of ion impermeable deposits. To overcome the stability and reversibility issues caused by SEIs, the
electrolytes used must be stable against reductive reactions at the anode/electrolyte interface during
charge/discharge cycles in RMBs. Magnesium halide salts are an exciting prospect as durable and
high-performance electrolytes for RMBs. By nature of their complex equilibria, these salts exist in
solution as a variety of electroactive species (EAS) in equilibrium with counter ions such as AlCl4".
The dissertation investigates ion agglomeration and transport of several such EAS in MgCl, salts
dissolved in ethereal solvents under both equilibrium and operating conditions using large-scale
atomistic simulations. An observation was that the solution structures of EAS strongly govern the
solute morphology and the presence of clusters strongly characterizes it. Specifically, the isotropic
solvation of Mg?* results in slow formation of the bulky cluster, compared with chain-like analogues
observed in the Cl-containing EAS such as Mg.Cls*, MgCI* and Mg.Cl,%*. The dissertation further
illustrates that these clusters can reduce charge-carrying species' diffusivity in the MgCl, based
electrolyte by at least an order of magnitude. We studied the transport mechanism of the ions in other
solvents such as Glyme (DME), Diglyme (G2), Triglyme (G3), and Tetraglyme (G4) to highlight the
role of the solvent. The solvent controls ion mobility by restricting the ion diffusion mechanism
between the faster displacement diffusion in lighter solvents and the slower void diffusion in heavier
solvents. The research, in addition, highlights the effect of ion coverage due to the number of ligand
dentate sites on the solvent, which was significant in lighter solvents. The next step was to

characterize the role of the anion and the solvent on the ion clustering by comparing weakly and




strongly interacting anions solvated in different solvents. Analysis shows that both the anions and
solvents individually control the clustering rates and a combination of the two is always present. The
work shows that the solvent control of the clustering mechanism is prominent in heavier solvents,
with anions displacing lighter solvents and thus are in the anion control regime. My cluster formation,
morphology, and kinetics findings can provide insight into the electrolyte's performance controls and
identify the reactive species and electrochemical reaction mechanisms at the anode/electrolyte

interface in RMBs.
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CHAPTER 1:
INTRODUCTION AND BACKGROUND




An electric battery is a device that uses chemical reactions to store energy and release it when
required. They are so ubiquitous that they are an intrinsic, essential technology in much electronic
equipment used today. Batteries come in an extended range of sizes, from Megawatt storage super

batteries to the tiny button cells to power simple devices such as watches.

Benjamin Franklin coined the term battery in 1749 to describe a series of capacitors connected in
parallel, which in time came to represent a collection of electrochemical cells connected in parallel.
The earliest electrochemical cells were the Galvanic and Voltaic cells. Though archaeological
evidence has shown the existence of a simple energy storage device from Mesopotamia called the
‘Baghdad Battery’, indicating that the development of human civilization goes hand in hand with

development in energy storage technologies.?

Over the years, the size and power of such batteries have increased, and their ability to power devices
has led to a massive revolution in the world of technology that has given rise to modern-day laptops,
mobile phones, and electric cars, among others. The development of Lithium-ion technology since
the 1907s and early 1980s, pioneered by the likes of Prof. John B. Goodenough, awarded the Nobel
Prize in Chemistry for 2019 alongside Akira Yoshino and M. Stanley Whittingham for their
contribution towards the development of Li-ion battery has been the primary driving force behind the
modern-day revolution in battery technology. Li-ion batteries paved the way for cheap, high
performance, high stability commercial battery technologies that have facilitated shrinking energy-

intensive processes such as computing.?

1.1 LiTHIuM-ION BATTERIES

Lithium-lon Batteries (LIBs) are used commonly as an energy storage device in modern-day

electronics and are also being used to implement larger storage devices such as electric cars and offset




electric grid storage. The small size and relatively simple chemistry of Lithium-ion have made the
most studied and implemented technology has led the way to rapid commercialization and economies
of scale driven production of commercial LIBs. Still, there are some intrinsic drawbacks to using Li-
ion both from the availability of Lithium and stability issues such as dendrite formation during
Lithium deposition and the lower melting point of Li and lower storage capacity lead to a need to
look at alternative Metal ion sources. Significant research attention towards state-of-the-art post-
lithium-ion batteries has started taking place. These include Li-air, Li-sulphur batteries alongside
development in electrode and electrolyte technologies such as organic electrodes and solid-state
electrolytes.® These have been proposed to improve Li-ion battery performances and may become

commercially viable in the future, as predicted in Figure 1.1.

Another issue to contend with has been the less studied but growing relevance of the social and
environmental impacts of lithium mining, extraction, and recycling.* The inability of current
technology to recycle LIBs has led to the dumping of these in landfills. The difficulty in recycling
arises from the toxic components used, which enforces time-stacking and expensive recycling
processes that need to address each component of the LIB separately. Though there are processes to
recycle Li in these batteries, the cost and associated inherent difficulty have led to a very low

commercial push towards these, which has caused the environmental viability of LIBs to plummet.

Another important aspect is the social impact of Li mining. Li is predominantly mined in lesser
developed nations, significantly affecting these nations’ social and economic conditions. The
reduction in Li resources and the rapidly growing requirement for more LIBs to satisfy the growing
consumer base targeting the clean and green energy trends has caused the rapid development of social

and environmental issues related to the Li industry in these countries.®
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Figure 1.1.Timeline of Li-ion battery development. Reproduced from Ref. 3 with permission from
the Royal Society of Chemistry.®

The research direction pointed towards replacing Li with other metal ions, primarily to circumvent
issues with Li. Much more reactively stable and less corrosive alkali metals like Na and K were the
initial starting phase of this research direction. Simultaneously research has also branched into multi-
valent ions like Mg, Ca, Al, and Zn. The multi-valent ion batteries have a more significant charge,
but the system’s chemistry is v very different from what is present in LIBs. The availability of the
metal also dictates the choice of the metal ion in the earth’s crust to be more economical, as can be

seen in Figure 1.2.°
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Figure 1.2. The abundance of different elements in the earth’s crust. Reproduced from Ref. 6 with
permission from the Royal Society of Chemistry.®

1.2 MAGNESIUM-ION BATTERIES/RECHARGEABLE MAGNESIUM BATTERIES

Magnesium lon Batteries (MIBs) with a pure Magnesium cathode are called Rechargeable
Magnesium Batteries (RMBs). RMBs have a VVolumetric theoretical capacity nearly twice that of the
LIBs (see Figure 1.3.) and are also dendrite-free during the deposition cycle. Mg is also the 5th most
abundant metal in the earth’s crust and is thus cheaply available. For all its advantages, the high
charge density on Mg?* ions cause significant drawbacks, such as the formation of reactive deposits
on the electrode surface caused by the reaction of Mg?* ions and the solvent. The deposits form an
ion impermeable Solid-Electrolyte Interface (SEI), unlike LIBs, where the SEI is ion-permeable and

is thus helpful in protecting the electrode surface while not affecting the batteries’ performance.
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Figure 1.3.Capacities and Reductive potentials of various metal anodes. Adapted with permission
from Ref 7. Copyright {2021} American Chemical Society.’

The anode, cathode, and electrolyte make up the three components of a battery. Upon completing the
external circuit, the metal in the anode releases electrons and dissolves into the electrolyte. The
electrons flow through the external circuit into the device, powering it, and then flow into the cathode.
This change in the electron concentration causes an electric field inside the cell, causing an ionic drift
in the electrolyte, which moves the metal ion from the anode side to the cathode side, where it takes
the electrons and reacts with the cathode and moves out of the electrolyte. The process will continue
until the circuit breaks, or the metal wholly migrates from the anode to the cathode, known in
colloquial reference as ‘running out of charge.” The charging supply of external energy drives the
previous process in reverse, moving all the metals in the cathode into the anode. Figure 1.4 is a

depiction of this.
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Figure 1.4. The architecture of a battery
The commonly accepted anode material for Magnesium batteries has been Magnesium metal.® Use

of Mg commonly leads to forming an impermeable interface on its surface, which decreases the
amount of Mg ions in the electrolyte and blocks the transfer of ions from the anode, reducing the
battery’s discharge rate.”*! The reactions of the metal ion with the solvent and other additives in the
electrolyte cause SEI formation. These reaction products are usually insoluble in the electrolyte and
therefore deposit on the anode surface, reducing the metal content in the electrolyte to decrease.
Studies about the formation and composition of the SEI for LIBs have taken place, but the same for
MIBs have not. The SEI formation reactions in MIBs have increased complexity due to the extra
charge on the Mg ion and the increased charge density on the Mg ion. The increased charge density
also affects the overall charge delivered by the battery and thus needs a stable cathode that can

withstand the charge difference.”®: 112

A thorough study of the three components, anodes, cathodes, and electrolytes is critical for developing
a successful and commercial RMB and developing better materials. This research looks specifically

into the role of the electrolyte with significant focus on the clustering of the cationic species. lonic




clustering affects the mobility of the ions, possible interfacial interactions and overall battery
performances. The need to focus on the solute morphology and solvation structures come from a

requirement to understand the impact of the electrolyte on the battery performance.

This thesis investigated ion agglomeration and transport of several EAS in MgCl; salts dissolved in
ethereal solvents under equilibrium and operating conditions using large-scale atomistic simulations.
An identification that the presence of clusters characterizes the solute morphology strongly at the
same time, the solvation structures of EAS govern it. Specifically, the isotropic solvation of Mg?*
results in the slow formation of bulky clusters, compared with chain-like analogues observed in the
Cl-containing EAS such as MgzCls*, MgCI* and Mg.Cl,?*. Further, it is illustratable that these
clusters can reduce the diffusivity of charge-carrying species in the MgCl. based electrolyte by at
least an order of magnitude. To highlight the role of the solvent, as part of the thesis, the study of the
transport mechanism of the ions in other solvents such as Glyme (DME), Diglyme (G2), Triglyme
(G3) and Tetraglyme (G4) was taken up. The solvent controls ion mobility by restricting the ion
diffusion mechanism between the faster displacement diffusion in lighter solvents and the slower void
diffusion in heavier solvents. The findings highlight the effect of ion coverage due to the number of
ligand dentate sites on the solvent, which was significant in lighter solvents. This finding helps to
characterize the role of the anion and the solvent on the ion clustering by comparing weakly and
strongly interacting anions solvated in different solvents. Analysis shows that both the anions and
solvents individually control the clustering rates and a combination of the two is always present.
Findings of the cluster formation, morphology, and kinetics can provide helpful insight into the
electrolyte’s performance controls and identify the reactive species and electrochemical reaction

mechanisms at the anode/electrolyte interface in RMBs.




The thesis uses Molecular Dynamics (MD) to study the bulk properties of the halide containing
Magnesium electrolytes and understand the role of cationic species in electrolyte behaviour. Chapter
2 will contain an extensive literature review on the current state of research in electrolytes for RMBs.
Using the literature review, Chapter 3 will highlight the aims of this work. The presence of ion
agglomerates and their role in the electrolyte behaviour will be shown in Chapter 4 followed by the
effect of solvents on the transport and clustering of electrolytes will be discussed in Chapters 5 and

6. The thesis will then conclude with a conclusion and a proposed outline for carrying on this work.
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All batteries are made up of 3 important components: the cathode, anode and the electrolyte. There
are significant interests in each of the individual components that have been explored individually.
Though the battery as a whole is a single unit, there are behavior among the respective components
that can be separated and studied. In this section we shall take a look at some of the studies that have
been performed on the cathode, anode and electrolyte materials. We shall then look at the interface
between the anode and electrolytes and some of the computational studies performed on the

electrolytes and on the interfaces.

2.1. ANODE MATERIALS FOR MIBS/RMBs

The higher charge density, safer and dendrite free properties of Mg metal compared to Li metal are
an attractive proposition for use as anode in batteries. But the formation of ion impermeable Solid-
electrolyte interface (SEI) caused by the reactive breakdown solvent and additive species enabled by
the high charge density of the Mg2+ cation negatively affects its applicability in the current landscape.
To overcome this, it is crucial to develop anodes that can reduce the formation of passivation layers
and improve the kinetics of Mg. At present modified Mg metal anodes, alloy-based materials, carbon-

based materials and so on are mainly used as the materials for the anode of RMBs.

2.1.1 Mg metal Anodes

Mg metal with micro-nano structure can be used as an anode material that can effectively decrease
the thickness of the passivating films. This can promote ion diffusion and improve the performance
of Mg- storage. Chen et al reported the various Mg nano/mesoscale structures using a simple vapor-
transport approach and tested their properties for application in Mg/air batteries.!> The results
indicate polarization could be reduced due to the high specific surface area of Mg nanostructures.

Removing the oxide layer on the surface of the Mg anode its electrochemical performance will be
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significantly improved based on the method proposed by Yim et al.*> To overcome the formation of
passive SEI layer formation many new approaches have been proposed. One such is the use of printed
coating materials as proposed by Chen et al. who evaluated the electrochemical stability windows for
non-redox active Mg binary, ternary, and selected quaternary compounds using the first-principles
calculations.* Coated Mg anodes displayed good stripping and deposition performances showing

better reversibility over 1000 h of galvanostatic cycling in the PC-based electrolyte solution.

Another approach is to form stable magnesium ion-conducting surface films on the Mg anode surface
by using appropriate solvents, salts, and/or additives that will develop, which may enable integration
of Mg metal anode with conventional electrolyte solutions in rechargeable magnesium systems.®
Alternatively, a stable Li-species-containing SEI could be formed on Mg metal anode surface which
blocks further parasitic reaction of Mg metal anode with electrolyte and leading to this electrolyte

enduring long-term electrochemical cycles stably.®

2.1.2. Alloy-Based Anodes

Using insertion type anode materials that are synthesized by alloying process is another reasonable
strategy to eliminate the existence of passivation film. BiSb alloy combines the advantages of Bi with
low reduction/oxidation potential and Sb with high theoretical capacity, thereby improving the energy
density of the anode.” Nanostructure can effectively suppress the expansion of materials during
charge/discharge and promote the transport of ions and electrons, Bi-NTs synthesized via
hydrothermal reaction delivered high reversible specific capacity (3430 mAhcm™ Bi), excellent
stability (capacity retention rate remains at 92.3% after 200 cycles), and high Coulombic efficiency
(=100%).8 It is desirable to develop more kinds of anode materials for RMBs that have lower Mg2+
insertion/extraction voltages and higher capacities since cell voltage is one of the factors that

determine the energy density. Based on the DFT, both Sn and Bi with low diffusion barriers (0.43
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and 0.67 eV, respectively) are good anode material candidates.® When Sn was used as the anode, the
Mg2+ insertion/extraction voltage (+0.15/0.20 V) was much lower than that of Bi previously reported
(+0.23/0.32 V).1° Furthermore, the DFT results indicated that Sn anode has lower lattice expansions
(=120%) and diffusion barriers (=0.50 eV).!! In addition, when using the SnSb alloy as anode
materials for RMBs, it formed Mg2Sn and Mg3Sbh2, which analyzed by the structural reaction of

SnSh with Mg ions and confirmed by DFT .2

2.1.3. Others

Carbon-based materials provide more choices for Mg anode materials. Shenoy and coworkers
predicted that the defective graphene and graphene allotropes are suitable for Mg storage using
DFT.2® They showed Mg storage capacities improved with increasing vacancies and topological
defects concentration in the structure. DFT calculations suggest that graphite can serve as a substrate
for Mg?* intercalation, and can also achieve reversible co-intercalation with linear ether solvents such
as DME and DEGDME.** Guo et al used DFT calculations to demonstrate that the spinel LisTisO12
with low-strain characteristics could be employed as a Mg?* insertion-type anode material with a high
reversible capacity.’® DFT studies have shown that monolayer black P is a potential anode for
RMBs.!® Borophene and phosphorene have also been predicted using DFT calculations to be good

anode candidate material for RMBs.1"18

2.2. STABLE CATHODE MATERIALS FOR RMBs

One of the goals of developing a successful battery is to improve its energy density and higher energy
storage potentials. One cost effective method used in Lithium ion Batteries (LIB) to increase energy
density is by identifying cathode materials that can react with more Li ions and thereby increasing

the amount of Li in the cathode.® An example of one such material studied in VOPQO4. VOPO4 has
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been shown to have a theoretical capacity of 2 Li ions per VOPO4 molecule, with a specific capacity
(305 mAh/g)?° nearly twice that of commercially available cathodes (170 mAh/g).?* The Li
intercalation is usually accompanied by the formation of multiple discharge potential plateaus.® 2?
These plateaus have been theorized to be caused due to the formation of new phases on the cathode.??
Moreover the intercalation of more Li ions lead to an increase in the strain on the electrode structure

and may cause stability.*°

The selection of cathode materials must take into account the behavior of the Mg ion inside the
cathode and its transport properties and product formations. Another important aspect to account for

in RMB cathodes is that the cathode material must be able to accept two electrons.
The different cathodes can be classified into different types. Some of the major types of cathodes are:

e Intercalation cathodes: These cathodes work by allowing the Mg ion to intercalate to maintain
the charge balance caused by the electrons flowing into the cathode. Layered cathode
materials such as TiS2 are good examples of this type of cathodes.

e Conversion cathodes: These materials react with Mg ion using the extra electrons drawn in
by the circuit to form conversion products.

e Organic cathodes such as quinone based cathode materials

e Carbon based cathodes like graphene

There have been several cathode materials tried so far but Chevrel phase cathodes have shown the

most stable behavior so far.
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2.3. INSIGHTS INTO ELECTROLYTE BEHAVIOR

The development and selection of new electrolytes have a few daunting challenges to overcome. One
such aspect to consider is the stability of the electrolyte against reductive reactions at the anode
electrolyte interface during charge/discharge cycles. These reductive transformations have been
shown to form an impermeable solid-electrolyte interface (SEI). The formation and characterization
of the SEI has been well studied for LIBs. However, an important point to note is that the SEI structure
in LIBs are ion permeable and in MIBs they are not. One reason for the impermeability can be
attributed to the higher charge density on the Mg ion. Higher charge density leads to formation of
more complex and interconnected SEI and a charge impeded transport. A key divergence in the
direction of the selecting electrolytes for MIBs has been to remove the SEI in battery operations or at

least reduce its impact.

2.3.1. Li-ion chemistry derived electrolyte selection

A key aspect of MIB electrolyte research has been the use of research frameworks developed for
LIBs. There are great advantages for the use of such techniques which can help narrow down and
accelerate new discovery by using a benchmark from a well-established and commercialized
technology.® 242" Given its significant advantage there are still some drawbacks to the method, this
is especially prominent in electrolytes as some of the Magnesium analogues of commercial and well-
studied electrolytes used in LIBs tend to form SEIs very easily. Thus, a focus towards developing

electrolytes with a higher reductive stability and lesser reactivity with Magnesium has been.

2.3.2. In situ generated and crystallized Magnesium Electrolytes

The development of electrolytes for Rechargeable Magnesium Battery (RMB) started in the 1970s

when Brenner and co-workers mixed Grignard’s reagents with Boron based Lewis acids to improve
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Magnesium electrodeposition baths for electroforming light weight engineering components to be
used in satellites by NASA.% Grignard’s reagents dissolved in ethereal solvents have been known to
reversibly deposit Magnesium since the early 20" century. Though they allow reversible deposition
of Mg, their oxidative stability is low (<1.5 V vs Mg)? and they tend to react with Sulphur and
Oxygen and form poisonous components. To overcome these drawbacks, the initial approach for
selecting electrolytes was to try to form more stable Grignard’s reagent-based components and paired
them with less toxic Lewis acids such as AICIls as performed by Gregory et al. in the 1980s.? The
mixing of Grignard’s reagent such as Dialkyl Magnesium with a strong Lewis acid such as AlClz has
been shown to improve reversible deposition of Mg.2¢2® This work led to the birth of Magnesium

organohaloaluminates based electrolytes.

Gregory et al. combined dibutlymagnesium ((CsHg)2Mg) and tri-n-butylborane (B(CsHy)3) to
synthesize an electrolyte (Mg[B(CsHo)4]2) which showed improved stability but lower coulombic
efficiency.?® 30 In the early 2000s, based on the previous work done by Gregory et al, Aurbach et al.
hypothesized that the stoichiometric ratio of organomagnesium salts to the Lewis acid additives will
affect the coulombic efficiency and oxidative stability of the electrolytes. Surprisingly, after
analyzing the combination of a wide variety of Lewis acids such as BPh.Cl, BPhCl,, B[(CHz)2N]s,
BEts, BBrs3, BFs, etc. with dialkylmagnesium Lewis bases in Tetrahydrofuran (THF), it was found
that there was no Magnesium deposition.3* Whereas when the same group reacted two equivalents of
dibutlymagnesium with ethyl aluminum chloride they formed an electrolyte which had 100%
columbic efficiency with a stability of 2.4V vs Mg.®2 In the 1990s di Noto et al replaced
organomagnesium with MgCl, and formed an electrolyte. This was process was later adopted by
Aurbach and co-workers that led to the generation of Magnesium Aluminum Chloride Complexes

(MACC).?
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Comprehensive studies were later performed by replacing the Lewis base and Lewis acids with other
organic groups and a series of in situ electrolytes were created such as DCC (Di), APC (All Phenyl
Complex) which all showed good coulombic efficiency and moderate stability. Based on the behavior
of these in situ solvents it has been theorized that the addition of a Lewis acid stabilizes the Grignard’s

reagent and literature so far has concurred with the same.

The DCC electrolyte has been studied to form a Magnesium complex in THF namely [Mg2(u-
Cl)3.6THF]" [EtAICI3],, where the p implies a bridged Chlorine linking two Magnesium centers.
These complexes have been crystallized and separated. The presence of the complex is an accepted
result but the ability of the crystallized salt complex to perform as an electrolyte once redissolved has
been contested by two opposing results from Gewirth et al. and Muldoon et al. with the latter group
showing that the dissolved system is still electrochemically active. Muldoon et al. also showed that
the dissolved crystal showed slightly better performances when compared to the in-situ electrolytes.®
Later literature have attributed to the improvement in electrochemical behavior to the absence of

byproducts usually found in in-situ electrolytes.?®(See Figure 2.1)
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Figure 2.5. Cyclic voltammograms of 0.4 M THF solution of the reaction product generated in situ
from a 2:1 mixture of Bu2Mg to EtAICI> (DCC) (blue) and of the crystal obtained from a 2:1
mixture of BupMg to EtAICI, (crystallized DCC) (red). Scan rate is 0.025 V s~ /*Adapted from Ref.28
Copyright (2021) Wiley.?

The presence of the Magnesium complexes as shown in Figure. 2.2a. were later seen in other in situ
electrolytes and have been understood to the be main driving molecule in the electrolyte and have
been called as the Electro Active Species (EAS).?° The electrolytes formed by the mixing of the EAS
along with Lewis acids have shown significantly improved stability (>3.0 V vs Mg). Further analysis
has shown that the EAS formed has significantly advanced electrolyte stability. Moreover, based on

the stoichiometric composition of the initial Lewis acid and Lewis base other EAS systems can also

be isolated as can be seen in Figure 2.2.
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Figure 2.6. Representation of the key electroactive species (EAS) along with THF as the solvent.
The EAS represented are Mg2Cls.6THF (A), MgCIL.5THF (B) and Mg.6THF (C). The Mg (grey), Cl
(green), O (red), C (blue) are shown. The ratios in the parenthesis represent the stoichiometric
composition of MgCl and AICls in the raw materials.

2.3.3. Corrosivity of Mg electrolytes and role of MgCI2

RMBs like other common batteries are made of other components such as current collectors, metallic
substrates and metallic casing which are part of the circuit. Ideal electrolytes have to be inert towards
these within the battery operation potential window. Corrosive electrolytes tend to lead to pitting
corrosion on these metallic collectors and can cause an oxidative current to flow which can be caused

by the dissolution of the collector metal into the electrolyte.

Mg containing organohaloaluminates are widely considered to be corrosive as it is having lower
stability against Aluminum or Stainless steel as against Platinum electrodes. Other Mg containing
electrolytes such as organoborates have shown better stability on Pt as well as on Stainless steel. The

lower stability has been attributed to the presence of the [Mg2Cls.6 THF]" species formed by the
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Chloride containing Magnesium species. Interestingly Nelson et al. studied in situ generated
electrolyte made by phenylmagnesium chloride and aluminum triphenoxide which produces a halide
free anion and reported high oxidative stability.>* Lipson et al reported that the corrosive nature of
the in situ generated electrolytes is due to the presence of free chloride ions.® Thus, electrolytes that

do not produce these free chloride ions or halide free anions were studied.

To this extent a few electrolytes have been tested. As in the case with most MIB research attempts
the baseline was used as established Li ion chemistry. Thus, the Mg analogues of LIB electrolytes
such as LiTFSI, LiPFe, etc. were tested. These electrolytes show good stability and good potential but

there are still some drawbacks.1® 26-28.36

Kimura and co-workers studied the solvation of Mg(TFSI)2 salts in triglyme (G3) to understand the
solvation structure so that the system can be used by controlling the reactions that occur in the battery.
They found that if Mg(TFSI)2 completely disassociates, then energetically one common solvation
structure is formed, the hexacomplexed Mg[(G3)2]?* as shown in see Figure 2.3.a. But when Raman

spectroscopy was performed another type namely Mg [(tetra-G3) (bis G3)]?* was also found.®’

Similarly, Tutusaus showed that Magnesium monocarborane can be used as a high-performance
battery electrolyte. The solvent group has much promise but has not been studied in depth and thus

not commonly seen in literature (see Figure 2.3.b).%

Mg (PFs)2% has been studied as potential electrolyte for RMBs by Keyzer and co-workers. They found
that these electrolytes have high conductivities and very good electrochemical stabilities of up to 4V
vs Mg (see Figure 2.3.c). The electrolyte though proved to be too corrosive towards stainless steel in

the collectors but did form a passive layer when Aluminum was used instead. Thus, with improved
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corrosion resistance collectors Mg(PFe)2 electrolytes can be used as commercial electrolytes like

those used in LIBs.
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Figure 2.7. (a) Optimized geometries of Mg(G3),2" complexes. Adapted with permission from Ref 37.
Copyright {2021} American Chemical Society (b) First scan of acyclic voltammetry test of 0.75m
MMC/G3 and 0.75m MMC/G4 on Pt electrode collected at 5mVs™. (Inset: enlargement of 3.0-5.0 V
region). Adapted from Ref.38 Copyright (2021) Wiley (c) LSV 0f 0.12 M in 1:1 THF/CH3CN, scanning

at a rate of 25 mV-s™t. Adapted with permission from Ref 39. Copyright {2021} American Chemical
Society

Other salts of Magnesium containing ions such as BF4*°, BH4™*° and HMDS*! have also been studied.
These electrolytes all have some stable species that keeps the system from decomposing. But the
overpotential means that the use of the electrolytes is not very efficient. Magnesium
Tetraflouroborane and Magnesium Borane have both shown good electrolytic properties and have
studied in great detail in recent years.*’ The ion pair formations as the Magnesium borohydride

dissolves as well as the mobility behavior of the electrolyte species has been studied by Samuel et al.,
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who reported the formation of ion pair clusters. These clusters could be useful in the transportation
of charges and electronic mobility. Another interesting Mg salt-based electrolyte is Mg(HMDS)>
electrolytes. These have a been shown to be exceptionally immune to the formation of passive layers
on top of the anode, thereby shown good cyclability. These electrolytes need a Lewis acid such as
AICI3, which then releases some free Chlorides leading to the presence of Chloride driven corrosion

on the anode side.*!

2.3.4. bis(trifluoromethane)sulfonimide (TFSI) based electrolytes

The advantages of TFSI based solvents include the well-established TFSI based anion chemistry
established in LIBs. Thus, TFSI based electrolytes have been in prime position for research by many
people. The solution of Mg(TFSI)2 is glyme shows a unique behavior. As salt concentration in glyme
increases the dissolved phase starts to form two immiscible and separate phases containing the same
chemical composition. These are really interesting as the presence of such phases in a battery
environment can cause different electronic properties of the electrolyte at different locations affecting
cell behavior. Salama et al. used NMR, Raman spectroscopy (Figure 2.4.b) and X-ray diffraction
coupled with DFT calculations to identify different conformers of TFSI around Mg and the two
phases have different types of conformers, which leads to a thermodynamic difference which can be
attributed to the phase separation.*? The presence of the conformers needs to be further analyzed and
a further in depth study on the actual thermodynamics of the various conformers is needed to

sufficiently identify the cause for the selective separation of the conformers.

Sa and co-workers studied the concentration effect of Mg(TFSI) dissolved in diglyme and identified
that there was a non-linear relation in change in chemical properties to the change in concentration.
They proposed that increased shielding in high electrolyte concentrations could affect the electrolyte

behavior(see Figure 2.4.a).* The salt in diglyme also showed high stability and the reason for which
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is still unknown. Baskin and Prendergast propose that the stability is highly dependent on the solvent
structure and the ion pair interactions and that the thermodynamics of the dissolution is highly
dependent on entropic contributions. A detailed analysis of this with a more focused identifications

of physical and chemical effects could lead to a better understanding.*
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Figure 2.8. (a) Mg-TFSI-diglyme solvation structure at 0.1 M and 0.4 M concentrations. Reproduced
from Ref. 43 with permission from the Royal Society of Chemistry (b) Raman spectra of pure DME
(brown line), U-phase (orange line), L-phase (yellow line), 1.25 M MgTFSI> solution in DME,
MgTFSI2 single crystal recrystallized from MgTFSI2/DME solution, and pure MgTFSI.. Adapted with
permission from Ref 43. Copyright {2021} American Chemical Society (c) Proposed Mg metal anode
degradation mechanism. Adapted with permission from Ref 45. Copyright {2021} American
Chemical Society

Yoo et al. studied the dissolution of Mg(TFSI)2 in glyme based solvents and found that there is an
incomplete reversible Mg deposition/dissolution occurring which leads to a corrosion of Mg anode.
They propose that this occurs due to the formation of passivation layers on the anode surface as shown
in Figure 2.4.c and these passivation layers might make TFSI based electrolytes extremely poor

electrolytes especially if trace amounts of water is present.*® Ma et al. tried to overcome this behavior
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by adding Mg(BHs). along with Mg(TFSI). to remove the trace water molecules using the

borohydride salt and improving stability.*®

With the advantages of a TFSI based structure and the drawbacks that are available and documented,
Qu et al. tried to substitute different components in TFSI to improve stability and performance. They
used a previously identified decomposition mechanism for TFSI and proposed targeted substitutions
on positions that are more prone to decomposition reactions.*’ They proposed 15 new anions as shown
in Figure 2.5 and characterized them based on stability, tolerance towards hydrolysis and transport
properties and narrowed down to two anionic species namely
bis[(ditriflouromethyl)phosphoryl]azanide (DTPA) and
bis[methyl(ditriflouromethyl)phosphoryl]azanide (MDPA) which showed better properties than

TFSI. This is the first predictive screening study for electrolyte selection that | have seen.
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Figure 2.9. Schematic of anions derived from TFSI. Adapted with permission from Ref 47. Copyright
{2021} American Chemical Society
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Given the high stability, the main drawback of TFSI based solvents is the formation of surface
passivation layers. To remove this surface passivation layer, Li and co-workers added Mgl a
Magnesium Halide to form an ion conducting layer at the anode interface. This method was successful
and renders the electrolyte with its many advantages useful for application in Mg batteries.*® This
approach brings into play the Halides that were initially removed when salts such as Mg(TFSI). were
proposed. Further, substitution of Mgl> with MgCl> showed even better results and a significant
improvement in TFSI based electrolyte behavior.*® Similar effects have also been observed in HMDS

based electrolytes as well.>®

The improvement in Magnesium salt-based electrolytes correlates with similar improvements in
Organohaloaluminates of Magnesium. This improvement in electrolyte performance in both the cases

has been shown to be the formation of the [Mg.Cls]* based EAS.? 5!

2.3.5. Speciation behavior and selectivity of the EAS

The Electroactive species have been shown to be the main driving force behind the performance of
an electrolyte as seen earlier. But, the formation, selectivity and behavior of these species are yet to
be fully understood. A lot of work has been done in identifying and understanding these EAS and
they have shown to influence the performance of the whole cell. The results published though have a
lot of contrast in them and thus end up proposing a lot of different EAS and also some contradictory
results as well. This has led to the necessity of contrasting and comparing these different EAS
intensively and understanding them to gain a better foothold in the process to develop novel

electrolytes with substantially improved properties.

Mg ions in solutions are usually coordinated with anions and solvents. This is caused due to high

charge density on the Mg?* ions. The lone pairs on the ether oxygens tend to allow for significant
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oxygen center coordination around Mg. There has been many different coordination for Mg-ion that
have been observed. These include six-fold coordination, which is the most commonly reported, four-
fold and five-fold coordination. The inability to identify the exact coordination may derive from the
dynamic nature of Mg-solvent-anion equilibrium in solution. The coordination of the Mg species may
significantly affect the EAS selectivity. Though experimental isolation of the six-fold coordinated
EAS has been observed as discussed earlier, Canepa and coworkers have shown computationally that
both Mg.Cls* and MgCI* cations in solution exhibit lowered coordination.>? For Mg.Cls* the most
stable structure was five-fold coordination and for MgCl it was the four-fold coordination (see Figure
2.6). This lowered coordination may significantly affect the lifetime of the EAS due to reduced
coverage from the solvent. The lowered MgCl coordination indicate a bias towards formation of the
dimer MgzCl,?*, though studies have shown that there is still significant presence of the monomer.
The lack of literature discussing the effective role of the EAS selectivity driven by the cation

coordination affects the understanding of the ionic behavior in the various regimes of the electrolyte.

Furthermore, there has been reported competition between monomeric and dimeric species that needs
to be further investigated to understand the role of the EAS in the battery performance. Cheng et al.
formulated and identified another new and unique cationic complex [Mgz(u-Cl)2.4DME]?* by mixing
MgClI2 and AICIz in the ratio of 1:1 in a DME solvent to form the mentioned EAS. The formation
pathway follows the formation of the MgCI™ monomer which dimerizes due to the strong stabilization
of the solvent molecules. These electrolytes that produce such EAS show significant performance
with near 100% cyclic efficiency and good stability (up to 3.5 V vs Mg).>® A similar dimerized MgCI*
cation has also been reported by Salama and co-workers who have shown the formation of the said
EAS along with another species ([MgsCl4]**) which are both stabilized due to the bidentate nature of

DME. They hypothesize that an increase in the number of Oxygen dentate positions can lead to a
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Figure 2.10. Formation free energy of Mg-EAS -THF at different THF coordination. Reproduced
from Ref. 52 with permission from the Royal Society of Chemistry

better stabilization and form larger cations, but the effect and performance of a larger cationic species
is still up for debate and may not necessarily be a positive contrary to the opinion of the authors. The
authors also point out that the various species including the most common dimer the Mg2Cls* system
greatly improves the behavior of the electrolyte but postulate that the improvement may not be a
completely solution-based phenomenon and may involve significant influence from surface or near
surface phenomena.>* In a similar chemistry and adding to the complexity and confusion, He and co-
workers showed the formation of the monomeric MgCI™ instead when the same 1:1 ratio of MgCl»
and AICIs are used (see Figure 2.7.). They propose that any water impurity, however small, in the

system could drive the equilibrium towards a different less effective cationic species and must be
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thoroughly accounted for.>® Mandai and co-workers add that though the monomeric EAS show
significant performance and is more stable, the more unstable bridged Chlorine complex of Mg2Cls*
would favorably affect the electrochemical activity of the system.% Thus, selective formation of EAS
at different parts of the electrolyte could help in creating a more stable and extremely active
electrolyte is an important question to be answered, though the existence of such a phenomenon is

unverified and is one of the problems this project will look to answering.
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Figure 2.11. Scheme showing the EAS selectivity controlled by stoichiometry. Reproduced from Ref.
55 with permission from the Royal Society of Chemistry

Further work has shown contrasting approaches to the role of the EAS. The dimer species has been
shown to have better solubility in THF®” and DME®® and has been reported to work conditioning free.
It has been suggested that the thermodynamically unstable monomeric species may be the reason
behind high overpotential observed in systems that are stoichiometrically driven towards monomeric

species selection.®® Further Barile et al., have shown that electrochemical deposition of the Mg-ion
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can occur only when the dimeric species is present.>® On the other hand, Wan et al studied the role of
the Mg-cationic species using DFT and showed that the monomeric species is more conducive for
deposition as the THF ligand in the dimeric species is thermodynamically harder to remove.®® This is
because the desolvation energy for Mg increases with the number of solvent molecules present around
the cation. Experimental observations of the monomeric cation aided depositions in MACC
electrolytes have not been reported but similar organohaloaluminates containing electrolytes have
shown the presence of the monomeric Mg cation by Benmayza and co-workers who proposed that
there was an equilibrium between monomeric and dimeric species though the monomeric species is
selectively the one controlling the deposition mechanism.®! Liu et al showed that the both Mg2Cls*
and MgCI™ may be present at the surface of the Mg anode and the rate determining step is the
formation of the neutral [MgCI]° species.®? DFT studies conducted by Moss and co-workers support

the experimental results from Liu.®

2.3.6. Electrolytic conditioning and factors affecting the EAS selectivity

In MACC electrolytes the deposition of the Aluminum alongside Mg has been observed. This co-
deposition occurs until the electrolyte conditioning is complete. Electrolyte conditioning is the
process by which the electrolyte near the surface is selectively driven towards the presence of the

cationic species. To overcome this, multiple factors have been studied.

The selection of the cation is also controlled by the Lewis acid donor as shown by Brouillet et al..®’
They solvated MgCl> in different Lewis acid donors and selectively generating mono-, di- and tri-
nuclear cationic species of the general form MgxCly. The dimeric cation is shown to be the
thermodynamically stable species but other species can be generated in significant concentrations.
They also show that though one species is selectively present, it does not indicate the total absence

of the others, rather they are present in smaller quantities. This introduces the question of whether the
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concentration of the electrolyte is uniform or if the surface phenomena can create concentration
profiles. Considering the size of the interfacial layer this may not be answerable using experiments
alone and could be answered using a combination of computational and experimental techniques. The
authors though have not attempted to answer the question and thus it remains a significant open

problem with a lot of consequences.

The Mg deposition/dissolution kinetics are affected electrolyte concentration along with the
associated current density. Though an increase in the Mg ion concentration is expected to increase
the current density, but the enhancements in MACC electrolyte system cannot just be explained
increase in concentration. See et al.** show that the increase in the salt concentrations directs the
species selectivity towards on specific species and shifts the equilibria(see Figure 2.8.a). Increasing
the concentration of MgCl, and AICIz directs the equilibria towards the formation of Mg2Cls.6 THF*
which results in faster electrolyte activation and increased deposition current. The authors suggest a
conditioning process to increase the dimer cation concentrations to ensure best electrolyte
performance. In an earlier work, the authors also point out that though conditioning drives species
selection, the species is still present in the as prepared electrolyte though with competing cations (see
Figure 2.8.b).%° It should also be pointed out that the best conditioning technique is to introduce CI-
into the solution®, though free Chloride ions increase corrosion and their exact mechanism in driving
the species selectivity is still unknown and is an interesting and important to be answered. Another
important consideration is that equilibria for making an active MACC electrolyte is complex and is
influenced by all components of the surrounding environment and thus must all be taken into

consideration and even the slightest change in the system could affect the balance.
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Figure 2.12. (a) Raman spectra of Mg2Cls* and MgCI™ complexes. Adapted with permission from
Ref 64. Copyright {2021} American Chemical Society (b) Scheme representing the As-prepared and
conditioned anode electrolyte interface. Adapted with permission from Ref 65. Copyright {2021}
American Chemical Society

To direct selectivity and improve performance, there have been other attempts by adding other
components to direct the equilibria as well as by adding moieties to the Lewis acid to reduce the
competitive role of Al. Nist-Lund et al.®® and Crowe et al.’ took a similar path by adding moieties to
the Grignard’s reagent and exchanging the moieties to drive the equilibrium. Nist-Lund added tert-
(triphenyl) butoxide ([OCPh3]) while Crowe added alkyl substituted phenol-based Grignard’s
reagents. Another approach has been to introduce a metallic species like Mg metal and Cr3*
compounds.®®% They have shown good performance leading to MACC-like species but with
significant drawbacks especially with Cr containing systems as they are extremely toxic and may not

be suitable for commercial purposes.
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2.3.7. lonic clustering and EAS pairing

The complexity of the cation-anion-solvent complexes are further compounded by the presence of
ionic clusters formed within the system. lonic cluster formation in other ionic electrolytes have been
proposed due to discrepancies between experimental and theoretical results.”® Experiments have been
used directly or indirectly observe ion cluster formations in simpler electrolytes.”*-> Molinari et al.
calculated the coordination of the cations as a function of anions and electrolyte concentration (see
Figure 2.9).”° The authors show that larger clusters tend to be richer in anions though the reason
behind the asymmetry is still to be understood. Simulations have been performed on NaCl solutions
at both ambient and supercritical conditions to observe ion cluster formation and further analyze the
impact of the clusters formed.”® "> Similar ion agglomerations have been shown to trigger side
reactions at the anode-electrolyte interfaces in Mg batteries.®® ™ The agglomeration of Mg?*-BH4"
clusters in Mg(BHa4).-based electrolytes for RMBs show lowered solubility as confirmed both
experimentally and theoretically.*® 57" The presence of ion clusters have also shown to improve the
Ca?" surface deposition by enabling the presence of CaBHs" cationic species in Calcium ion
batteries.”® Similar experimental work done on Magnesium amidohaloaluminates containing
electrolytes show significant improvement in plating mechanism aided by the cluster forming
cations.”® Further modelling studies on Mg tetrakis(hexafluoroisopropyloxy)borate in DME
electrolytes show that the inclusion of clustering in models can further enhance accuracy of computed
properties that can replicate experimental data.2 Hence accounting for the ionic clustering in Mg-
electrolytes is important gaining a thorough understanding of the underlying interactions in

electrolyte performance.
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2.4. SUMMARY

In summary, it must be noted that there are different significant aspects of the MIB which need to be
answered to produce a commercially viable battery. The electrolyte and the anode-electrolyte
interface are an extremely complex and confusing part of this problem and the various electrolytes
that are being tested lead to the one conclusion that MgCl. is important, but the plethora of cationic

species produced and variety of factors and contradicting reaction products reported show that until
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one gains a thorough understanding of the electrolyte system, one cannot really improve on existing
battery performance. There are significant gaps in existing knowledge and plugging them will be an
arduous task which this project will try and undertake. On a final note, the selection of solvents,
electrodes and other materials for the MIB have used the tried and tested benchmark of LIBs but one
must note a key point is that the only electroactive species in an LIB is Li+ ion alone, which with all
its quirks, is much easier to characterize compared to the bevy of cationic species formed due to
Magnesium’s high ionic charge density leading to a pageant of competing cationic species each with
its own intricacies and advantages, hanging in the balance of equilibrium easily swayed by even
minute external influences that selecting one would be ideal but may be impossible and multiple
species must be accounted for and understood to gain a holistic perspective of the behavior of the

electrolyte and of the battery as a whole.
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CHAPTER 3:
OPPORTUNITIES AND AIMS
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The review of the literature shows a wide gap in the required knowledge to fully understand the key
aspects of the Electrolyte-Electrode interface in a Magnesium battery. The role of the interactions at
the interface cannot be neglected in the working of a Magnesium battery. The need for an in-depth
analysis of the interface and the behavior of the various components and their influence on the battery

performance is of the foremost importance.

The proposed project is focused on understanding the behavior of the electroactive species in the bulk
and aims to provide a clearer understanding of the effect of the different components of the electrolyte
on the performance of the battery thereby helping in the development of better battery materials for
use in Rechargeable Magnesium Batteries (RMB). To satisfy the goal a few important questions must

be studied as part of this project. They are:

Question 1: How are the electroactive species behaving in the presence of a solvent in the electrolyte

and how does the behavior change when the battery is in operation?

The role of the electroactive species has been studied in the past and their presence in the electrolyte
is still being studied. The present project will focus on understanding the solvation of the EAS in the
solvent and characterizing the interactions between the EAS, anion and the solvent. To improve the
spectrum of understanding, the effect of an external electric field will also be documented and

analyzed to give a clearer understanding of the interaction landscape.

Question 2: How does the interaction of the EAS-anion-solvent affect the performance of the

electrolyte?

A hypothesis as part of the present project is that the mobility of the EAS will change due to the

influence of solvent and the anion as this will affect the solvation structure around the EAS. The
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changes in the EAS solvation structure are important as this will help in determining the transport

properties and may influence the reactive mechanism at the interfaces

Question 3: What changes are observed in the solvation structures and are larger extended solvation

structures present in the Mg electrolytes?

The lack of insights into the formations of ionic clusters reported in other electrolytes is visible from
a glance into the literature. These ionic clusters determine the ionic transport and possible reactive
species. Furthermore, the presence of these ionic clusters in the interphase can fundamentally alter

the study into reactive mechanism at the anode surface.

Question 4: How is the solvation and transport behavior of the EAS affected by changing the anions

and solvents?

The role of the solvent and the anion will need to be investigated in further depth to determine factors
that may influence the role of the EAS as well as affecting its selectivity and possible impact on the

performance of the electrolyte.

These four questions will help in developing an interaction and behavior landscape of the electrolyte
and help in further developing better and more stable electrolytes that can be used in commercial
RMBs. To study these questions, large-scale molecular dynamics will be used. This study will try
and identify key characteristics in the simulated systems that can be scaled and represented in a

physical scale and can be measured experimentally.

Addressing these gaps in understanding of the electrolyte is being focused upon in this study. Figure

3.1 highlights some of the key interactions that need to be mapped and understood to bridge the gap
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in existing literature to pave the way towards the development of commercially viable rechargeable

Mg batteries.

3.1 AIMS

Aim 1: Identify and understand the solvation behavior of the EAS in THF. THF will be used as it is
having been commonly studied and has shown good electrolytic behavior. The solvation structure
will be characterized under both operating and equilibrium conditions. Operating conditions will be
modelled using a constant external electric field. This is to provide a key understanding into the larger
ionic structures in the bulk electrolytes and highlight the impact of external factors like the electric

field.

Aim 2: Characterize the influence of the EAS-solvation in structures on the performance of the
battery and quantify the measurable impact on electrolytic performance. The main topic of interest
here is the mobility of the cationic species and the role of the solvation structure in aiding or impeding

the transport properties.

Aim 3: Study the role of the solvent by comparing the solvation and mobility in THF with other
common electrolyte solvents such as Dimethoxy ethane (glyme), diglyme, triglyme and tetraglyme
etc. This can provide insight into the EAS-solvent interactions which will enable in the understanding

of the influence of the solvent in the larger ionic structure build-up.

Aim 4: Understand the role of the anion by comparing the strongly interacting and weakly interacting
anions to generate insight into the interplay between EAS-EAS, EAS-solvent and EAS-anion

interactions.
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Figure 3.14. Cross-section of the anode-interface-electrolyte system. The Anion (red sphere), cation
(yellow sphere) and the solvent (green sphere) are highlighted. Three key interactions of interest are
also shown: Cation-anion (red arrow), cation-cation (yellow arrow) and cation-solvent (blue arrow).
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Abstract: Magnesium halide salts are an exciting prospect as stable and high-performance
electrolytes for Rechargeable Mg batteries (RMBs). By nature of their complex equilibria, these salts
exist in solution as a variety of electroactive species (EAS) in equilibrium with counter ions. Here we
investigated ion agglomeration and transport of several such EAS in MgCl; salts dissolved in ethereal
solvents under both equilibrium and operating conditions using large scale atomistic simulations. We
find that the solute morphology is strongly characterized by the presence of clusters and is governed
by the solvation structures of EAS. Specifically, the isotropic solvation of Mg?* results in slow
formation of bulky cluster, compared with chain-like analogues observed in the Cl-containing EAS
such as Mg2Cls*, MgCI* and Mg.Cl.%*. We further illustrate these clusters can reduce the diffusivity
of charge-carrying species in the MgCl, based electrolyte by at least an order of magnitude. Our
findings of the cluster formation, morphology and kinetics can provide useful insight into the

electrochemical reactions at the anode/electrolyte interface in RMBs.
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Among the many “beyond-Li” battery technologies, rechargeable Mg batteries (RMBs) exhibit
several advantages, such as greater abundance of Mg, high theoretical volumetric capacity with Mg
metal as anode and dendrite-free deposition cycles.!® To overcome the stability and reversibility
issues caused by the formation of ion-impermeable solid electrolyte interfaces (SEls) in RMBs,
generally two design strategies are used, viz., design of novel electrodes or electrolytes.t* In
particular, electrolytes must be stable against reductive reactions at the electrolyte interface with Mg
metal anode during charge/discharge cycles in RMBs. A promising endeavor is the usage of MgCl»
salts which show a good recyclability towards deposition/dissolution cycles and improved stability.>
% These salts, or more generally, magnesium halides, were shown to form ion conducting layer at the
anode/electrolyte interface, thereby preventing the formation of the passivation layer in Mg(TFSI)2,
Mg(HMDS), and Mg(PFs). based electrolytes.!%1? The Mg component in these electrolytes tends to
rarely form Mg?* ions, but instead is present as a multitude of solvent-stabilized complexes, in
contrast to electrolytes in Li-ion batteries where the Li ion exists as monomeric species dissolved in
solution.®® These Mg complexes, also called the electroactive species (EAS), are the primary charge-
carriers and the electrochemically active entities in the electrolytes, and thus they govern the
deposition/dissolution reactions at the anode/electrolyte interface. Therefore, a thorough
understanding of the electrochemical behavior of various Mg EAS is a prerequisite for developing

high performance electrolytes for RMBs.

A number of coexisting Mg complexes such as Mg.Cls*, MgCI*, and its reversible dimer product
Mg.Cl2%*, have been identified as typical EAS in as-prepared MgClz-based electrolytes. These EAS
complexes exist in dynamic equilibrium with themselves as well as with other counter ions such as
AICIs in MACC electrolytes. Their selectivity (relative concentrations in the electrolyte) is generally

governed by factors such as the stoichiometric ratios of MgCl,, Lewis acids and solvents.5 7 14-16
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Recent experiments demonstrate an excellent cyclic efficiency and stability of MgCI™ and Mg2Cls*
containing electrolytes.!” In particular, He and co-workers observed the formation of monomeric
MgCI* when MgCl, and AICI; are used in a ratio of 1:1.'® Mandai and co-workers also reported that
the relatively unstable bridged chlorine complex Mg2Cls" can further improve the electrochemical
activity of electrolytes.'® However, the transport mechanisms of all Mg EAS under both equilibrium
and non-equilibrium (operating conditions) remain yet to be understood. Understanding the
underlying origins of the demonstrated electrolytic performance is necessary to develop better and

more stable electrolytes. ' 192

Given the complicated components of MgCl, containing electrolytes, it is often difficult to
experimentally characterize the structural and kinetic behavior of various EAS in their co-existing
states under working conditions. Recently, ab initio molecular dynamics (AIMD) simulations have
been performed to successfully reveal bulk and interfacial properties of electrolyte systems.?224
However, due to time- and length-scale limitations, these methods are unable to fully capture the slow
dynamics of EAS-solvent interactions. In particular, the clustering of ionic species significantly
governs the transport kinetics of charge carriers, and cluster formation may adversely affect surface
deposition reactions which can lead to unexpected by-products. Here we conducted large-scale
classical molecular dynamics (MD) simulations that enable us to investigate the solvation, clustering
and transport behavior of various Mg EAS (i.e. MgCI*, MgzCl,?* and Mg,Cls" in comparison with
Mg?") individually solvated in tetrahydrofuran (THF) solvent. All simulations were performed using
the refined parameters of GAFF force field by Canepa et al,?® which accurately reproduces the
solvation structures of single EAS-THF pairs as predicted from first-principles calculations (see
details in the Supporting Information (SI)). To understand their respective equilibrium selectivity,

each simulation considers only a single type of EAS. The effects of EAS concentrations, anions, and
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external electric field on their structural and kinetic properties were explicitly taken into account. We
also studied the role of the anion on the solvation structure and found that the anions tend to displace
the solvent and have significant impact on the formation and transport of EAS. We observed that the
simple MgCl, based electrolytes form ionic clusters irrespective of the complex species in the system.
The formation of ionic clusters is significant for understanding the kinetics of charge transport in the

electrolyte and the possible reactive deposition pathways on the anode surface.

We first analyzed the solvation structures of all Mg EAS under equilibrium as well as operating
conditions. As illustrated by inset schematics in Figure 1, the arrangement of THF molecules around
EAS can be identified by calculating the center of mass radial distribution functions (RDFs) of the
EAS-THF and EAS-EAS pairs. Figure 1(a) shows that at an infinite dilution, Mg?* possesses the
highest intensity and the nearest location of the first peak in RDF, demonstrating the strongest
electrostatic interaction with THF solvation shells. In contrast, when a CI™ anion is present nearby
(Figure 1(b)), the intensity of the first solvation peak reduces for all EAS. In particular, the
overlapping RDF curves of MgCI* and Mg.Cl,?* show that the monomer and dimer have similar
solvation structures and are largely interchangeable, thus facilitating a reversible monomer to dimer

transition. Such a reversible mechanism has also been observed in recent in-situ experiments.? When
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Figure 1. Solvation structures of various Mg electroactive species (EAS) including Mg?",
MgCI*, MgzCl,** and Mg.Cls* in the MgCl-based electrolyte. The first row presents the
atomistic solvation structures of isolated Mg EAS-THF complexes in the absence of CI™ anions,
with coordination numbers obtained by integrating the radial distribution functions. (a-f) show
the radial distribution functions of EAS-THF and EAS-EAS pairs with and without CI™ anion at

the infinite dilution and the concentration of 0.4 M.

an external electric field is applied in non-equilibrium conditions (see Figure S2 in Sl), there are no
noticeable changes in the solvation structures of Mg?*, MgCI* and Mg:Cls* (see Figure 1(b) and
Figure S2(b) in SI). There is a slight change in location of the first solvation peak for Mg.Cl.%* owing
to the reorientation of THF molecules surrounding Mg.Cl.%>* due to the external electric field. The
unchanged coordination numbers of all EAS-THF pairs (Table S3 in Sl) indicate that cation-anion

interactions are strong enough to overcome the effect of an applied electric field.
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We next explored the solvation structures of various Mg EAS at the realistic concentrations of MgCl.
salts representative of typical operating conditions. Figure 1(c) exhibits that the equilibrium solvation
structures of various EAS at larger concentrations in the absence of anions in the vicinity are similar
to those at infinite dilution. When the CI" anions are introduced (Figure 1d), a strong cation-solvent
interaction still persists as indicated by an intense first solvation peak. This solvation shell forms a
buffer layer between two EAS and helps to keep the highly concentrated system together. The solvent
buffer traps not only EAS molecules but also anions, acting as a “glue” to hold cations/anions together
and leading to the formation of large ionic clusters (as discussed later). Notably, the presence of an
electric field does not affect the solvent structures of EAS either, as evident from Figure S3 (see SI).
This indicates that the field strength is not significant enough to induce the change in intermolecular
interactions between strongly charged cations and the electronegative oxygen of THF molecules.
Such field-insensitive solvation structure could also exist in other ethereal electrolytes such as
diglyme and tetraglyme with their complex EAS.?%28 Figure 1(e) presents the electrostatic interaction
between EAS-EAS pairs in the absence of Cl™ anions. EAS are expected to repel each other as
reflected by the first peak locations (~1.7 nm) of EAS-EAS pairs. Some small RDF peaks of EAS-
EAS pairs within 0.9 nm seen in Figure 1(e) highlight the statistical possibilities of Mg>Cls* and
MgCI" forced to occasionally move towards each other by the strong external electric field before
electrostatic repulsion forces them apart. In contrast, for doubly charged Mg?* and Mg.Cl,** EAS,
the electrostatic buffering from solvent is not strong enough to overcome the repulsive forces between
the cations, and hence the corresponding RDF curves are marked by the absence of peaks around 0.9
nm distance. However, in case where CI anions present (Figure 1(f)), the RDF are curves are
characterized by many sharp peaks appearing at closer distances due to the anions acting as bridges
between EAS. For instance, the first solvation shell for Mg?* EAS is around 0.6 nm, while it is larger

at 0.8 nm for the larger Mg.Cls* EAS. The important qualitative features illustrated in Figure 1(a-f),
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persist with different concentrations of MgCl2 as well as for different strengths of electric fields (see
Figure S2-S3 in Sl). This suggests that these observations are intrinsic to the chemistry of ionic

electrolytes.

Recent studies have reported that ionic clusters in several electrolytic systems strongly influence the
transport behavior of charge-carrying species. For instance, ion agglomeration can trigger side
reactions at the anode-electrolyte interfaces in Mg batteries.?* 2* A significant agglomeration of Mg?*-
BH4 clusters results in a low solubility of Mg(BHa).-based electrolytes for RMBs as confirmed both
experimentally and theoretically.?6-2 Therefore, we analyzed the formation of Mg EAS clusters in
MgCl> based electrolytes under both as-prepared and operating conditions. To simulate the complete
process of large-scale ion agglomerations within the electrolyte, a declustered system with well
separated EAS and CI" anions was first obtained and then allowed to cluster again during simulation
(see S3in Sl for the detailed description of the declustered and clustered systems). Generally, we find
that all Mg EAS react with CI- to gradually form ion pairs, and subsequently, clusters. Magnesium
EAS mediated by Cl- anions form large ionic clusters under the as-prepared condition, but the electric

field prevents significant agglomeration.

We next discuss the ion agglomeration of Mg EAS under operating conditions with the applied
electric field, while the ion agglomeration under equilibrium conditions is presented in Figure S4.
Figure 2(a) shows the formation of Mg EAS clusters at a concentration of 0.2 M, investigated by
tracking the coordination number of the EAS-EAS, EAS-CI and EAS-THF pairs. The data for 0.1 M
and 0.4 M concentrations is available in Figure S5. The increasing coordination number of EAS-

EAS (Neaseas) and EAS-CI* (Neas-ci) pairs points to the formation of ion clusters, while the
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Figure 2. Cluster formation of various Mg electroactive species (EAS) in the MgCl.-based
electrolyte under the applied electric field of 0.45 VV/nm and at the concentration of 0.2 M. (a)
The average coordination numbers of EAS-EAS, EAS-CI" and EAS-THF pairs during the
formation of clusters. (b-e) exhibit completely isolated ions and newly formed clusters of EAS-
Cl" complexes at the simulation time of 0 and 7.5 ns.

decreasing normalized coordination number of EAS-THF pair (Neas-tHe) illustrates the breaking of

solvation structures by CI- anions. Surprisingly, it was found that Mg?* exhibited the smallest values

of Neas-eas and Neas-ci, followed by Mg.Cls*, Mg.Cl.** and MgCI*, despite having largest charge

density. To understand such counter-intuitive trend to that of the charge densities of Mg EAS, we

visualized the ion clusters of different Mg EAS. Figure 2(b) shows that Mg?* prefer to form bulky
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but small clusters. In contrast, the rest of Mg EAS prefers to form chain-like clusters as shown in
Figure 2(c-e). In MgCI" EAS in particular, the chain clusters are bound together to form branched

structures, as a result leading to its larger coordination number of EAS-EAS and EAS-CI" pairs.

We further analyzed the relationship between solvation structures and clusters for different Mg EAS.
Figure 3(a) depicts both iso-surfaces of solvation structures at the beginning and after a long run of
simulation. During agglomeration of Mg?*-Cl-, the strong electrostatic interaction is compensated by
breaking of the compact, isotropic solvation shells of Mg?* (Figure 3(a)). This reduces the rate of
Mg?*-ClI" clustering, as confirmed by the discussion of the coordination numbers earlier. The isotropic

structure of Mg?* facilitates the formation of bulky clusters. As for the rest of Mg EAS, they possess

(a) (b)
Ons<t<1ns 7ns<t<8ns Mg?* MgCI*

Figure 3. (a) Iso-surfaces of THF solvation structures around Mg electroactive species (EAS)
before (0-1 ns) and after (7—8 ns) cluster formation of Mg EAS under the applied electric field
of 0.45 V/nm and at 0.2 M concentration. (b) Time average spatial distribution of Mg EAS over
4 ns after the formation of clusters in the MgCl»-based electrolyte.
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anisotropic solvation shells, and leave free spaces for Cl anions to interact with Mg EAS (see Figure
3(a)), thus enhancing the rates of EAS-CI" pairing. The relatively slow agglomeration rate of Mg>Cls*
compared to MgCI* and Mg.Cl.** can be attributed to its much stronger electrostatic repulsion
between bonded Cl and free CI- in the electrolyte. While for MgCI* and Mg.Cl.?*, they show weaker
electrostatic repulsion. The anisotropic atomic structures of all Cl-containing EAS only allow free CI°

to interact with Mg center, which consequently enable them to form chain-like clusters.

The time averaged spatial distribution of Mg EAS after complete clustering are shown in Figure 3(b).
These reveal regions of high clustering of the cationic species, which are mobile with the applied
electric field, as indicated by clustering near the edges of the box. Since the ions in the clusters are
easy to transport across the bulk of the electrolyte, the clusters are likely to be present at the
electrode/electrolyte interface. The reactive pathways for deposition of Mg at the anode that involve
clustered ionic species can lead to localized deposits rather than a uniform plating, which hitherto has
not been studied. Significantly, newly-formed clusters also trap the solvent molecules, thereby
increasing the possibility of reactive by-products which can act as SEI precursors. The observation
of these clusters in the bulk of the electrolyte posits that derivative structures may be present at the

anode/electrolyte interface.

Finally, we investigated the transport behavior of all Mg EAS and the impact of their agglomeration
on charge/discharge rates. In the absence of applied electric field, the diffusivities of Mg EAS are

inversely correlated to their charge densities (see Figure 4(a)), irrespective to whether the EAS are
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Figure 4. lonic diffusivities of Mg electroactive species (EAS) with and without external
electric field at the concentration of 0.4 M. (a) Self diffusivities of Mg EAS (Dseit-giftusion) in the
absence of the electric field. (b-c) lonic diffusivities of Mg EAS evaluated from drift velocity
(Darit) (b) and mean square displacement (MSD) (Dwmsp) (c) under the applied electric field.

clustered (with CI" anions) or not (without CI- anions). Monovalent Mg.Cls* and MgCI* species have
weaker electrostatic interactions with THF than the divalent Mg?* and Mg.Cl2?*, and consequently
have larger ion diffusivities. The diffusivity values for all EAS are in the range of 1x10° to 5x10%°
m?/s in the absence of applied electric field. These values are of similar order in magnitude compared
to the reported values for Mg?* diffusion in Mg(BHa)2/ THF (7x1071% m?/s), as well as Mg?* diffusion
in Mg(BHa)2/ THF (2.8x1071° m?s).% 2° These diffusivity values of Mg EAS are also within one
order of magnitude compared to experimental results.® It should be mentioned that here we do not
consider the dynamics and lifetime of EAS-CI- based ionic clusters, however, the plateauing
coordination numbers in Figure 2(a) after the initial clustering stage and small fluctuations thereafter

indicate these clusters are relatively stable with a greater tendency for local rearrangement.

In the presence of an electric field, however, it has been suggested that the applicability of Einstein’s
relation to calculate diffusivities using mean square displacements may not be accurate.® To
accurately represent the effect of the applied field, we also calculated the diffusivity of the cations by

measuring the drift velocity as shown in Figure 4(b) (Daritt, See SI). For completeness, we compare
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these diffusivities against those calculated using Einstein’s relation (Dwmsp, Figure 4(c)). In the
absence of clusters (in the absence of CI- anions), it can be seen that both methods predict similar
diffusivities. However, for all EAS species in the clustered form, the Einstein’s method overpredicts
their diffusivities by an order of magnitude, thus highlighting the importance of considering drift

velocities to calculate diffusivities in the presence of external bias fields in nonequilibrium systems.

With the electric field, positively charged species repel each other and are driven by the field. This
causes the diffusivities of all Mg EAS in the un-clustered form to be expectedly larger by nearly two
orders of magnitude compared to the clustered morphologies. Meanwhile for all EAS, the diffusivities
in the clustered form (~1071° m?/s) are similar to the diffusivities in the absence of electric field. This
indicates the clusters locally screen the applied electric field effectively. Furthermore, here the
effective kinetics can be characterized by cluster diffusion rather than the ionic diffusion and could
lead to the formation of distinct diffusion zones (within and outside clusters). Such diffusion zones
could ensure variations in the local composition at the electrode-electrolyte interface and lead to
significant differences in deposition/dissolution reactions during charge/discharge cycles. For
completeness, we also investigated diffusion of EAS as a function of concentration and the strength
of the electric field. These studies show that as the concentration increases, the diffusion becomes
slower due large cluster sizes and bulkier diffusing species (see Figure S6). Meanwhile, a drastic
increase in the diffusivities is observed when the field is large enough (larger than 0.6 V/nm) to
prevent the formation of large, bulky clusters (see Figure S7). In a practical sense, such large fields
would only be seen at the interface of operating devices, suggesting that different clustering
distributions may be observed at the interface, which could be favorable for electrochemical

processes.
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Although experimental or computational studies of ionic clusters in the MgCl,-based electrolytes are
not available in the literature, we can still provide concise implications for the influence of ionic
clusters on the electrochemical reactions at the electrolyte/anode interface. This study focuses on
singly solvated EAS, however, in the practical battery operating conditions, these EAS co-exist in
dynamic reactive equilibrium in the solution. The anion-induced clustering is controlled by short-
range electrostatic interactions and hence is expected to be present in all MgCl>-disassociated
electrolytic systems. The clustering of the cationic species maintains the proximity of various EAS to
each other and can lead to a relatively easy transformation from one species to another and possibly
also to the formation of larger transitionary cationic complexes. This aspect of multiple co-existing
EAS in MgCl>-based electrolytes is beyond the scope of this work and will be considered in the future.
Few experimental and computational studies on MACC electrolytes in THF solvent have found that
the monomer MgCI* is a prevalent species during the initiation of Mg deposition.® 230 As a result,
the presence of MgCI" clusters may impact surface energetics and may lead to slow reaction kinetics.
Moreover, clusters in ionic liquids have been shown to dominate the capacitive properties of the
electrolyte especially at elevated temperatures, due to the cluster polarization induced higher
capacitance.3? The higher capacitance in the electric double layers at the anode surface has also been
shown to increase the impedance (and further overpotential) of Li ion batteries as well as affecting
the intercalation reactions.®* 3* Such comprehensive understanding of interfacial reactions is not yet
available for RMBs, however, is necessary to fully characterize issues affecting the SEI formation

and its impact on the battery performance.

In summary, we have performed large-scale MD simulations to investigate the ion agglomeration of
Mg?*, Mg2Cl2?*, MgCI*, and Mg.Cls* EAS and their transport behavior in MgCl.-based electrolytes

for RMBs. We found that the solvation structures of Mg EAS are not affected by the solute
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concentration. Cl™ anions tend to displace the solvent and play an important role in maintaining the
equilibrium in the monomer/dimer MgCI*/Mg2Cl,?* system. The formation of EAS clusters is highly
dependent on their solvation structures—Mg?* prefers to form small bulky clusters owing to its
isotropic solvation structures, while the other EAS tend to form chain-like clusters. These structural
differences cause the anion-bridged clusters to have a lower ionic mobility compared to their un-
clustered form. This factor could play a role in introducing distinct diffusion zones inside the
electrolyte, as well as enable control of charge and discharge rates through a judicious selection of
cluster size and variability of the clustering zones. It was further found that the diffusivity of these
clusters was weakly dependent on electric fields at low field strengths. However, very high electric
fields (> 0.6 V/nm) induced a reduction in cluster size, thus leading to faster diffusion kinetics. This
may have profound implications on the electrolyte morphology near the interfaces, where electric
field strengths tend to be high. To understand this behavior, a deeper look into the role of clusters in
electrochemical reactions at the electrode/electrolyte interface is required. Such studied will also
provide key insights into the formation mechanism of SEI layers in RMBs. Both of these areas will

be considered in future work.

METHODS

We performed all classical molecular dynamics (MD) simulations using GROMACS package.®
Tetrahydrofuran (THF) was selected to solvate all EAS and anions as a representative for ethereal
solvents.® % 14 1541 The influence of both anions and external electric field on the cationic solvation
and kinetics of EAS was also considered. Simulations in the absence of anions were performed by
substituting explicit anions with a background charge. The effect of an external electric field was
studied by applying a uniform external potential along x axis. The Generalized AMBER Force Field

(GAFF)*? was utilized to describe intra- and inter-molecular interactions of EAS? and THF* 44
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molecules (See Supporting Information for details and validation of MD simulations, a description

of explicit and implicit anions, cluster analysis, and calculations of ion diffusivities).
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CHAPTER 5:

CHARACTERIZATION OF SOLVENT CONTROLLED DIFFUSION OF
MG-CL CATIONIC COMPLEXES IN HALIDE CONTAINING
ELECTROLYTES FOR USE IN RECHARGEABLE MAGNESIUM
BATTERIES
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5.1. INTRODUCTION

The desire for cheaper and higher capacity energy storage devices has led to an increase in interest
towards the development of “beyond-Li” batteries such as magnesium (Mg) batteries. Rechargeable
Mg batteries (RMBs) with Mg metal anodes exhibit several advantages over lithium batteries, such
as high abundance of Mg in earth’s crust, high theoretical volumetric capacity (3866 mAhcm™) and
dendrite-free deposition cycles. The adoption and development of RMBs are hampered by the high
charge density of Mg?* ions which triggers the formation of ion impermeable reactive deposits formed
by solvent breakdown at anode/electrolyte interface. These solid-electrolyte interfaces (SEIs) result
in the lowered Mg?* ion kinetics and progressive loss of active Mg?* ions in the electrolyte through
the operational lifetime. To reduce growth of SEls, the solvent stability and reversibility of interfacial
reactions must be overcome. To this end, two general battery design strategies have been approached,
namely, the design of novel anode materials and development of more stable electrolytes. The high
theoretical volumetric capacity of using Mg metal anode over other anode candidates has led to great
research effort towards developing electrolytes with a higher reductive stability and lower reactivity

with Mg?* ions.

A promising endeavor is the usage of MgCl. salts added to Magnesium salt based electrolytes and its
derivatives.'"® Although the presence of free CI- in the electrolyte have shown to increase the
corrosion of current collectors, MgCl> containing electrolytes present strong recyclability towards
deposition/dissolution cycles and improved stability.*®* Some common MgCl: containing electrolytes
include Magnesium Aluminum Chloro Complex (MACC) electrolytes and mixed salt systems such
as Mg(TFSI)2-MgCl.. Magnesium Halide added to Mg(TFSI)2 containing electrolytes have shown
better performance with the improvement in performance also dependent on the halide anion used.®

Studying the speciation of the Mg-species in the electrolyte shows that the Mg?* ion is rarely formed
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when the MgCl> salt is added and instead a partially dissociated solvent stabilized Mg-Cl containing
complexes are favored. These Mg-Cl complexes called as electroactive species (EAS), are the
primary charge-carrying/reactive species during the battery operation and deposition/dissolution
reactions at the anode/electrolyte interface. Hence, a thorough understanding of the electrochemical

behavior of these Mg-EAS is a prerequisite for developing high performance electrolytes for RMBs.

A bevy of Mg-EAS complex structures have been shown to occur in solution, the selectivity of which
are generally governed by the external factors such as stoichiometry, Lewis acid present and solvent.*
579 Of the different Mg-EAS reported, two, MgCI* and Mg:Cls*, are of particular interest as they
have been the most commonly reported. Cheng et al. found that the formation of MgCI* monomer
show significant performance improvement with near 100% cyclic efficiency and good stability (up
to 3.5 V vs Mg).!° Salama and co-workers have shown the formation of MgClI* is stabilized by the
bidentate nature of DME. They hypothesize that an increase in the number of Oxygen dentate
positions can lead to a better stabilization and form larger cations, but the effect and performance of
a larger cationic species is still up for debate and may not necessarily be a positive. The authors also
point out that the improvement in electrolyte performance may not be a completely solution-based
phenomenon and may involve significant influence from surface or near surface phenomena.l!
Mandai and co-workers add that though the monomeric EAS show significant performance and is
more stable, the more unstable bridged Chlorine complex of Mg.Cls" would favorably affect the
electrochemical activity of the system.® Recent study has argued that MgCI™ is a better cationic
species for electrolyte conditioning at the anode interface but the dinuclear Mg.Cls* cationic species
has more commonly been observed.!? 13 Understanding the underlying interactions of these cationic
species and their interactions with the anionic components and solvents is a key requirement for

developing novel electrolytes for RMBs.
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In this work we perform a comprehensive profile of the transport properties of Mg-EAS solvated in
different ethereal solvents. We compare and contrast the diffusion mechanism of the cationic species,
which is controlled by the molecular weight of the solvent. The diffusion mechanism is significant in

controlling the kinetic properties of the battery.

5.2. METHODOLOGY

To study the effect of anions and electric field on cationic solvation and dynamics Molecular
Dynamics (MD) simulations were performed using GROMACS®22 for pure Electroactive Species
(EAS). The chosen EAS were MgCI* and Mg2Cls*. Five solvents, Tetrahydrofuran (THF), Glyme
(DME), Diglyme (G2), Triglyme (G3) and tetraglyme (G4) were used, as these ethereal solvents
which have shown good stability and cycling performance.® 2425 All systems were studied at 0.4M
concentrations. The effect of an external electric potential was studied by applying a range of external
potential of 0.45 V/nm in the positive X-direction and compared with simulations run on the same
initial systems with the electric potential turned off. The simulations were performed using the

Optimized potential for liquid solvents (OPLS-AA) force field.?®

5.2.1. Parameter Benchmarking and Initial System optimization

In this work diffusion of Magnesium Electroactive Species (Mg-EAS) containing chloride was
studied in five different ethereal solvents namely tetrahydrofuran (THF), glyme (DME), diglyme(G2)

, triglyme (G3) and tetraglyme (G4).

Initially, the system is parameterized to ensure accuracy of physical representation of the various
molecules by comparing with known physical quantities. Here density was used as a comparative
property. The parameters chosen for this work were able to calculate density within a tolerance of 5%

(See Table 4).
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An ion concentration of 0.4M was chosen and the simulation protocol established in Chapter 4 was
followed. The system was initially relaxed using an energy minimization performed at OK. It was
then run in an NVT ensemble at 8 different temperatures to create a sample space of 8 independent
statistical samples. These samples were then equilibrated at 298K with a short run NVT ensemble
simulation. This was then followed by a density optimization run at 298K using an NPT ensemble.
This prepares a well optimized sample which can then be simulated and studied. The final production

run is then performed using a NVT ensemble for a longer simulation time.

After the production run was performed on the Mg-EAS-G4 and Mg-EAS-G3 systems, it was found
that the minor voids that were formed coalesced to form a single large void, which was large enough
that the current state of the software considers it a vacuum. This means that these voids will be
unusable as the ions are not energetic enough to enter the void, thereby reducing the volume over

which the ions can diffuse.

To overcome this, we performed additional steps to eliminate any extra voids present in the system
before the production run. Once the density optimization was performed during the initial NPT
ensemble an NVT ensemble at a very high temperature (500K) was performed. Following this an
NPT ensemble step was run at 500K and then at 298K to eliminate all additional vacancies in the
system. Finally, some additional solvent molecules were introduced into the system to fill up all the

leftover spaces.
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Figure 5.15. Atomic structure and atom nomenclature of solvents used. (a) Dimethoxyethane
(DME/glyme); (b) Tetrahydrofuran (THF); (c) diglyme (G2); (d) Triglyme (G3); (e)Tetraglyme (G4).

Table 1. Force field parameters for Mg electroactive species (EAS).

EAS Atom q o (nm) | & (kJ/mol)

Mg +1.4021 | 0.164 | 3.68
MgCI*

Cl -0.4021 | 0.402 | 2.97

Mg +1.2621 | 0.164 | 3.68
Mg2Cls*

Cl -0.5081 | 0.402 |2.97

Table 2. Force field parameters for Tetrahydrofuran (THF).

Atom q 6 (nm) | € (kJ/mol)
Cl/C4 0.23 | 0.34 |0.45
H1/H2/H7/H8 | 0.06 | 0.247 | 0.0657
C2/C3 -0.18 1 0.34 | 0.45
H3/H4/H5/H6 | 0.06 | 0.247 | 0.0657
01 -0.58 | 0.3 0.71128
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Table 3. Force field parameters for Glyme family (DME, G2, G3 and G4).
Atom | q o (nm) | € (kJ/mol)
C1 -0.016 | 0.34 0.45
HA | 0.06 0.247 | 0.0657
C2 0.158 | 0.34 |0.45
HB 0.03 0.247 | 0.0657
O -04 0.3 0.71128

Table 3. Comparison of predicted densities of solvents and the experimental densities

Predicted density | Experimental density
Solvent
(kg/m3) (kg/m3)
THF 878 887
DME | 859 868
G2 951 937
G3 1001 986
G4 1067 1009

5.3. RESULTS AND DISCUSSION

The potential induced diffusion of Mg EAS at operating conditions for all solvents and anions was
first analyzed. The diffusivity calculation was done next using drift velocity measurements which has

been previously shown to better represent diffusion under an external bias.

Based on the density of solvents and molecular sizes, it was initially predicted that the ionic diffusivity
will reduce with increasing molecular weight and density. Solvents with larger molecular weight and
densities have steric hinderances towards mobility of solute particles. Studies have shown that in

glyme-based solvents the lower order glyme tend to prefer a diffusion process by which the solute
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moves from domains of solute-solvent aggregates and in higher order glyme it prefers diffusing
through voids and gaps in the solvents.?” Studies on supercritical water have shown that denser
solvents have more compact networks and higher tighter binds leading to smaller voids which
facilitate diffusion.?® This similar tendency can be approximated here with higher order glyme though
the relatively larger sizes of the glyme molecules and the possibility of solvent configurational
changes in larger molecules could lead to formation of larger voids aiding in the transfer of ions in
the system. Another key factor affecting the solute kinetics is the solute shape. A study of different
solute configurations in same solvents have shown that planar solutes (MgClI") tend to be more mobile

than spherical solutes (Mg2Cls*).?®

Figure 5.2 shows the diffusivities of Mg EAS in THF, monoglyme, diglyme, triglyme and tetraglyme.
The predicted decrease in diffusivity from THF to triglyme, tetraglyme is observed for both cations.
The diffusivity of THF is higher than the higher order glyme systems due to the diffusion process.
The diffusion mechanism of THF is like the diffusion in lower order glymes mentioned previously.
This process of cation moving from one solute-solvent agglomeration to another in THF has been
previously reported by us and the effect of this mechanism on the rate of ionic clustering has been

discussed.

DME shows a different behavior and this study shows that the diffusivity in DME is higher than THF,
contrary to our previous hypothesis. All diffusivities are in the same order of magnitude (101° m2/s)

and compare well with previous results. -3
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Figure 5.16. Mg-EAS diffusivity (x10" m?/s) in THF, DME, G2 and G3 at 0.4M concentration and
0.45 V/nm electric field

The increase in ionic diffusivity in DME based systems is related to the number of ligand-dentate
sites on the solvent molecules. Here the dentate sites are the ethereal oxygen present in the solvent.
THF has one dentate site and DME has two sites. Every Mg in the cations studied have an odd number
of ligand vacancies (3 for Mg>Cls* and 5 for MgCI™). This implies that there will be between 3 to 5
oxygen sites around each Mg thereby increasing the probability of incomplete coverage from DME
due to the inability of complete DME molecules to cover all ligand sites unlike THF. It raises the
hypothesis that this incomplete DME coverage will allow for easier displacement of solvent
molecules even though DME is denser and heavier. As previously stated, the diffusion in THF and
DME are through the solute moving through by displacing the solvent the ease of solvent

displacement can lead to better diffusivity as can been seen from our results.
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Volumetric density functions to calculate the coverage of THF and DME around the cations was
performed. The figure below shows the calculated VDF for Mg2Cls" systems. At the same iso values
the coverage for DME (blue) is much lesser than the coverage for THF (red). This adds credence to
the hypothesis. A similarly higher diffusivity is not observed in diglyme though it has been shown to
favor diffusion through solvent displacement which highlights that there may be limit at which the

solvent density may play a bigger role than the solvent coverage.

Figure 5.17. Spatial density Function of (a) THF and (b) DME around Mg:Cls" at iso value of 0.02.

The shape of the cation also has significant implications on the ionic mobility. The diffusivities of
MgCI* is higher than Mg2Cls*. This increase in diffusivity can be attributed to the smaller size of the
cation as well as the changes in configuration mentioned earlier. The planar structure of MgCI™ helps
the cation to better occupy voids without rearranging the surrounding solvents relative to Mg.Cls".
The impact of this can be further seen in higher order glyme systems for both cations where the
diffusivity of Mg2Cls* decreases from diglyme whereas in MgCI* there is a slight increase. The higher
density and longer chains of tri- and tetraglyme mean that solvent networking structures are extensive
with possibility of voids of different sizes. The spherical configuration of Mg2Cls™ makes it bulkier
and reduces the number of voids occupiable. The lesser energy requirements for MgCI*™ mobility can

also be an additional cause for its increased selective presence in higher order glymes.3
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5.4. CONCLUSION

In summary, large scale molecular dynamics simulations were performed to investigate the role of
solvents and anions on the ion agglomerations in halide containing Mg electrolytes. Two distinct
diffusion mechanisms were exhibited based on the weight of the solvent. The lighter solvents THF
and DME enable displacement diffusion which is faster. The heavier solvents G2, G3 and G4 all
exhibit void diffusion. The diffusivity of Mg-EAS in DME is higher than in THF due to the
multidentate nature of DME which leads to lesser number of DME molecules around the cation
enabling easier displacement compared to monodentate THF. Characterizing the diffusion process is
important to understand the transport and kinetic performance of RMBs. Further studies must be
performed at elevated temperatures to characterize the effects on the diffusivity and further work
involving a combination of anions need to be carried out to better understand realistic working

conditions of RMBs.
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CHAPTER 6:
SOLVENT AND ANION CONTROLS ON ANION BRIDGED IONIC
CLUSTERING OF MG-CL CATIONIC COMPLEXES IN HALIDE
CONTAINING ELECTROLYTES FOR USE IN RECHARGEABLE
MAGNESIUM BATTERIES
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6.1. INTRODUCTION

Rechargeable magnesium batteries are a promising alternative to the existing Li-ion battery
technologies due to the high energy density and low production cost.! To ensure commercial viability
of RMB technologies several challenges must be solved regarding the electrochemical behavior of
the various components of the battery. One such important problem involves development of stable
and efficient electrolytes. To aid in this development a thorough understanding of the underlying
electrolytic structures is important. The higher charge density of Mg?* compared to Li* leads to
complex electrochemical behavior in the electrolytes.’ ? This causes a significant tendency to form
local clusters and larger agglomerates. These clusters and agglomerates affect the performance of the
electrolyte and may govern the various electrochemical pathways in the battery. Hence to develop

better electrolytes an understanding of the ionic cluster and agglomerates is necessary.

One promising electrolyte candidate for RMBs is chloride containing electrolyte. It has been shown
that due to the high charge density on Mg?*, Mg tends to form complex species which are the main
charge carrying component of the electrolyte. These are called electroactive species. These EAS are
the main charge carrying components. Work has been done to show the existence of Mg-Cl
complexes such as MgCI*, Mg.Cls* which have been shown to be the most common EAS in Mg
battery electrolytes.®’ Studies have shown the Mg-Cl cationic complexes are stabilized by the
surrounding solvent. Hence, an in-depth analysis of the cation — anion — solvent interaction is

necessary.

Its stability against metallic magnesium limits the choice of solvent. Ethers are the most employed.®

Despite their low dielectric constant, Ethers work well in dissolving and creating charge carriers,
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despite their low dielectric constant, which is explained by the redissociation phenomena.’
Commonly used tetrahydrofuran (THF) is found to work well with many salts; however, the bulkier
structure of the ring limits its coordination abilities. Hence, multidentate glymes (CH30-(C2H4O)n-
CHpg) are widely applied to increase the solubility of Mg-salts. The flexibility of glymes allows them
to wrap tightly around the cations and adopt to different conformations, resulting in strong solvating
abilities.!® Glyme length determines the properties of the electrolyte which change with an increase
of glyme length, thus higher denticity of the solvent. The shortest, monoglyme (DME), was
commonly used many times instead of THF, and did not show problems with desolvation of Mg?* at
the electrode. Also, longer glymes, up to tetraglyme (G4), have been used successfully, although
some increase in over potential is observed.’®? In general, an increase in glyme length gives a
(desired) lower volatility of the electrolyte, but at the cost of higher viscosity and slower transport

kinetics.1® 1315

The complexity of the cation-anion-solvent complexes are further compounded by the presence of
ionic clusters formed within the system. lonic cluster formation in other ionic electrolytes have been
proposed due to discrepancies between experimental and theoretical results.*® Experiments have been
used directly or indirectly observe ion cluster formations in simpler electrolytes.'” 8 Simulations have
been performed on NaCl solutions at both ambient and supercritical conditions to observe ion cluster
formation and further analyze the impact of the clusters formed.'® 1% 2% In the previous it has been
shown using Molecular Dynamics (MD) that ionic clustering occurs in Mg-Cl systems which
significantly affect ionic mobility and ionic solvation and this study is used to further.?! Similar ion
agglomerations have been shown to trigger side reactions at the anode-electrolyte interfaces in Mg
batteries.> 22 The agglomeration of Mg?*-BH4™ clusters in Mg(BHa)z-based electrolytes for RMBs

show lowered solubility as confirmed both experimentally and theoretically.?®2° The presence of ion
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clusters have also shown to improve the Ca?* surface deposition by enabling the presence of CaBH4*
cationic species in Calcium ion batteries.? Hence accounting for the ionic clustering in Mg-
electrolytes is important gaining a thorough understanding of the underlying interactions in

electrolyte performance

Here my work shows the existence of ionic clusters in all the solvents used, and, that the clustering
mechanism has two components, the solvent effect and anion effect. The solvent effect is more
dominant in the heavier solvents while the anion effect plays a more significant role in the lighter
solvents. The monodentate THF shows lower clustering compared to the multidentate glyme family
due to the need for anions to displace more solvent molecules in THF. A comprehensive
understanding of the cluster controls is useful in understanding and characterizing the role of the ionic

clusters during battery operation.

6.2. METHODOLOGY

All MD simulations were performed using GROMACS Molecular Dynamics Package.?’*2 Two
cationic EAS were chosen. Five solvents Tetrahydrofuran (THF), Glyme (DME), Diglyme (G2),
Triglyme (G3) and Tetraglyme (G4) were used. One strongly interacting (CI") and one weakly
interacting (AlICl4) anion were chosen. The system was simulated at three concentrations, 0.2 M, 0.4
M and 0.6 M. All atomic parameters were derived from the all-atom optimized potentials for liquid
solvents (OPLS-AA) force field.3® All force field parameters have been provided in the previous
chapter. A simulation box size of 8 nm x 8 nm x 8 nm was used. A cut off distance of 1 nm was used

for the Lennard — Jones Potential. The electrostatic interactions were mapped using Particle Mesh

88



Ewald (PME) with a cut off of 1 nm and a Fourier grid spacing of 0.12 was used. Periodic Boundary

conditions were applied in all directions.

Energy minimization was initially performed for all simulations. This was followed by 100 ps of
NVT simulations followed by 100 ps of NVT at an elevated temperature of 500 K was performed to
remove all voids. This was followed by 500 ps of NPT simulations to optimize density calculations.
A forced declustering step was run for 500 ps to capture initial clustering kinetics. A final production
run was done for 16 ns and analysis was performed on 12 ns. The coordinates, forces, velocities and
energies were recorded for every 0.1 ps along the MD trajectory. The output was visualized using

VMD.

6.3. RESULTS AND DISCUSSION

6.3.1. Clustering in electrolytes containing ethereal solvents

Analysis of ion agglomerations of Mg-EAS under operating and equilibrium conditions was
performed. The cation-cation coordination numbers were measured and tracked for concentrations of
0.2 M, 0.4 M and 0.6 M. Figure 6.1-6.4 shows the formation of Mg EAS clusters investigated by
tracking the coordination number of the EAS-EAS pairs. The coordination number of EAS-EAS
(Neas-eas) pairs points is either increasing or is stable above 1 for all electrolyte systems studied. This
indicates that there are significant cation-cation interactions that lead to the formation of ion clusters.
The formed clusters show a tendency to persist in size and stabilize around 7 ns of production run.
Minor fluctuations were observed in the coordination numbers which are caused due to ion migration

from one cluster to another. The mapping of these individual clusters is hard as there are no sharp

89



cluster boundaries to define. This has increased the complexity of understanding the behavior and

effect of the ion clustering in the electrolytic performance.

The presence of the ionic clusters at all concentrations indicates the tendency of the ions to
agglomerate and this implies that understanding the clustering process is a requirement to develop
electrolytes for RMB. The effect of the concentration is not as pronounced as would be expected
because of the distance cut-offs selected in this work which only looks at the immediate neighborhood

of the cation.
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Figure 6.18. lon pairing in halide containing Mg electrolytes. (a,c,e) Average Mg.Cls*-Mg.Cls™
coordination numbers with AICIl4 anion under constant electric field of 0.45 V/nm at 0.2M (a), 0.4M
(c) and 0.6M (e). (b,d,f) Average Mg.Cls"™-Mg.Cls™ coordination numbers at equilibrium conditions
at 0.2M (b), 0.4 M(d) and 0.6M (f)
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Figure 6.19. lon pairing in halide containing Mg electrolytes. (a,c,e) Average Mg2Cls*-Mg2Cls*
coordination numbers with CI- anion under constant electric field of 0.45 V/nm at 0.2M (a), 0.4M (c)
and 0.6M (e). (b,d,f) Average Mg>Cls*-Mg2Clz™ coordination numbers at equilibrium conditions at

0.2M (b), 0.4 M(d) and 0.6M (f).
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Figure 6.20. lon pairing in halide containing Mg electrolytes. (a,c,e) Average MgCl*-MgCI*
coordination numbers with AICl4~ anion under constant electric field of 0.45 V/nm at 0.2M (a), 0.4M
(c) and 0.6M (e). (b,d,f) Average MgCIl*-MgCI* coordination numbers at equilibrium conditions at
0.2M (b), 0.4 M(d) and 0.6M (f)
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Figure 6.21. lon pairing in halide containing Mg electrolytes. (a,c,e) Average MgCl*-MgCI*
coordination numbers with CI" anion under constant electric field of 0.45 V/nm at 0.2M (a), 0.4M (c)
and 0.6M (e). (b,d,f) Average MgCI*-MgCI* coordination numbers at equilibrium conditions at 0.2M
(b), 0.4 M(d) and 0.6M (f).

94



6.3.2. Solvent effects on ionic clustering

The role of solvents in the clustering of the ions has been previously reported for Li-ion systems.
Morales et al. have previously studied the role of the solvent, primarily the ethereal solvents of the
glyme family on their role in the clustering of LiPFs containing electrolytes.!* They have reported
that as the chain length reduces the ion association increases. The increase in association is related to
the reduced solvation of the ions in DME as compared to heavier solvents such as G4. The reduced
solvation is shown to form small nano phases of the ions that can increase agglomeration. lon
clustering has shown to improve battery performance in Sodium ion batteries by reducing the

possibility of anion degradation reactions which facilitate faster electrolyte breakdown.>*

Next a comparative study of the clustering rates among different solvents was taken up and lead to
the finding that the clustering rates for THF was the lowest. This shows that THF tends to shield the
cations better. The increased shielding of THF compared to the glyme-family of solvents can be
associated with the large ring structure of the THF which along with the single oxygen present in the
molecule causes the formation of three large structures that cover the octahedral sites of the cation.
This means that for the formation of larger clusters more THF molecules must be displaced compared
to the other glymes. The high EAS-EAS coordination observed in DME is due to the relative ease of
the anion displacing DME which can be caused due to the lower coverage of the EAS observed in the
previous chapter. This lower coverage can aid in the increased association observed in Li-ion

batteries.

The process of declustering that was performed prior to the start of the production run was not
effective towards the heavier glyme systems. This can be observed from the near stationary
coordination rates over the course of the simulation. The inability of the declustering step to separate

the cationic species is due to the tight networking of the solvents. The heavier glymes tend to make
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the cationic species undergo void diffusion. VVoid diffusion tends to be slower than displacement
diffusion and thus the amount of time for the declustering was insufficient to complete the separation
of the ionic species. The lowered mobility of the ions and the increased trapping by the solvent matrix
leads to forced ion-clustering. This compares well with work done by Morales et al. where, as
temperature increases the ion pairing reduces. This may be due to the increased ease of the diffusion

mechanism caused by the formation of larger voids.

6.3.3. Anion effects on clustering

Next, I looked at the role of the anion on the clustering process. From Figures 6.1-6.4 we can see that
ion pairing is much higher for the CI~ anion compared to the AICl4 anion. It can still be seen that ion
pairing occurs in both the anionic systems. The two anions selected in this work were done so to
represent weakly coordinating anions (AlCls") and strongly coordinating anions (CI). In the weakly
coordinating anionic system, the ionic coordination increases as the size of the glyme increases. This
IS because, beyond the impact of the anions, the solvent plays a more significant role in trapping the
ionic system ensuring higher coordination. Though coordination is lesser for THF and DME we can
see that the clustering increases over time. This shows that though AICIl4 is weakly coordinating, the
electrostatic interactions between the cation and the anion are sufficient to overcome the cationic

repulsions.

For the strongly coordinating anionic system all solvents studied showed significant clustering.
Though the higher clustering in the heavier glymes could be associated with the solvent effect the
higher coordination numbers compared to AICls systems indicate that the CI™ anion aids in the
increased clustering. To better separate the two effects for the studies, must be performed at higher
temperatures to reduce the impact of the solvent. For the THF and DME the clustering rate is higher

than the clustering rate with AICls showing that the CI™ aided clustering process can affect the
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solvation of the solute and reduce mobility of the ion. It is also seen for MgCI™ cationic systems the
clustering in DME is much higher than in the other solvents. The increased clustering for MgCI* can
be associated to the morphology of the clustering as observed in Chapter 4. The formation of
branched chains leads to more cations close to each other, hence skewing the coordination numbers
to much higher levels. The lowered coordination of cations in THF is due to the solvent effect caused
by the increased cost in displacing three monodentate THF molecules compared to one or two

multidentate glymes.

The role of clusters in the deposition / dissolution mechanism at the anode-electrolyte interface is an
increasingly studied question. Previous work has shown that the presence of more than one type of
anion can aid in driving the two-way process.® These systems contain one strongly coordinating and
weakly coordinating anion, and these two anions show a cooperative behaviour with the weakly
coordinating anion aiding deposition cycle and the strongly coordinating anion aiding the dissolution
cycle. The observance of both types of anions at the anode electrolyte interface shows that though the
strongly coordinating anion is much better at clustering, the weakly coordinating anion is still present
at the interface. This implies that the role of the solvent in the clustering process is more significant

than what has been discussed in this work and needs to be further investigated.

6.4. CONCLUSION

In summary, performed large scale molecular dynamics simulations to investigate the role of solvents
and anions on the ion agglomerations in halide containing Mg electrolytes. The simulations helped
to conclude that the heavier glymes aided in ion clustering by trapping ions together, whereas THF
and DME allow for clustering by displacement of the solvent molecules. The role of the anion was

also shown to be significant and the nature of the anion affected clustering rates. It was also seen that
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it was hard to separate the effect of the anion and the solvent in the clustering process and a
combination of the two is what contributes to clustering. Understanding the underlying nature of
cluster formations and cluster controls is important to develop better electrolytes for RMBs. Further
studies have to be performed to better separate the various interactions that control clustering and this
may provide key insights into the deposition/dissolution mechanism at the anode-electrolyte

interfaces.

REFERENCES

1. D. Aurbach, H. Gizbar, A. Schechter, O. Chusid, H. E. Gottlieb, Y. Gofer and |. Goldberg,
Journal of The Electrochemical Society, 2002, 149, A115-A121.

2. C. B. Bucur, T. Gregory, A. G. Oliver and J. Muldoon, The Journal of Physical Chemistry Letters,
2015, 6, 3578-3591.

3. E. V. Brouillet, M. Amores, S. A. Corr and S. D. Robertson, Inorganic Chemistry Frontiers,

2020, DOI: 10.1039/C9QI01606F.

4, E. V. Brouillet, A. R. Kennedy, K. Koszinowski, R. McLellan, R. E. Mulvey and S. D. Robertson,
Dalton Transactions, 2016, 45, 5590-5597.

5. P. Canepa, S. Jayaraman, L. Cheng, N. N. Rajput, W. D. Richards, G. S. Gautam, L. A. Curtiss,
K. A. Persson and G. Ceder, Energy & Environmental Science, 2015, 8, 3718-3730.

6. M. Salama, I. Shterenberg, H. Gizbar, N. N. Eliaz, M. Kosa, K. Keinan-Adamsky, M. Afri, L. J.
W. Shimon, H. E. Gottlieb, D. T. Major, Y. Gofer and D. Aurbach, The Journal of Physical Chemistry C,
2016, 120, 19586-19594.

7. P. Jankowski, J. M. G. Lastra and T. Vegge, Batteries & Supercaps, 2020, 3, 1350-1359.

8. Z. Lu, A. Schechter, M. Moshkovich and D. Aurbach, Journal of Electroanalytical Chemistry,
1999, 466, 203-217.

98



9. J. Self, N. T. Hahn, K. D. Fong, S. A. McClary, K. R. Zavadil and K. A. Persson, The Journal of
Physical Chemistry Letters, 2020, 11, 2046-2052.

10. Y. Cheng, R. M. Stolley, K. S. Han, Y. Shao, B. W. Arey, N. M. Washton, K. T. Mueller, M. L.
Helm, V. L. Sprenkle, J. Liu and G. Li, Physical Chemistry Chemical Physics, 2015, 17, 13307-13314.

11. R. Jay, A. W. Tomich, J. Zhang, Y. Zhao, A. De Gorostiza, V. Lavallo and J. Guo, ACS Applied
Materials & Interfaces, 2019, 11, 11414-11420.

12. F. Tuerxun, Y. Abulizi, Y. Nuli, S. Su, J. Yang and J. Wang, Journal of Power Sources, 2015, 276,
255-261.

13. G. Horwitz, M. Factorovich, J. Rodriguez, D. Laria and H. R. Corti, ACS Omega, 2018, 3, 11205-
11215.

14. D. Morales, R. E. Ruther, J. Nanda and S. Greenbaum, Electrochimica Acta, 2019, 304, 239-
245.

15. C. Zhang, A. Yamazaki, J. Murai, J.-W. Park, T. Mandai, K. Ueno, K. Dokko and M. Watanabe,
The Journal of Physical Chemistry C, 2014, 118, 17362-17373.

16. G. Ren, R. Shiand Y. Wang, The Journal of Physical Chemistry B, 2014, 118, 4404-4411.

17. C. Frege, |. K. Ortega, M. P. Rissanen, A. P. Praplan, G. Steiner, M. Heinritzi, L. Ahonen, A.
Amorim, A. K. Bernhammer, F. Bianchi, S. Brilke, M. Breitenlechner, L. Dada, A. Dias, J. Duplissy, S.
Ehrhart, I. EI-Haddad, L. Fischer, C. Fuchs, O. Garmash, M. Gonin, A. Hansel, C. R. Hoyle, T. Jokinen,
H. Junninen, J. Kirkby, A. Kiirten, K. Lehtipalo, M. Leiminger, R. L. Mauldin, U. Molteni, L. Nichman,
T. Petdja, N. Sarnela, S. Schobesberger, M. Simon, M. Sipild, D. Stolzenburg, A. Tomé, A. L. Vogel, A.
C. Wagner, R. Wagner, M. Xiao, C. Yan, P. Ye, J. Curtius, N. M. Donahue, R. C. Flagan, M. Kulmala, D.
R. Worsnop, P. M. Winkler, J. Dommen and U. Baltensperger, Atmos. Chem. Phys., 2018, 18, 65-79.

18. N. Molinari, J. P. Mailoa and B. Kozinsky, Chemistry of Materials, 2018, 30, 6298-6306.

19. Z. He, H. Cui, S. Hao, L. Wang and J. Zhou, The Journal of Physical Chemistry B, 2018, 122,
5991-5998.

20. S. Murad, The Journal of Chemical Physics, 2011, 134, 114504.

99



21. V.Vasudevan, M. Wang, J. A. Yuwono, J. Jasieniak, N. Birbilisand N. V. Medhekar, The Journal
of Physical Chemistry Letters, 2019, 10, 7856-7862.

22. P. Canepa, G. Sai Gautam, D. C. Hannah, R. Malik, M. Liu, K. G. Gallagher, K. A. Persson and
G. Ceder, Chemical Reviews, 2017, 117, 4287-4341.

23. R. Mohtadi, M. Matsui, T. S. Arthur and S.-J. Hwang, Angewandte Chemie International
Edition, 2012, 51, 9780-9783.

24. D. Samuel, C. Steinhauser, J. G. Smith, A. Kaufman, M. D. Radin, J. Naruse, H. Hiramatsu and
D. J. Siegel, ACS Applied Materials & Interfaces, 2017, 9, 43755-43766.

25. O. Tutusaus, R. Mohtadi, T. S. Arthur, F. Mizuno, E. G. Nelson and Y. V. Sevryugina,
Angewandte Chemie International Edition, 2015, 54, 7900-7904.

26. N. T. Hahn, J. Self, T. J. Seguin, D. M. Driscoll, M. A. Rodriguez, M. Balasubramanian, K. A.
Persson and K. R. Zavadil, Journal of Materials Chemistry A, 2020, 8, 7235-7244.

27. M. J. Abraham, T. Murtola, R. Schulz, S. Pall, J. C. Smith, B. Hess and E. Lindahl, SoftwareX,
2015, 1-2, 19-25.

28. H. J. C. Berendsen, D. van der Spoel and R. van Drunen, Computer Physics Communications,

1995, 91, 43-56.

29. V. D. S. David, L. Erik, H. Berk, G. Gerrit, M. A. E. and B. H. J. C., Journal of Computational
Chemistry, 2005, 26, 1701-1718.

30. B. Hess, C. Kutzner, D. van der Spoel and E. Lindahl, Journal of Chemical Theory and
Computation, 2008, 4, 435-447.

31. E. Lindahl, B. Hess and D. van der Spoel, Molecular modeling annual, 2001, 7, 306-317.

32. S. Pronk, S. Pall, R. Schulz, P. Larsson, P. Bjelkmar, R. Apostolov, M. R. Shirts, J. C. Smith, P.
M. Kasson, D. van der Spoel, B. Hess and E. Lindahl, Bioinformatics, 2013, 29, 845-854.

33. W. Junmei, W.R. M., C.J. W,, K. P. A. and C. D. A., Journal of Computational Chemistry, 2004,
25, 1157-1174.

100



34. H. Kumar, E. Detsi, D. P. Abraham and V. B. Shenoy, Chemistry of Materials, 2016, 28, 8930-
8941

35.  J.G. Connell, M. Zorko, G. Agarwal, M. Yang, C. Liao, R. S. Assary, D. Strmcnik and N. M.

Markovic, ACS Applied Materials & Interfaces, 2020, 12, 36137-36147

101



CHAPTER 7:
CONCLUSIONS AND FUTURE WORK
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7.1. CONCLUSIONS

In this thesis | have presented a new insight into understanding the fundamental electrolytic structures
that influence and control the performance of halide containing electrolytes for use in Rechargeable
Magnesium Batteries. My work highlighted key interplay between cations, anions and solvents in the
bulk electrolytic systems under the influence of external electric fields to mimic realistic operating

conditions.

7.1.1. Gap in literature

Halide-containing electrolytes have shown to be an extremely promising candidate for use in RMBSs,
due to their relatively higher stability and lower overpotential. Though it has been shown to have a
high-performance characteristic, it has been highlighted that the use of these electrolytes has some
fundamental drawbacks to it. These include the use of the corrosive Chloride anion and the complex
chemistry caused by the high charge density on the Mg2+ cation. Furthermore, the characterization
of these electrolytes shows that contrary to expectations, the large charge density on Mg causes the
formation of larger multi-atomic cationic complexes rather than the simpler and smaller Mg?* cation.
Added to this, the exact cationic species present was hard to identify and it was found to be in a
dynamic equilibrium between multiple species with the direction of the equilibrium controlled by
various factors including stoichiometry, nature of solvent used, the anion present and external factors
including operating and ambient conditions. To address this issue, work has been done to characterize
the role of the cationic species and understand the solvation structure in the electrolyte. To this extent
work has been done on determining the solvation properties of the various cationic species in different

solvents. But the question of the solvation structure and its impact on the performance of the
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electrolyte, not only about the electrochemical reactions at the anode-electrolyte interfaces, is yet to

be studied.

7.1.2. Cationic solvation and ionic clustering

Addressing the issue of the cationic solvation structure, | used large scale MD studies to perform a
comprehensive solvation structure study on four Mg-Cl complex cationic species, namely Mg,
MgCI* and its reversible dimer Mg.Cl>** and Mg2Cls* in the ethereal solvent THF. | was to able to
observe that if a larger solvation structure was studied, there was agglomeration of the cationic species
in the electrolyte bridged by the anions. These larger agglomerations had not been reported before
and may play an important role in the electrochemistry of the battery. The morphology of the ionic
agglomerations was controlled by the structure of the cationic species. The isotropic Mg?* formed
bulky globular clusters while the anisotropic MgCl*, Mg2Cl,** and Mg.Cls* formed linear chains with
the MgCI" cation forming branched chain structures due to the availability of more octahedral ligand

sites.

7.1.3. lonic mobility

The existence of the clustering species indicated a possibility that these agglomerations influence not
only the solvation and electrochemistry, but also the working performance of the electrolyte by
affecting the mobility of the ions. To this extent, compared the diffusivity of the cationic species in
the clustered and unclustered electrolytic systems. The unclustered system was formed by removing
the bridging anions which helped form the clusters. To calculate the diffusivity in a non-equilibrium
condition caused by the external electric field, the work implements a drift velocity-based method
instead of the traditional Einstein’s method. It was found that when the ions were clustered, even

under a very high electric field the mobility of the ions was lower by an order of magnitude and were
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like mobilities calculated in equilibrium conditions. This indicated that cluster diffusion dominated
over ionic diffusion and hence the clusters play a more significant role in the performance of the

battery than had been previously studied.

7.1.4. Solvent influence on the mobility

After establishing the influence of the cationic clustering on the transport properties of the electrolyte,
it was dersired to qualify and quantify the role of the solvents used. To this effect, other commonly
used ethereal solvents of the glyme family namely monoglyme (DME), diglyme (G2), triglyme (G3)
and tetraglyme (G4) were taken up for study. These studies led to the conclusion that there exists two
distinct diffusion regimes each controlled by a different diffusion mechanism. The lower molecular
weight solvents whose molecular weights are lesser than or close to the molecular weight of the
cations enabled the faster displacement diffusion, in which the solvent molecules were pushed away
from their position and the cation moved into the vacancy formed. Furthermore, the ease of displacing
the solvent molecules was affected by the coverage of the solvent around the cations which was
determined by the denticity of the solvent molecule. The denticity of the solvent molecule is
determined by the number of the Oxygen ligand sites that can attach to the cationic species. For the
heavier solvents, the cations underwent the process of void diffusion, where the cations jumped from

one void formed by the interlinking of the solvent molecules to another void in the solvent matrix.

7.1.5. Anion and solvent control on clustering

Necessity to further the understanding of the cluster formation and possible underlying controls for
the clustering mechanism became important. A comparison of various solvents introduced in the
previous studies was done and it was found that the heavier solvents forcibly held the clusters together

by trapping the ionic species closer to each other. To further elucidate the influence of the solvents,
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a weakly interacting anion, AICl4", was introduced and compared to the clustering rates formed when
the strongly interacting CI~ anion was used. It was shown that the CI- enabled faster clustering

compared to AICl4 and this anion-controlled clustering was more influential in the lighter solvents.

7.2. FUTURE WORK

7.2.1. Temperature effect on clustering

The role of the solvent, anion and cation in the cluster formation and its impact on the transport
properties of the electrolyte have been established. To further improve the understanding of the
clustering process, one would need to include other external conditions such as temperature. Since
battery operations occur at a higher temperature than ambient and the batteries are used in a wide
range of scenarios with vastly varying temperatures, it is important to rigorously study the role of

external influence on the electrolytic behavior.

7.2.2. Mixed ionic systems

It has been established that the different cationic complexes are present in a dynamic equilibrium
indicating that multiple cationic species are present at the same time. Furthermore, MgCl: is not used
individually to reduce the possibility of atomic Cl which is highly corrosive, and it is used as an
additive to another Mg salt electrolyte usually containing a weakly interacting anionic species such
as AlCls, TFSI  or PFe". Thus, a thorough analysis of the various cation-anion mixtures containing
different cationic and anionic species is necessary to thoroughly map the cation-anion-solvent
interaction landscapes which can help in better designing commercially viable electrolytes for use in

RMB:s.
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7.2.3. Anode-electrolyte interphase studies

Finally, once the bulk interactions are mapped, the studies must be shifted towards the interphase
where the bulk of the electrochemical processes take place. This will provide valuable insights into
not only the working mechanism of the RMB but will also generate new understanding of the causes
of the Solid-electrolyte interface (SEI) and techniques that may be used to counter the formation of

the SEI or at best control the nature of the SEI formed.

7.3. SUMMARY

In summary, this thesis has elaborated on the different influencing species present in the halide
containing electrolytes for use in RMBs and the underlying structures and mechanisms that influence
the performance of the electrolyte and the battery using large scale Molecular dynamics simulations
which has provided key insights that will be useful in developing stable electrolytes for commercially

viable Rechargeable Magnesium Batteries.
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S1. DETAILS OF MOLECULAR DYNAMICS (MD) SIMULATIONS

All MD simulations were performed using the Generalized AMBER Force Field (GAFF).! The GAFF
parameters developed for Mg electroactive species (EAS) by Canepa et al.? were used in the present
work. The tetrahydrofuran (THF) parameters from van der Spoel et al.® % were used and benchmarked
by measuring the density of THF at 300K. All the force field parameters are given in Table S1-S2.
The Lorentz-Berthelot combining rule was utilized to describe the non-bonded cross-term interaction
between EAS and THF. Bond length constraints were applied for the electroactive species using the
LINCS algorithm.> The simulation box size of 4 nm x 4 nm x 4 nm were used in all simulation
models. Each simulation system consists of 1 Mg salt molecule and 510 THF molecules for infinite
dilution studies and 23 Mg salt and 490 THF molecules for simulations at 0.4 M concentration. The
cut-off distance of 1.0 nm was used for Lennard-Jones potential. The Columbic potential was
measured using Particle Mesh Ewald (PME)® with a cut-off distance of 1.0 nm and Fourier grid
spacing of 0.12. The neighbor list was updated every 0.01 ps within 1.0 nm. Periodic boundary

conditions were applied in all directions.

We started MD simulations by initial energy minimization, followed by 100 ps of NVT simulation
and 500 ps of NPT simulation with an integration time step of 0.001 ps. All the simulation systems
were finally maintained at 298 K using the Nose—Hoover thermostat for 4 ns to collect simulation
data.” A time constant of 0.2 ps was applied for the temperature coupling. To study the impact of an
external electric field, two scenarios were chosen, (1) a constant external electric field ranging 0.45
V/nm was applied along x axis for simulating the operating conditions and (2) no external electric
field was applied (0 VV/nm). We also considered other field strengths 0.2, 0.6, 0.8 and 1.0 VV/nm to
further understand the impact of the field strength on the kinetics of the ionic species. The coordinates,

forces, velocities and energies were recorded for every 0.1 ps along the MD trajectory. The output
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was visualized using VMD?® and the analysis of MD trajectories was performed using standard tools

within VMD. The ionic spatial distribution was calculated using the GROMaps tool.’

To study the influence of anion, we also used two methods to study the anion effect on the solvation
structures of distinct EAS, including (1) the explicit presence of ClI™ in the system and (2) replacement
of the CI" by a background charge which influences the system by applying a force on each individual
molecule. The second method approximates a system in which the cation and anion are separated by
a large distance, or by a physical impervious wall across which the short-range ordering owing to van

der Waals interactions are absent.

S2. VALIDATION OF MOLECULAR DYNAMICS SIMULATIONS

To ensure the accuracy of our simulation models of the electrolyte system, the force field parameters
for THF were benchmarked by comparing the predicted density after equilibration to the experimental
value. We set the density of THF as the benchmark since that the physical properties of solvents
determine the solvation structures and mobility of Mg EAS in the electrolyte. The density of THF
was calculated by running an equilibration run in a box of 4 nm side with periodic boundary
conditions for 500 ps. As shown in Figure S1, the calculated density of THF (0.878 g/cm?) is very

close to the experimental value (0.889 g/cm®).

To benchmark the EAS parameters, we identify the number of THF molecules in the vicinity of the
EAS, namely THF coordination numbers of various Mg EAS (see Table S3) at infinite dilution. It
was found that in the absence of an anion the expected 6 THF molecules were found around Mg.Cls".
For MgCI*, we obtain THF coordination number of 4 rather than the full Mg octahedral 5 THF

ligands, possibly because of the solvated, mobile nature of Mg EAS. There is a possibility of lower
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THF coordination due to the intrinsic stabilization by the second solvation shell. Our evaluated THF

coordination numbers of various Mg EAS are the same as those obtained by Canepa et al®.

S3. CLUSTER ANALYSIS

The cluster analysis was performed in the simulation box of 8 nm x 8 nm x 8 nm. Such larger system
size was used to ensure a sufficient number of clustering species. All simulation models were first
optimized by using energy minimization, followed by 500 ps of NVT equilibration and 1 ns of NPT
equilibration. The production NVT was run for 16 ns and the data selected was from the first 12 ns
as sufficient clustering had been observed. These simulations were performed at different
concentrations of 0.1 M, 0.2 M and 0.4 M, with 4500 THF molecules and 50, 100 and 200 Mg salts
respectively, as well as with and without the applied electric field. The clustering was measured by
counting the number of CI, THF and EAS within 0.4 nm, 0.5 nm and 0.8 nm of each EAS
respectively. The coordination numbers of EAS-CI, EAS-EAS and EAS-THF pairs were collected
for every 0.1 ns and the coordination number was averaged over all EAS residues with respect to the
stoichiometric ratios. The averaged coordination number of EAS-THF pair during cluster formation

was normalized by the evaluated coordination number without anion (see Table S3).

Prior to cluster analysis it was found that the process of ion pairing starts occurring during the
equilibration of the system. This leads to significantly pre-clustered systems even before final
production runs, which makes it difficult to isolate the competing electrostatic interactions among
EAS, CI" and THF and to study the kinetics of cluster formation. To overcome such limitation, we
performed an additional 100 ps of NVT run between the initial equilibration and the final NVT run,
during which we turned off all electrostatic interactions between Cl-and the EAS allowing for a nearly

complete separation of anions and cations. This segregated phase has been labelled as ‘de-clustered’
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in this work. The de-clustered phase is the prevalent phase for 0.5 ns, which was then followed by
rapid ion pairing and agglomeration. The cation-anion pairs increase with the presence of other EAS
near the cations (Fig 2a, S4a, S5a, S5b) leading to cluster formation and their plateau values around
7 ns, and this phase is labelled ‘clustered’. Due to the strong electrostatic interactions between the
cation and anion, the clustered phase is the dominant phase for majority of the simulation time (>3

ns).
S4. CALCULATION OF ION DIFFUSIVITY IN THE MGCL2-BASED ELECTROLYTE

To account for the randomization of the initial system sampling for diffusivity calculations, we
performed seven statistically independent simulations to sample the phase spaces. This was achieved
by adding an extra NVT run at different elevated temperatures. The self-diffusion coefficients of EAS
in their equilibrium states (without electric field) D were calculated by measuring the mean square

displacement (MSD) and applying the Einstein’s relation:
(MSD) =(X?(t)-X?(0))=6Dt )

where X(t) and X(0) are the ion displacement at time t and 0. The diffusive displacement of ions under
an external electric field can be separated into the self-diffusive displacement used in the previous

relation and the drift velocity induced displacement,
X(t) =X, (t) + vydt (2

where Xi(t) and v are the diffusive displacement and the drift velocity. When the system is allowed
to evolve for a long time period, the ensemble average of the diffusive component of the displacement

will tend to zero, if the initial system is sufficiently random without any bias.
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(X)) = (Xc() + vadt, lim(X,(t))=0 (3)
Thus, one can calculate the drift velocity of the system

v, :Iimm

t—>o t

(4)

The mobility x can be calculated from the drift velocity vq from which the diffusivity D can be derived

as,
yZ oE and gl U (5)

where q is the charge of the species, E the electric field and T the temperature of the system. All
values of diffusivity presented are averaged over the different ensembles and the standard errors have

been shown in each figure.

Table S1. Force field parameters for Mg electroactive species (EAS).

EAS Atom q o (nm) | & (kJ/mol)
Mg?* Mg +2.0000 | 0.164 | 3.68
Mg +1.4021 | 0.164 | 3.68
MgCI*
Cl -0.4021 | 0.402 | 2.97
Mg +1.4021 | 0.164 | 3.68
|\/|92C|22Jr
Cl -0.4021 | 0.402 | 2.97
Mg +1.2621 | 0.164 | 3.68
Mg2CI3+
Cl -0.5081 | 0.402 |2.97

113



Table S2. Force field parameters for tetrahydrofuran (THF). The denotion of atom types is given in

the inset of Figure S1.

Atom q o (nm) | € (kJ/mol)
Cl/Cc4 0.2549 |0.34 0.45
H1/H2/H7/H8 | -0.0024 | 0.247 | 0.0657
C2/C3 -0.0092 | 0.34 0.45
H3/H4/H5/H6 | 0.0032 | 0.247 | 0.0657
01 -0.49460 | 0.3 0.71128

Table S3. The coordination numbers for electroactive species (EAS)—tetrahydrofuran (THF) pairs

under different conditions.

NEAS-THF
EAS without electric field with electric Field

without anion | with anion without anion | with anion
Mg2+ 6.0 3.6 6.0 3.4
MgCl+ 4.0 2.0 4.0 1.7
Mg2CI22+ | 4.0 3.0 4.0 2.9
Mg2CI3+ | 6.0 3.9 6.0 3.8
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Figure S1. The predicted density of pure tetrahydrofuran (THF) solvent as a function of simulation
time. The inset denotes the type of each atom in the THF molecule as mentioned in Table S2.
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Figure S2. The radial distribution functions of electroactive species (EAS)-THF pairs with and
without CI™ anion at the infinite dilution under the electric field of 0.45 V/nm.
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Figure S3. The radial distribution functions of electroactive species (EAS)-THF pairs with and
without CI" anion at the concentration of 0.4 M under the electric field of 0.45 V/nm at the

concentration of 0.4 M.
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Figure S4. Cluster formation of various Mg electroactive species (EAS) in the MgClz-based
electrolyte, at the concentration of 0.2 M and without the applied electric field. (a) The average
coordination numbers of EAS-EAS, EAS-CI" and EAS-THF pairs during the formation of clusters. (b-
e) exhibit completely isolated ions and newly formed clusters of EAS-CI- complexes at the simulation
time of 0 and 7.5 ns.
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Figure S5. The average coordination numbers of EAS-EAS, EAS-CI- and EAS-THF pairs during the
formation of clusters at the concentrations of (a) 0.1 M, and (b) 0.4 M under the applied electric field
of 0.45 V/nm.
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Figure S6. The ion diffusivities of Mg EAS evaluated from drift velocity (Ddrift) as a function of EAS
concentration under the applied electric field of 0.45 V/nm.
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Figure S7. The ion diffusivities of Mg EAS evaluated from drift velocity (Darit) as a function of electric
field strength at the concentration of 0.4 M.
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