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Abstract

The lithium-ion battery (LIB) has been at the forefront of innovations in energy
storage since its commercialisation over 30 years ago. As we reach the practical
specific capacity limit of current state-of-the-art materials, novel and
innovative battery technologies are required to satiate the requirements of
energy intensive applications such as electric vehicles. A lithium metal negative
electrode has been proposed to increase the energy density. However, the high
reactivity causes poor cycling performance due to electrolyte degradation,
dendrite formation and safety issues. The magnesium electrode offers a
solution that has double the theoretical volumetric capacity of the lithium
electrode while simultaneously mitigating dendritic growth, reducing raw
material costs and greatly increasing sustainability. Previous work has shown
that traditional LIB electrolytes are not compatible with magnesium metal, and
the plating and stripping mechanism that underpins how magnesium

electrodes cycle is poorly understood.

Here the mechanism of magnesium plating and stripping in glyme-based
electrolytes is explored with various additional additives. This thesis show that
in the pure electrolyte solution, interphase formation is critical to stable cycling
but that this is accompanied by significant degradation and accumulation of
inactive Mg. It establishes the three-dimensional chemical composition of Mg
deposits in the different electrolyte formulations using a combination of
focused ion beam-scanning electron microscopy (FIB-SEM), energy dispersive
x-ray spectroscopy (EDX) and transmission electron microscopy (TEM). We use
these findings to develop a mechanistic understanding of the electrochemical
cycling performance of magnesium metal negative electrodes. In situ
electrochemical quartz crystal microbalance (EQCM) measurements are used
to evaluate the plating and stripping efficiency of the electrodes and to identify
non-electrochemical degradation reactions between Mg and the electrolyte

solutions.
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Chapter 1

Chapter 1: Introduction

1.1 Background

A major issue facing society today is that of climate change caused by global
warming.! Since pre-industrial levels human-induced global warming has
contributed to a global increase of approximately 1 °C, as shown in Figure 1.1a.?
Fossil fuels such as oil, gas, and coal have been a key contributor to this
increase.’? In 2022, 331.5 Mtons of CO, were released into the atmosphere in
the UK, with the largest contributors being transport and energy supply (Figure
1.1b).2 The large, and over the past few decades increasing, consumption of
fossil fuels and release of greenhouse gases has led to the general increase seen

in global temperatures over this period, Figure 1.1a.>*

In order to curb the impact of greenhouse gas emissions and keep the
temperature increase below the COP26 climate summit goal of 1.5 °C by 2050.>
Part of this goal can be achieved by transitioning away from combustion fuel
sources to renewable sources of energy, such as wind and solar, and increasing
the pace at which people transition to the use of electric vehicles.>™ Although
the uptake of renewable energy sources is key, these sources can be
intermittent, meaning any excess energy that they produce must be stored and
used during peak hours. Additionally, the current mileage on current electric
vehicles is low relative to their high cost.® Both of these issues would benefit
from the improvement and development of current and future battery

technologies.?
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Figure 1.1, (a) the change in surface temperature each year between 1880 and 2022
relative to 1950-1980 average levels, dashed line* (b) percentage contributions to the

total CO; emissions on the UK in 2022.3
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1.2 Lithium-ion batteries

Fossil fuels revolutionised society, allowing the production of energy and fuel
for transportation. Then, society was changed again with the development of
lithium-ion batteries (LIBs).? The chemistry underpinning LIBs was discovered
through research efforts in the 1980s, led by John Goodenough, Stanley
Whittingham, and Akira Yoshino, who were awarded the Nobel Prize in
Chemistry in 2019 for their contributions.®!! Following their initial
breakthrough, LIBs were first commercialised in 1991 by Sony and have since
allowed for the development of portable consumer electronics and, more

recently, electric vehicles.?

The chemicals and structure of each component have changed over the years
since their initial development. Now, current LIBs consist of a graphite negative
electrode, a non-aqueous electrolyte, a separator, and a lithiated layered
transition metal oxide, typically a cobalt oxide positive electrode.? Lithium-ion
research in recent years has focused on finding a way to extract the last bits of
available capacity from the battery through different positive electrode
compositions, different electrolytes and lithium metal anodes.'*1¢ In addition
to the small amount of capacity that research is trying to extract from this
technology, LIBs do have drawbacks.!” Furthermore, some of the materials
required for LIBs are found in politically unstable regions, such as cobalt which

is mostly mined in the Democratic Republic of Congo.!®

Many potential alternatives to LIBs have been investigated, such as the
lithium-air battery, the lithium-sulfur battery and the magnesium battery, the
latter of which this thesis will focus on.**=?! Magnesium batteries present a
potential alternative to LIBs as magnesium possesses a low reduction potential
(-2.37 vs reversible hydrogen electrode (RHE)), high volumetric capacity (3833
mAh cm3) and is 1000x more abundant, which makes it an ideal anode
material, a comparison between properties of magnesium and lithium is shown
in table 1.2223 Magnesium batteries can’t compete with LIBs in terms energy

density for small scale applications, but they can for heavy load ones. Although
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the advantages that magnesium batteries possess over LIBs, the research

output in the area is lacking compared to that of LIBs, Figure 1.2.

Table 1.1, Comparison of properties between magnesium and lithium on their use in

batteries.?>**2>
Properties Magnesium Mg?* Lithium Li*
Reduction potential / V vs
-2.37 -3.04
RHE
Volumetric capacity / mAh
3833 2046
cm3
Specific capacity / mAh gt 2205 3861
Cost/ S kg? 2.5 13
Abundance / ppm 14000 13
lonic radius / A 0.72 0.76
Lithium-ion batteries 7925
Magnesium batteries
106
o
=
§e) mIE
-a o | )
Q
= L
= |
[a L
| P N *ji::TﬁT ATT :
1980 1990 2000 2010 2020

Year

Figure 1.2, Comparison of the number of publications each year for searching
“Lithium-ion batteries” and “Magnesium batteries” on Web of Science (as of

26/9/2024)
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1.3 Magnesium batteries

1.3.1 Magnesium battery development

The rechargeable magnesium battery (RMB) was initially proposed in 1990 and
began by investigating the nonaqueous electrochemistry of magnesium to
evaluate the feasibility of making a secondary magnesium battery.?® Although
this work showed promise the nature of the electrolyte meant that the system
suffered from poor anodic stability.?® This initial work paved the way for

Aurbach who developed a prototype system in 2000.%”

The components of a magnesium cell are very similar to that of a LIB. It
contains a positive electrode, typically consisting of an intercalation material
such as molybdenum sulfide or vanadium oxide.?®?° The negative electrode is
normally magnesium metal as it is safe to handle and has a high volumetric
capacity.3° Electrolytes for magnesium vary in composition from Grignard’s

reagents to borohydrides and to halide free systems.31733

In the years since this pioneering work, research has focused on looking into
novel materials for magnesium battery cathodes for higher current density,
electrolyte salts which aren’t damaging to cell components and solvents which
have a wide, stable voltage window.3#3> Even though there have been
significant advancements in these areas over the last couple of decades RMBs
are still a long way off being commercialised because of two major issues. The
first major issue which hinders the further development of RMBs and their
commercialisation is that the positive electrodes are hindered by poor
intercalation kinetics and the slow diffusion of Mg?* through the structure due
to the interaction between the magnesium di-cation and the anions of the host
lattice.3%3” The second hurdle research needs to overcome is that the current
electrolyte systems are not compatible with both the magnesium negative
electrode and the positive intercalation electrode, with the primary challenge
being the reactivity of metallic magnesium. This is due to the passivation of the
electrode surface with most common battery solvents, such as carbonates, and

impurities which form a layer which is impermeable to Mg?*.21,26,38,39
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1.3.2 Magnesium battery electrolyte development

The electrolyte choice in RMBs has a large impact on the performance of the
battery and its potential application, as it can affect the solubility of magnesium
salts, the mobility of Mg?* and the efficiency of magnesium plating and
stripping.3>*° As mentioned previously, impurities in the electrolytes cause the
formation of passivation layers on the magnesium electrode surface; water
impurities allow for the formation of MgO and Mg(OH)z, which is impermeable
to Mg?*.23 In addition to this, electrolyte salts can also decompose to form MgO,
MgS and MgF,, which are also impermeable to Mg?*.%° Also, due to the
reactivity of magnesium most common battery solvents such as carbonates and
salts such as PFs” and incompatible with magnesium.*#2 The development of
magnesium electrolytes since the initial work by Gregory et al. in 1990 has

primarily focused on organic ether-based electrolytes.?®

The original work by Gregory et al. laid the foundation for future
developments into all phenyl complex (APC) electrolyte solutions, which are
among the most widely used electrolyte systems for RMBs.263> This work
showed that RMBs were technically feasible, but the solvent/salt combination
used at the time meant that the oxidative stability of the solvent was limited,
which in turn limits the options for cathodes which can be used.?® In the year
2000, a prototype system was developed by Aurbach et al. and managed to
overcome the issue of limited oxidative stability by using a different electrolyte
formulation.?” The initial work by Gregory et al used magnesium organoborate
electrolyte salts in tetrahydrofuran (THF) and these electrolytes were only
stable up to a potential of ~1.9 V vs Mg?*/Mg (Figure 1.3 a and b) whereas
Aurbach’s work with organomagnesium chloroaluminate salts in THF was stable
up to a potential ~ 2.4 V vs Mg?*/Mg (Figure 1.3 c).?’ This work was later built
upon by Aurbach to use different glyme solvents such as tetraglyme (4G) and
1,2-dimethoxy ethane (DME).*® In this work, it was also shown that in this
electrolyte, the plating/stripping efficiency was 100 %, and the coulombic
efficiency (CE) was 99.6 %, indicating that very little charge went into side

processes such as electrolyte degradation.
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Figure 1.3, Comparison of cyclic voltammograms (CV)s of different electrolyte
solutions for magnesium batteries. (a) 2 M BuMgCl in THF, (b) 0.25 M Mg(BPh,Bu;); in
THF and (c) 0.25 M Mg(AICl,BuEt); in THF. Reproduced from Aurbach et al.?”

Amido magnesium halides were another electrolyte salt introduced with
organomagnesium halides. Liebenow et al. first tested these salts in the early
2000s, with the best-performing salt being hexamethyldisilazide magnesium
chloride (HMDS MgCl).** This electrolyte combination performed better than
the organoborates used by Gregory et al and enabled a similar workable

potential window to the organomagnesium chloroaluminate electrolytes.?644

These electrolyte combinations were the main focus of research until 2012.4>~
48 The disadvantage of using chlorides is that they can be corrosive, thus making

the RMB impractical.*® Due to the corrosive nature of chloride, Mohtadi et al.
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proposed the use of borohydride-based electrolytes.*® Reversible magnesium
plating and stripping were shown in 0.5 M Mg(BHa); in THF and had a CE of 40
%, Figure 1.4a. This showed that magnesium could be plated and stripped in
chloride-free electrolytes, but the CE is poor, and there’s a large overpotential

between the plating and stripping of magnesium.

0.032 -
a)
! 0012 - |
-E a N
£ —
< -0.008 - A
3 b .
-0.028 - P
O 1800 ;¢ 2300
-0.048 +——————
1 05 05 1
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2 o -
@ |
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b) 03

Mg (BH,)/DME
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o
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o

0
0.1 4 &
= o -20
0.2 1 E 40
1 o t .
0.3 4+——t : — g—— 200 Us - 800
A 05 0 05 1

Evs.Mg/V —=

Figure 1.4, (a) Cyclic voltammogram of 0.5 M Mg(BH,),/THF with the insert showing
plating/stripping charge, and (b) Cyclic voltammogram of 0.1 M Mg(BH,),/DME
compared to 0.5 M Mg(BH,),/THF with the insert showing the plating and stripping
charge. All done at a Pt working electrode and Mg counter and reference.

Reproduced from Mohtadi et al .*°

However, making a simple change, such as replacing THF with DME, decreased
the overpotential from 0.8 V to 0.37 V vs Mg?*/Mg, respectively, along with an
improvement in coulombic efficiency.*® This is in contrast to organomagnesium
electrolytes which perform better in THF.>° This showed that testing different

solvents for new electrolyte salts is crucial for finding the ideal system. This was
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continued by Shao et al. in 2013, who investigated the effect that different
solvents have on the coordination of magnesium and its plating and stripping.>?
This work supported the idea of testing different ethereal solvents to get the

ideal electrolyte system.

In 2014, two other electrolyte salts started gaining research interest:
magnesium aluminium chloride complexes (MACC) and magnesium
bis(trifluoromethanesulfonyl)imide (Mg(TFSI)).>%>3 MACC electrolytes typically
consist of MgCl, and AICls salts in ether solvents and show highly reversible
electrodeposition of Mg and an electrochemical window limit of 3.1 V vs
Mg?*/Mg along with a high CE of 98.8 %.°? Later work on MACC electrolytes
showed that aluminium is deposited on the magnesium electrode surface
during the early cycles, which does impact the CE. However, it stabilises the
formation of charged species through a pre-treatment process called
“conditioning,” which subsequently leads to better plating and stripping of Mg
in later cycles.3>%* Conditioning is a process through which the electrochemical
reversibility of Mg plating and stripping increases, the current density and CE
increase, and the overpotential decreases over repeated cycling.>® This occurs
through the removal of impurities in the electrolyte during those initial cycles.
Although the MACC electrolytes move away from the Grignard reagents, which
are highly corrosive and have a lower electrochemical window limit, they still
contain chloride species, which limits the electrolyte stability, the choice of

current collector and cathode material.>®

Mg(TFSI), ether-based electrolytes also started gaining interest in 2014,
following work initially done by Choi et al.> These electrolytes showed a much
higher electrochemical window of 4.0 V vs Mg?*/Mg and allowed Al to be used
as a current collector, which isn’t the case with organohaloaluminate-based
electrolytes that do not contain any chloride salts.”®> However, the CE is below
that of chloride-containing systems. To improve these electrolytes, the
following year, Aurbach et al. added MgCl, to the Mg(TFSI), electrolyte and
recorded CEs of >99% when there was 0.25 M Mg(TFSI); and 0.5 M MgCl; in
DME (Figure 1.5).>7
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Figure 1.5 (a) CV of 0.5 M Mg(TFSl), in DME with the insert being in diglyme (b) 0.25

M Mg(TFSl); and 0.5 M MgCl, in DME. These were recorded at a Pt working electrode

with a Mg reference and counter at a scan rate of 25 mV s, reproduced from

Aurbach et al.>”

The CV shown in Figure 1.5a shows that without chloride, high overpotentials

are required to strip and plate Mg in both DME and diglyme (2G), about -0.7 V

vs Mg?*/Mg for plating Mg and 1.5 V vs Mg?*/Mg for stripping Mg. This led to

an overall CE of these TFSI glyme electrolytes of about 60 %, which is far below

the efficiency needed.>’ This can be attributed to a passivating layer forming on

freshly deposited Mg metal.>®

10
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It was also shown that the addition of MgCl, gave solutions which allow for
improved reversibility of Mg plating and stripping, with significantly reduced
overpotentials for both, Figure 1.5b. Although an increase in performance was
seen following the addition of MgCl, the reversibility couldn’t exceed 80 -90 %.
This was attributed to the impurities from Mg(TFSI),. Boro-hydride and organo-
metallic-based electrolytes in ethers are quite reductive, so they are able to

remove most of the impurities, including water, oxygen and carbon dioxide.

In order to improve the electrochemical performance of these electrolytes,
they carried out a procedure referred to as conditioning, which is believed to
remove the impurities.>® These conditioned electrolytes allow for a CE of 98 %
and when electrochemical quartz crystal microbalance (EQCM) measurements
showed that all the deposited Mg was stripped, Figure 1.6. From their
measurements, a mass per electron (m.p.e) was calculated as being 9.39, where
the ideal value for Mg plating and stripping is 12. This discrepancy is due to the
fact that the Sauerbrey equation doesn’t take into account that each solution
will have different viscoelasticity and the viscosity-density product of the

solution.%®
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Figure 1.6 EQCM response for both CV (black) and electrode mass change (red) of Mg
plating and stripping in 0.25 M Mg(TFSl); and 0.5 M MgCl, in DME at a Pt working
electrode with a Mg counter and reference electrode. Reproduced from Aurbach et

a/ 57
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Figure 1.7 Comparison between conditioned (blue) and unconditioned (red) LiTFSI 0.5
M and MgCl; 0.125 M in DME at a Pt working electrode and a Mg counter and
reference electrode. Insert shows Li plating and stripping of 0.5 M LiTFSI DME

solution. Reproduced from Aurbach et al.>’

As well as adding MgCl, to Mg(TFSI); ether electrolytes this work also replaced
Mg(TFSI)2 with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). This was
done because LiTFSI is available highly pure and dry, reducing the chances for
impurities to affect performance. Although the electrolyte purity was higher by
using LiTFSI and MgCl, in DME, the initial electrochemical response for Mg
plating and stripping was poor, but once the electrolyte had undergone a
conditioning stage, there was a vastly improved electrochemical response,
Figure 1.7. Overall, this work showed that the addition of MgCl, to
Mg(TFSI),/DME solutions can significantly improve the performance and that
conditioning the electrolyte beforehand can lead to improved cycle life and

efficiency, most likely by the removal of impurities in the electrolyte.

The most recent electrolytes to have caught the interest of researchers are
fluorinated alkoxy aluminate and fluorinated alkoxy borate electrolytes.5.62
Magnesium tetrakis(hexafluoroisopropyloxy)aluminate (Mg[Al(hfip)s]2) was

first tested in 2016, by Herb et al, and this salt could be synthesised in a one-
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pot synthesis from dibutyl magnesium, trimethyl aluminium and
hexafluoroisopropanol (HFIP), HFIP indicates the protonated alcohol species
where hfip represents where the alcohol proton has been replaced by another
bonding species.®® Being chloride-free means these electrolytes won’t be
corrosive to standard cell components. The CE of these electrolytes can reach
99.3 % and although an initial overpotential of -0.8 V vs Mg?*/Mg is seen for Mg
plating, the value significantly reduced in two cycles to -0.35 V vs Mg?*/Mg in
DME. Additionally, depending on the electrode material used the electrolyte

system is stable up to an oxidative potential of 4 V vs Mg?*/Mg.

Magnesium tetrakis(hexafluoroisopropyloxy)borate (Mg[B(hfip)a]2) was first
reported in 2017 by Fichtner et al. These salts can be easily synthesised in a
simple reaction between Mg(BH4)2 and HFIP.5! These electrolytes also benefit
from being chloride-free, removing the corrosive and oxidative window limits
and having a higher oxidation window, depending on electrode material (Figure
1.8b). Although this salt in DME has a higher positive potential window, a large
overpotential can be required to start plating and stripping Mg onto the
electrode surface, -0.72 V and 0.43 V vs Mg*/Mg, respectively. 6 These
decrease to -0.4 V and 0.15 V vs. Mg?*/Mg by cycle 3 and reach their maximum
current density after 8 cycles (Figure 1.8a). The CE for this system was tested
with galvanostatic cycling, and it had a coulombic efficiency of >98%, which is

better than any other chloride-free electrolytes reported at that point.
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Figure 1.8 (a) CV of 0.6 M Mg[B(hfip).]. in DME with a Pt working electrode and Mg
counter and reference electrode at a scan rate of 25 mV s, (b) linear sweep
voltammograms of different electrode materials at a scan rate of 25 mV s,

reproduced from Fichtner et al.®
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Further work on these electrolyte systems by Aurbach showed that
conditioning these electrolytes is similar to that used for the Mg(TFSI); +
MgCl>/DME electrolyte.®* This work showed that through conditioning the CE
could be improved for CVs from 84 % to 95 %. They analysed the electrode
surface deposits with inductively coupled plasma mass spectrometry (ICPMS)
to try and detect any changes in composition pre and post-conditioning, and
they saw that the amount of Mg on the surface after conditioning was closer to
the expected value. Other than this change in ppm of Mg before and after
conditioning, no other report has managed to determine definitively what

happens during the conditioning process.

Since the development of these fluorinated alkoxy salts, groups have
investigated which ether solvents allow for the best ion transport and
conductivity. Mandai et al. investigated the effect of different glyme electrolytes
on conductivity, cycling, viscosity, and many other parameters, which all affect
the cell's viability.®> This work looked at the impact of ether choice on both
Mg[B(hfip)s]2 and Mg[Al(hfip)s]; it found that the optimum concentration for
each salt was 0.3 M, as concentration affects ionic conductivity, and the
aluminate salt had a higher ionic conductivity than the borate salt at the same
concentration, regardless of glyme length. Then, leading from this, the best salt
glyme combination was Mg[Al(hfip)s]2/2G, as it allowed for efficient plating and
striping of Mg over hundreds of cycles and a CE of 99.4 %.

Research has also looked into the solvents used, including adding cosolvents
for selective solvation or additives that form artificial solid electrolyte
interphases (SE1).667%° The idea of selective solvation for Mg is based on the fact
that the main limit now on electrolyte solutions is the oxidative stability of the
solvent and selective solvation can expand this. A recent example of this is from
Hahn et al, who used hydrofluoroethers as the main solvent but also added
either three equivalents or two equivalents of DME or 2G respectively per Mg.5¢
This, in turn, allowed for higher solubilities up to 0.9 M and oxidative stability
up to 4.4 V vs Mg?*/Mg.
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Artificial SEls have been made from a range of different materials such as
inorganic salts, alloys and polymers.>>7%72 This artificial SEI, in addition to
allowing for reversible plating and stripping, can allow the use of otherwise
incompatible solvents such as propylene carbonate and ethylene carbonate.”?
The system that allowed for cycling in carbonates coated the Mg anode
beforehand by adding polyethylene oxide and Mg(TFSI), to a mix of Mg powder
and super P carbon. This work showed that Mg could diffuse through the
polymer coating allowing for reversible Mg plating and stripping as the coating
contained channels for Mg?* migration. 73 Although this methodology allows for
the use of different solvents, it suffers from poor capacity retention over
multiple cycles, starting at 75 mAh g on cycle 1 and ending at 30 mAh g at 40

cycles.

Another artificial SEI which has been reported was based on an ionic liquid
additive.®” In work by Yang et al., 10 mM 1-butyl-1-methylpyrrolidinium
bis(trifluoromethane sulfonyl)imide (Pyri4TFSI) was added to a standard
electrolyte solution of 0.1 M Mg(TFSI)/DME and this additive solution is
referred to as IL- Mg(TFSI)2/DME. This work focused on the even distribution of
Mg during plating, as Mg typically forms hemispherical structures due to
inhomogeneity of the metal electrode surface, Figure 1.9a.5*747> The work
showed that the addition of this additive caused the ever-distribution of Mg
across the surface (Figure 1.9b) and reduced electrolyte degradation at the Mg
electrode, which is shown via Energy Dispersive X-ray Spectroscopy (EDX)
(Figure 1.9¢).%” This work shows artificial SEls can also be formed during cell

cycling instead of being a pre-treatment.
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Figure 1.9 (a) SEM image of Mg(TFSl),/DME with an optical image as an insert, (b)
SEM image of IL-Mg(TFSI),/DME with an optical image as an insert, (c) Elemental
distribution in atomic percentage from EDX. All after 140 charge/discharge cycles at

0.1 mA cm™. Reproduced from Yang et al.®’

Along with developing artificial SEls, research has also looked into alloying Mg
with different metals, such as zinc, indium, gallium, and bismuth, to help with
the electrode's malleability, as Mg is difficult to manipulate.’®’” Bismuth was
one of the first elements to be alloyed with Mg due to its similar theoretical
volumetric capacity (3783 mAh cm™) compared to Mg (3833 mAh cm™) and has
good Mg cation diffusivity.”® Bismuth was initially proposed by Arthur et al as
an electrodeposited electrode for RMBs.8% Bi could be used for Mg plating and
stripping in conventional Mg electrolytes.”?-8! Unfortunately, using bismuth as
an alloy with Mg has its own drawbacks. One of those is that during cycling, the
alloy undergoes a volume expansion. This volume expansion can cause cracks,
revealing fresh electrode material and leading to further electrolyte

degradation.

Ideally instead of alloying two metals, there would be a surface layer of Bi

which protects the Mg underneath whilst still allowing for reversible Mg plating
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and stripping. This was done by Fichtner et al, when they added Bi triflate
(Bi(OTf)3) as an additive.®? The addition of Bi triflate allowed for Mg plating and
stripping with a high CE of 92.4 % in Mg[B(hfip)a]. electrolytes, Figure 1.10a,
compared to an electrolyte without the bismuth additive, which had a CE of
83.4 %. For galvanostatic cycling it also reduced a large over potential typically
seen for the initial plating of Mg onto the electrode surface. This work also
showed that this electrolyte system can tolerate a small quantity of water, 32
ppm H>0, which is good considering typically the water content needs to be
less than 10 ppm for chloride-free electrolytes to work. A schematic of the role

of the Mg-Bi interphase is shown in Figure 1.10b and c. 82
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Figure 1.10 (a) CV of 0.3 M Mg[B(hfip)4]./DME with and without 10 mM Bi(OTf); (b)
and (c) schematic of the role of the in situ interphase formed without and with

Bi(OT{)s respectively. Reproduced from Fichtner et al. &
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1.4 Interphase formation in battery systems

During operation of battery systems a SEl layer forms on the surface of the
negative electrode and the layer which forms on the positive electrode is
typically referred to as the cathode electrolyte interphase (CEl).83 These
interfacial layers initially form upon contact between the metal and the solution
and grow through the first few cycles. These consists layers of insoluble and
partially soluble products of electrolyte reactions.® In LIB systems the
formation of the SEl is essential to the batteries performance and normally form
during the first few cycles which impacts their performance during these initial

cycles.

In lithium-ion systems the reduction of the salt ions forms inorganic
compounds such as LiF, LiCl and Li;O which all crash out of the electrolyte and
precipitate on to the electrode surface. The main compound formed through
the reaction of the electrolyte is Li,COs and partially soluble polymers.3
Impurities in the electrolyte, such as water, can form other compounds such as
LiOH and Li;O;. The combination of all these electrolyte degradation products

means that the SEl has a complex chemical structure, Figure 1.11.

Figure 1.11, Schematic representation on the SEl formed on a lithium or carbon

electrode.®*
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In an ideal LIB system, the SEI would form during the initial few cycles and
prevent degradation of the electrolyte in further cycles, but this is far from
reality. When lithium plates on to the anode surface it causes a volume
expansion which can cause the SEI to crack, revealing ‘fresh’ lithium for the
electrolyte to react with. The SEl can also be damage by the dendrites which
form needle like structures which grow and pierce through the SEl, revealing a
new channel for electrolyte to flow through and react with the electrode
surface. These cause the SEl layer to grow progressively thicker over cycling and
along with it reducing the amount of electrolyte present, impacting the cycling

efficiency, and leading to eventually battery failure.

For RMBs an SEIl also forms when the reduction potential is higher than that
of Mg plating, the decomposition of the electrolyte on the Mg electrode can
lead to the formation of an SEL.2° Similar to that seen in LIBs it composes of
inorganic Mg species such as MgO, MgF, and Mg(OH),, the latter being present
when there are water impurities present. Then the ether solvents used also
decompose into soluble organic species or thin films on the electrode surface.
This interface layer is different to that seen in LIBs as the SEl in LIBs can
effectively conduct ions through its structure. Whereas the layer formed in
RMBs has poor Mg?* conductivity, leading to sluggish transport, high
impedance and large overpotentials.® The Mg anode also undergoes volume
expansion which also causes the SEI to crack and break leading to further

degradation.
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1.5 Microscopy of battery materials

1.5.1 Overview of battery microscopy

The main microscopy methods used to investigate the surface of electrodes are
scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) for microscale and nanoscale, respectively. With in situ techniques such
as energy dispersive X-ray spectrometry (EDX) and electron energy loss
spectroscopy (EELS), chemical information is gained alongside morphological
information. Along with these non-destructive techniques, the internal
structures can be imaged through the addition of a focused ion beam (FIB),

which uses an ion beam to mill parts of the sample to reveal cross sections.

The development of FIB techniques, such as Focused ion beam scanning
electron microscopy (FIB-SEM), was driven by the needs of a growing
semiconductor industry in the 1970s.87 It has since spread to all regions of
research, including materials science, geological science, medicine, and biology.
The development of cryo-FIB has allowed it to expand into the biomaterial
characterisation of cells in a frozen state.8C FIB can also be used to produce
lamella or lift-outs of material. These are slices of a sample which are thinned
to <100 nm and attached to a Cu support grid for TEM imaging and analysis.”!
In the area of battery research, microscopy is key as important processes occur
on the electrode surface, be it the deposition of active material or the
formation of an SEl, and these processes change the electrode's surface
chemistry and structure.®3°2°3 The vast majority of imaging of battery materials
is done ex-situ, as it doesn’t require specialist equipment. There have been
some publications of in situ microscopy but these have been with specific

conditions, such as ionic liquids (IL) used as the electrolyte. 24¢

Electrode materials can vary in morphology, ranging from needle-like
structures to some that resemble flowers and other impressive structures,
Figure 1.12 a-d.°”®® The shape, size, and distribution of these materials can
greatly affect the cells' performance, as larger particles can lead to a lower

utilization of active material.®® Additionally, during cycling, these particle
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structures can change through the formation of cracks, agglomeration of nano-

particles or the formation of an SEI.

Figure 1.12 SEM images of (a) lithium ion NMC 811 cathode, (b) deposited lithium

sulfide particles for a lithium-sulfur cathode and (c-d) lithium oxide deposits on a

carbon lithium-air cathode. These images were acquired by the author.
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1.5.2 Microscopy of Magnesium-ion batteries

In the magnesium battery literature publications typically include SEM images
showing bulk deposition structures on the electrode surface but don’t utilise all
the complementary methods such as focused ion beam (FIB) and correlative
techniques. Along with not fully utilising the full capabilities of microscopy
there is no consistency in cycling conditions or electrode materials between
different publications, to allow for direct comparisons between different
systems and cycling conditions to see how they change the surface morphology.
The differences between a selection of different literature publications are

shown in Table 1.2.

The majority of electrodes imaged in literature are Mg metal electrodes which
would show how the electrode morphology in a full RMB would develop
through cycling. 7%1% However some literature also use electrode materials
which would be impractical to use in a RMB, such as Pt.54191 |n addition to this
the majority of microscopy shown in literature which shows the surface
morphology of the electrode lacks detail of the nanostructures on the surface,

Figure 1.13 a-d.

The micrographs shown in Figure 1.13 show deposited Mg on an Pt electrode
surface. These images show uniform deposition of Mg over the electrode
surface with sharp, crystalline structures covering the electrode at 1 mA cm??,
Figure 1.13a, at higher current densities, 5 mA cm, the surface deposits are
much smaller and rough but still equally distributed, Figure 1.13b. At these
much higher current densities no dendritic structures were observed in the
micrographs.>” The main microscopy technique used for the analysis of the
electrode surface structures is SEM which shows the microscale detail. The
nanoscale interphase information and analysis of sample crystallinity can only
truly be revealed with TEM, which in the field of Mg battery research has been
heavily underutilised with only a few of papers including TEM analysis.”48%102
Along with mainly focussing on the surface morphology, there has been a scarce
amount of research done on understanding the cycling mechanism of Mg

deposition and deposit growth.*874103
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Table 1.2, comparison between different microscopy conditions used in literature for
Mg batteries, comparing electrode material, cycling conditions and microscopy

techniques used.

Electrode Cycling Current density/ scan
Microscopy Ref.
material procedure rate/ specific capacity
1 deposition
Pt 0.5, 1 and 5 mA cm™ SEM 64
cycle
Carbon
3 hr deposition 1 mA hcm?? SEM 65
fibre

Mg 100 cycles 1 mA cm? SEM 70

Ti 22 hr deposition 0.01 mA cm™ SEM 73

1 deposition SEM and
Mg 1 mA cm?? 74
cycle TEM

Mg 400 cycles 1 mA cm? SEM 100
Pt 1 deposition 1,2.5and 5 mA cm? SEM 101
Mos6Ss 20 cycles 50 mAh gt TEM 102
Mg 10 cycles 0.5 mA cm? SEM 104
Mg-Si 10 cycles 0.1 mA cm? SEM 105
V105 6 cycles 0.2mVs? SEM 106
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Figure 1.13, SEM images showing deposited Mg deposits on Pt in a 0.25 M Mg(TFSI);

+ 0.5 M MgCl, in DME at 1 mA cm™ (a) and 5 mA cm™ (b) and 0.5 M Li(TFSI) + 0.125
M MgCl, in DME at 1 mA cm™ (c) and 4 mA cm™ in DME (d), adapted from Aurbach et

CII 57

Publications in more recent years have started to use more of the capabilities
of microscopy techniques to better understand the surface structures that form
in RMBS. Work by Banerjee et al used a combination of microscopy, diffraction
and spectroscopy techniques to understand the structure and composition of
fractal Mg dendrites.”® A photograph of these fractal dendrites, Figure 1.14a,
shows the intricate branch like structure of the dendrites which formed and
show that they are similar to the dendritic structures seen in LIBs. The SEM and
TEM micrographs, Figure 1.14 b and d, show the highly crystalline structure of

the fractal deposits. This is supported by the x-ray diffraction pattern and select
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area electron diffraction pattern obtained which also show the well-well
developed crystalline structure.”* The EDX maps show that the structures
mainly consist of Mg in the core structure, whilst the maps for Cl, O and C show
that they are mainly present on the dendrite surface, likely from electrolyte

degradation on the Mg surface.

—— Mg dendrite
. PDF 35-0821

(112)

= (201)

e (102)
b (110)
e (103)

Intensity (a.u.)

A . i PI T
30 40 50 60 70 80

26 (°, A =1.5418 A)

nm SRV

Figure 1.14, A photograph of a fractal Mg deposit (a), SEM image of a section of the

structure (b), powder x-ray diffraction of a detached fractal structure (c), TEM image

of a poly crystalline region of the Mg dendrite (d), SAED pattern of the region circled
in d (e), EDX maps of the region imaged in d (f). Adapted from Banerjee et al.”*
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1.5.3 Microscopy of Lithium-ion batteries

For LIBs, microscopy has helped to understand important interfacial processes
and structural changes. During the cycling of LIBs, the positive electrode
undergoes structural and chemical changes. The intercalation and de-
intercalation of lithium ions change the oxidation state of the metal oxide
structure; for lithium cobalt oxide (LCO) cathodes, the Cobalt goes from 3+ to
4+ oxidation state and then back to 3*, which lithium intercalates back into the
metal oxide lattice.?” For lithium nickel manganese cobalt oxide (NMC) positive
electrodes the changes in oxidation states are more complex, with having a
mixture of different transition metals. In both LCO and NMC electrodes, during
the intercalation and de-intercalation of lithium, the metal oxide clusters, like
in Figure 1.15a, expand and contract respectively, and this volume fluctuation
causes cracking in the metal oxide particles. This cracking leads to capacity
decay and eventual failure of the battery, through further electrolyte
degradation with the exposed transition metal oxide surface.l%110 These
cracks through the metal oxide particles can be imaged with FIB-SEM by cross-
sectioning, Figure 1.15. Ruess et al showed that even after a single charge cycle,
cracking occurs inside the metal oxide particles, Figure 1.15b. These cracks
appear along the grain boundaries present in the particles and through

extended cycling cause the particles to break up further.!!
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Figure 1.15, cross sectional SEM images of (a) pristine NMC particle and (b) a NMC

particle after the 1% charging step. Adapted from Ruess et al.*!!

Microscopy techniques have also allowed for the analysis of the 3D chemical
structures of dendrites that form on Li metal, which has aided in future solvent
selection. Research by Zachman et al. investigated the 3D structure of the

dendrites that formed during cycling using cryo-scanning transmission electron
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microscopy (STEM).'? Cryo-TEM and STEM were possible through vitrification,
which is the process where samples are rapidly frozen to preserve any
structures and keep them in their native state. By cycling a coin cell (Figure
1.16a) and then vitrifying the lithium-negative electrode, the dendrite structure
was able to be maintained for the image (Figure 1.16b-d). In order to generate
3D structures of the dendrites, serial slice and imaging were used. This process
involves capturing an image, milling, and a distance ~ 50 nm, and then capturing

an image.
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Figure 1.16 (a) coin cell diagram of cell, (b) SEM image of the area imaged through
serial imaging, (c and d) cross-sectional images of two different dendrite
morphologies present, (e) 3D structures of the two types of dendrite structure, scale
bar 5 um, and (f) the number of occurrences of each dendrite type. Adapted from

Zachman et al.**?
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These images were then accumulated and processed to develop 3D structures,
Figure 1.16e. The distribution of these structures was also investigated during
imagining, Figure 1.16f, and the two types of dendrites were found to be similar.
From the 3D structures, the contact area with the electrode could also be
measured, and it was found that type 1 dendrites had a contact area a
magnitude greater than type 2. Meaning type 2 dendrites may become
disconnected more easily, leading to the loss of active material and capacity

fade.

To obtain high-resolution structural and chemical data, a cryo-FIB lift-out was
prepared through the method in Figure 1.17. The structure and composition of
the lift-outs for both dendrites were analysed with electron energy loss
spectroscopy (EELS) to determine elemental composition and distribution.
From this analysis of the two structures present, it was seen that type 1
dendrites contain a relatively high amount of O, likely from electrolyte
degradation, whilst type 2 dendrites formed from water impurities with there

being a high presence of lithium hydride present in the EELS spectra.
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Figure 1.17 (a) a buried structure or interface is identified, (b, e and f) trenches
formed either side of the sire of interest, (c and g) a cooled micromanipulator used to
extract the lift-out, (d,h) lamella attached to the support grid. Adapted from Zachman

et al.*?
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The electrolyte used was then substituted for a highly fluorinated electrolyte
to minimise degradation. This change in electrolyte formulation suppressed the
formation of type 2 dendrites and altered the deposition of the lithium. The
effect of type 1 dendrites was that instead, they formed larger structures with
sections separated by the SEI layer. The performance response also yielded
higher coulombic efficiencies and a greatly reduced capacity fade. This work by
Zachman et al. showed how a combination of correlative techniques can
contribute to the development of better electrochemical systems, in this case,

for lithium-ion.

The work published by Zachman et al shown in Figure 1.16 and 1.17 is an ideal
workflow for thoroughly analysing surface structures and if similar workflow
were to be developed for RMBs the understanding of the structures which form
would be vastly improved. Thus, this workflow inspired most of the work

presented in this thesis.
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1.6 Motivation and Aims

Key processes of battery technology occur at the electrode interphase and for
LIBs this has been thoroughly investigated and led to developments in the
technology. For Mg batteries these processes haven’t been investigated, leaving
a gap in understanding for future development. The motivation for the work in
Chapter 3 is to develop new workflows to better understand the interphase of
the negative electrode in Mg batteries at both the nano and microscale. The
knowledge gained from these workflows is crucial for understanding the
chemical and structural changes that occur during cycling. This will be done
through a combination of correlative microscopy techniques with

complementary spectroscopy techniques.

Another challenge when going through literature of Mg batteries is being able
to compare between different electrolyte systems. Different current densities
and cycling times are used making comparisons difficult. The work in Chapter 4
aims to directly compare different prominent electrolytes from literature and
apply the same cycling conditions to all of them to allow for direct comparison.
The addition of microscopy techniques to this work links the surface structures
observed to the cycling efficiency to develop a cycling mechanism for each
system. Then Chapter 5 takes forward the best performing electrolyte system
from Chapter 4 and applies the methodology developed in Chapter 3. In order
to understand the cycling mechanism and surface and how the chemical and

structural compositions change.
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Chapter 2: Experimental

2.1 Electrochemical measurements

Cyclic Voltammetry (CV) is typically used to probe the reversibility of the
oxidation and reduction of different species. Typically, a three-electrode set up
is used when performing CVs, Figure 2.1a. The three electrodes used are a
working electrode (WE), a reference electrode (RE) and a counter electrode.
The WE is where the electrochemical reaction of interest occurs by transferring
electrons to or from species in solution.! WE are typically carbon, platinum or
gold, but can also be other materials like copper. The reference electrode is the
electrode that the voltage of the WE is measured against. The RE has no current
flowing through it, as allowing current to flow through the reference electrode
disrupts its stable potential by causing unwanted electrochemical reaction,
which alter its redox state and thus its potential. The counter electrode is there
to complete the electrical circuit by allowing current to flow through the cell
during and electrochemical experiment. The counter electrode also has an
equal and opposite current to that of the working electrode to maintain a
charge balance in the cell. The counter electrode is also typically larger than the
working electrode to ensure that the kinetics of the reactions occurring at the
counter electrode don’t inhibit the reactions at the WE.! During a CV the
potential of the working electrode (WE) is changed at a scan rate (mV s?) and
the potential is measured relative to that of a reference electrode (RE) and the
current at the working electrode is recorded.! A typical electrochemical cell set

up for this thesis is shown in Figure 2.1b.

Galvanostatic cycling is another electrochemical technique where an constant
current is applied to a cell. This method is commonly used for testing cells to
evaluate their performance and efficiency. This is done by applying a constant
current to the cell which results charging or discharging of the cell, depending
on a positive or negative current respectively. The application of a constant
current causes the potential to change during cycling as well as plateauing at

certain potentials. These potentials are linked to different electrochemical
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processes occurring in the cell. To set the end point of either the charge or
discharge a potential limit or a time limit is set, typically both are used in case
one is reached first. The cycling done in this thesis was used to measure the
plating and stripping overpotentials and the coulombic efficiency of the system
over multiple cycles. This technique can either be performed with a three or
two electrode cell, in this thesis all galvanostatic cycling is done in a three-
electrode cell, with a Mg counter and reference electrode and a Cu working

electrode.

i
i []Quartz
1

S Gold

Figure 2.1, (a) schematic illustration of a three-electrode circuit set up (b) photo of
the three-electrode glass cell set up used for CVs and galvanostatic measurements, (c)
schematic representation of a EQCM cell, (d) a gold disk deposited EQCM crystal and

an edge view showing shear deformation. Figure 2.1a was adapted from Colburn et

al.?

Another technique used to investigate the plating and stripping efficiency of
Mg during cycling was EQCM. EQCM uses a metal deposited on a quartz crystal
instead of a standard stick electrode or piece of metal ribbon, cell shown in
Figure 2.1c. This technique allows for standard electrochemical measurements

to be carried out whilst the mass change at the electrode surface is measured,
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which is ideal for systems where material is plated and stripped from the
electrode surface.> EQCM uses the piezoelectric effect. This is where a crystal
produces a potential in response to mechanical strain and the converse can also
be true, where mechanical strain is induced by a potential. This is done by
having an alternating potential across the crystal faces, which causes the crystal
to oscillate at a resonate frequency, Figure 2.1d. The deposition of material
onto the electrode surface causes a decrease in frequency, a negative change,
and stripping causes an increase in frequency, a positive change. This frequency
can then be converted to mass through a calibration factor by the Sauerbrey

equation, Equation 2.1;

—2f3m
Af = W = —Cfm (2.1)

where Af is the change in frequency, f, is the resonant frequency of the crystal,
m is the mass of the electrode, A is the area of the electrode, U is the shear

modulus of quartz, p is the crystal density and Cs is the calibration factor.*
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2.2 Focused lon Beam Scanning Electron Microscopy (FIB-SEM) and
Energy Dispersive X-ray Spectroscopy (EDX)

In Scanning Electron Microscopy (SEM), electrons are accelerated to high
voltages (2 to 30 kV) towards a sample where they interact, producing either
secondary electrons or backscattered electrons, which are caused by inelastic
and elastic interactions, respectively. Typically, the higher the accelerating
voltage used for microscopy, the larger the interaction volume. The interaction
volume is how much of the sample the electrons interact with as at higher
accelerating voltages the electrons penetrate deeper meaning they have a
larger interaction volume. This is useful for techniques such as Energy
Dispersive X-ray Spectroscopy (EDX), but for surface details lower voltages are
ideal. Secondary electrons are produced when primary electrons from the SEM
collide and knock out an electron from an orbital in an atom on the materials
surface. These removed electron are then detected by either an Everhart-
Thornley or an InLens detector which give topographic and morphological
information respectively.’ Backscattered electrons are produced through elastic
scattering of the primary electrons, which undergo deflections (Rutherford
scattering) and leave the sample with the same energy they had when
interacting with the nuclei of atoms on the surface. This interaction allows for
contrast with respect to the Z number of the nuclei.® This is due to heavier
elements being able to deflect incident electrons more strongly, leading to
these areas appearing brighter as more are deflected. During operation the
SEM chamber and beam columns are under high vacuum in order to prevent

collisions of electrons with gas molecules.

The Focused lon Beam Scanning Electron Microscope (FIB-SEM) uses an ion
beam source to mill samples for cross-sections and depositing material with a
gas injector system. FIB columns typically use a liquid metal ion source (LMIS)
with gallium being the most common.”® Other FIB sources include gas field
emission sources, such as helium and neon, and inductively coupled plasma ion
source, like xenon. Gallium sources are commonly used due to its low melting

point (29.8 °C), allowing it to be easily liquified and emitted from the LMIS. It is
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also easily ionised to generate a stable, high-intensity ion beam. Gallium ions
can also be focused into a nanometre-scale beam allowing for accurate cutting
and it is also chemically inert with many materials and its ions remain stable
under high-vacuum conditions. Along with cutting samples to reveal cross
sections, FIB-SEM also allows for 3D reconstruction of materials by producing

stacks of images which can be reconstructed into 3D models.

N shell

M shell

L shell

Figure 2.2, The Bohr shell electronic structure and the transitions between shells.

In combination with SEM, EDX is commonly used to provide elemental analysis
and mapping of a sample surface. X-rays are produced through the ejection of
a secondary electron in a core shell which then leaves an electron hole. This
hole is then filled by an electron from a higher energy shell and the energy
difference between the shells is emitted as an X-ray. Different elements have
different X-ray energies, which depend on the shell it’s relaxing to and how
many shells it's changing by; X-ray generation shells and transitions are shown
in Figure 2.2. For example, a MgKa would mean the electron is relaxing one

shell from L to K.
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2.3 Transmission Electron Microscopy (TEM) and Electron Energy Loss
Spectroscopy (EELS)

Transmission Electron Microscopy (TEM) gives a 2D projection of a 3D structure.
TEM is a technique where electrons are accelerated at much higher voltages
than SEM (~80 to 200 KV) and cause the electrons to be scattered which causes
contrast on the image, with the more scattering areas being darker.® Darker
areas in bright field TEM images are caused by either, thicker material or higher
Z-number. TEM allows for resolution down to sub-angstrom distances and along
with seeing d-spacing of crystalline species and the structure at the nanoscale,
TEM also allows for electron diffraction patterns to be obtained, these help to
identify the crystalline species present.!® During operation the TEM column is
under high vacuum in order to prevent collisions of electrons with gas

molecules. With TEM, EDX can also be acquired in-situ for elemental analysis.

Along with acquiring EDX, TEMs can also have detectors for Electron Energy
Loss Spectroscopy (EELS). EELS is based on the inelastic scattering of the high
accelerating voltage electrons and the sample. When the incident electrons
interact with a sample it can cause the electrons within the atoms to shift to
higher energy levels or become removed entirely. The scattered electron beam
is then analysed spectroscopically to give the energy of the electrons after their
interaction with atoms of the sample.!! EELS can also give information about
the valence and oxidation states of the elements present, as different oxidation

states will have different binding energies for their valence electrons.

A side affect of using a high energy electron beam is that they can cause beam
damage. Beam damage is structural deterioration of the sample due to
irradiation of an electron beam. The main damage includes knock-on damage
and ionization damage. Knock on damage is caused by the transfer of energy
from an electron to an atom in the structure, causing it to be knock out of its
lattice position. Elements likely to undergo knock on damage or typically lighter
elements such as Li, this is why special conditions such as cryo-TEM and lower
accelerating voltages are needed when imaging Li. An example of knock-on

damage is shown in Figure 2.3, where after imaging the same sample area for
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a while or at higher resolution where the electron beam is more concentrated,

the Li sample becomes highly damaged and altered.*?

Figure 2.3, a) Standard TEM image of Li dendrite at room temperature and b) TEM
image of the damaged Li dendrite after exposure to the electron beam. Adapted from

Tao et al.*?
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2.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is based on the photoelectric effect,
where an incident photon of sufficient energy on a material causes the ejection
of a photoelectron.'3'* XPS is a surface-sensitive technique where X-rays are
fired at a material, and the kinetic energy of the emitted electrons is measured.
The incident X-ray, energy (hv) is equal to the binding energy of the electron
(Es), the kinetic energy of the emitted electron (Ex) and the spectrometer work
function ¢, equation 2.2.2 The work function is the minimum energy required
to remove an electron from the surface of the material. It accounts for the
energy loss as the electron escapes the material and enters the vacuum. For the
XPS in this thesis the electrons were detected with a hemispherical analyser. A
hemispherical analyser measures the kinetic energy of emitted electrons
through the application of a electric field. Only electrons with specific energies
can pass through along the correct path to the detector, allowing precise energy
selection. The electric field is then adjusted to detect a range of different kinetic

energy electrons to produce a spectrum.
hv = Ex +Eg+d (2.2)
Es=hv-Ex-0 (2.3)

Equation 2.2 can be rearranged to give the binding energy of an electron,
Equation 2.3 where hv and ¢ are known and Ex is measured. The two main
emissions following the bombardment of the sample with X-rays are
photoelectrons and auger electrons. Photo electrons are emitted through the
emission of an electron from an orbital having been excited by the X-rays, and
auger electrons are emitted when an electron from a higher orbital fills the hole
of the emitted photoelectron. during this, an electron is emitted, Figure 2.4.
The binding energy and Auger electron energies are characteristic of each
element and can be used to also determine the oxidation state and bonding
state of elements. XPS only give surface information ~1 — 10 nm, which is due
to the low escape depth of the elastically scattered electrons.’* In order to

minimise additional peaks on the XPS spectra, like satellite peaks, a
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monochromatic X-ray source is used. Satellite peaks typically arise from energy
loss processes during the emission of an electron through processes such as,

excitation of other electrons.

a) b) KL,Ls
3/2 L 4 o 7 A 4 A4 o O -3
A A A y N
2p1/z v o L,
2s () (i) L,
1s
hv
1s (et S K

Figure 2.4, emissions that occur following X-ray bombardment (a) photoelectron
emission, where the blue arrow is the incident X-ray and the green arrow is the
ejection of the core electron and (b) auger electron emission where the green arrow is
the relaxation between L; and K and the other arrow is the ejection of an auger

electron from an outer shell. Adapted from Stevie et al.'*
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2.5 Nuclear Magnetic Resonance (NMR) Spectroscopy

The nucleus consists of both protons and neutrons, which possess a
fundamental property called spin. This spin can be described using quantum
numbers (l) for the spin and (m) for the spin in a magnetic field. Nuclei with an
even number of protons and neutrons have zero spin, and atoms with an odd
number of either protons or neutrons has a spin of x/2 (where x is a positive
integer which varies between elements) and nuclei with an odd number of
protons and neutrons have a spin of a whole number. NMR spectroscopy is
based on the relaxation between spin states in a magnetic field. A nucleus with
spin | will have 2I+1 possible orientations, which in the presence of no magnetic
field are equal.’®> When a magnetic field is applied, the spin states split, with the
spin states having the same or opposite direction to the applied field being
lower and higher energy, respectively, Figure 2.5. Excitation from the low
energy state to the higher energy state is possible with radiofrequency
radiation. The nucleus then relaxes down to the lower energy state and emits
energy equal to the difference between the spin states. The difference between
the two spin states energies depends on the environments and how shielded
the nucleus is. Different environments lead to different resonant frequencies;
these different environments will give a chemical shift (6), which allows for the

identification of different nuclei.?

Field off Field on

m=-1/2

m=1/2

Figure 2.5, Nuclear spin energy levels of a spin % nucleus in a magnetic field Bo.
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Chapter 3: Correlative FIB-SEM and TEM investigation of the

magnesium electrode cycling mechanism

3.1 Background

The poor CE for Mg electrodes is typically ascribed to degradation of the
electrolyte, which subsequently reacts with Mg on the electrode surface,
forming a passivating layer and reacting with freshly deposited Mg, forming
surface structures.! Understanding the chemistry and structure of the Mg
surface is also important when it comes to compatibility with different
electrolyte formulations, as ideally, a uniform layer would be formed on the
electrode surface.?® The surface of the Mg electrode and the structures that
form during cycling in Mg(TFSI),-glyme electrolytes have been investigated.*®
Although progress has been made in understanding the surface chemistry of
the Mg electrode, very little is understood about how these deposits grow over
continuous plating and stripping or their internal structures, and these
investigations are normally limited to the composition of the deposit or the bulk
electrode.®! This understanding is key for understanding the chemical and
structural changes which occur during cycling and the stresses it causes on the

electrode surface.

When looking at Li metal electrodes, many studies have shown through
microscopy how the surface structure volumes change during repeated plating
and stripping of Li, which leads to mechanical instability, causing further
electrolyte degradation and an accumulation of inactive Li, which in turn leads
to an increase in resistance.'>'# FIB-SEM has been shown to be a promising
method for imaging and analysing these surface structures, allowing for cross-
sectioning and 3D reconstruction of dendrite structures.'>*> Without a similar
understanding of Mg metal electrodes, the pace of development needed to

deliver Mg batteries will be hindered.

In this chapter, a new methodology is developed for analysing the structures
that form on the surface of the Mg electrode through a combination of

electrochemical, microscopy and spectroscopic techniques. This workflow
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allows for the understanding of the 3D structures along with analysis of the
structure at both the micro and nanoscale. Whilst developing this methodology,
insights will be gained into the surface structures of a simple electrolyte system
of Mg(TFSI)2/4G as 4G has a large electrochemical window, good stability with
respect to Mg metal and moderately good CE for a system not containing Cl
ions. Analysis of the structures formed will also give an insight into the
overpotentials observed during cycling and the cause of irreversible capacity
fade. By combining the range of different techniques above, a complete
understanding of the structural and chemical composition of the electrode

surface is uncovered for the first time.
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3.2 Results and Discussion

3.2.1 Structural development of the electrode surface through prolonged
cycling

Through this chapter and subsequent chapters Mg plating will be defined as
charging, as Mg is collected on the surface, and the stripping of Mg will be
referred to as discharging. The Mg deposits were formed by cycling a Cu
electrode in a 0.5 M Mg(TFSI)2/4G electrolyte for 30 cycles between the
potentials of -0.7 and 0.8 V vs Mg?*/Mg. A typical Mg cyclic voltammogram is
shown in Figure 3.1a. The CVs start at 0.8 V vs Mg®*/Mg and the potential
sweeps negative towards -0.7 V vs Mg?*/Mg, the current starts to go negative
at-0.4 V vs Mg?*/Mg and the magnitude of the negative current increases. This
negative current is the reduction of Mg?* to Mg metal which is plated on to the
electrode surface. Once the CV reaches -0.7 V vs Mg?*/Mg the potential starts
to sweep positive, and the current stays negative until the current crosses over
at -0.2 V vs Mg?*/Mg. This cross-over is typical of systems involving forming a
solid on the electrode surface, and is referred to as a nucleation loop.'®” The
nucleation loop is caused by differences between the kinetics of nucleation of
Mg during plating and the dissolution of Mg during stripping. Then once the
current reaches 0.1 V vs Mg?*/Mg a positive current is measured and increases.
This positive oxidative current is the oxidation of Mg metal on the surface to
Mg?* and this current increases in current density until all available Mg is
stripped from the surface, at which point the current drops. As cycling
continues the peak heights increase in intensity, for both the oxidation and
reduction process of stripping and plating respectively, until it reaches a peak
after 5 cycles at which point it stabilises. This is due to a process called
conditioning which is due to the purification of the electrolyte and formation of
a stable interphase.’® The onset potential for the plating of Mg onto the
electrode surface is stable at -0.36 V vs Mg?*/Mg after the first cycle, and the
onset potential for the stripping does decrease from cycle 1 to 3 from 0.13 V to
0.09 V vs Mg?*/Mg but then stays at that potential for the remaining cycles. For

these CVs the CE is 62.4 % on average over the 30 cycles which is near the limit

52



Chapter 3

systems can reach when not containing chloride, Figure 3.1b.1>20 Although after
20 cycles the CE does start to slowly decrease, suggesting that the interphase
is not stable enough and starts to react and degrade over time or that it

becomes too thick due to continuous electrolyte degredation.?!
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Figure 3.1, (a) Cyclic voltammetry and (b) coulombic efficiency of a 3 mm Cu stick
electrode in 0.5 M Mg(TFSl),/4G for 100 cycles. CV was recorded with a Mg counter

and reference electrodes at a scan rate of 100 mV s,

After 1, 30 and 100 cycles, the surface of the electrodes was imaged with SEM,
ending at 0.8 V vs Mg?*/Mg at discharge, Figure 3.2a-f; all SEM images were
acquired using a controlled atmosphere and air-free transfer to avoid exposure
to water and air. The SEM images show that hemispherical structures are
formed on the electrode surface and show that Mg is not completely stripped
during the oxidation process. The size of the deposits increases through
progressive cycling from ~ 1.5 um after 1 cycle to ~ 13 um after 30 cycles and
to ~ 50 um after 100 cycles. Through progressive cycling and forming these
deposits, the peak current density for both the plating and stripping stays
consistent, which is intriguing as the surface area of the electrode is increasing
as these deposits form, but there isn’t a correlative increase in current. The high
magnification SEM images of the deposit surface, Figure 3.2b, d and f, show
they possess rough surfaces of shard-like crystallite structures about 300 — 800
nm long and 50 to 100 nm wide. In Figure 3.2d, even smaller surface crystallites
can be seen on the surface of these plates, and these crystallites are 10 — 20

nm in size. Low magnification images of the electrode surface after cycling
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suggest that Mg preferentially deposits along defect sites and scratches from

polishing, Figure 3.2g and h.

Figure 3.2, SEM images of a cycled Cu electrode after (a-b) 1 cycle, (c-d) 30 cycles and
(e-f) 100 cycles (g) and (h) low magnification SEM images of a cycled Cu electrode
surface after 30 cycles between -0.7 and 0.8 V vs Mg?'/Mg for 30 cycles, at a scan

rate of 100 mV s in a 0.5 M Mg(TFSI),/4G electrolyte
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EDX mapping of the surface deposits shows that the Cu electrode surface
between deposits is free of Mg and the Mg is concentrated in these deposits,
Figure 3.3a-h and Figure 3.3i-0. The deposits have a high amount of Mg, O, F
and C concentrated in them in their EDX maps, indicating that they mainly

compose of MgO and MgF; and likely some C-Fx from electrolyte degradation.??

Figure 3.3 (a) SEM of a cycled Cu electrode after 1 cycle between -0.7 and 0.8 V vs
Mg?/Mg, at a scan rate of 100 mV s in a 0.5 M Mg(TFSI),/4G electrolyte (b-H)
corresponding EDX maps for (b) Mg, (c) O, (d) Cu, (e) C, (f) F, (g) S and (h) N. The 1 um
scale bar being for the EDX maps. (i) SEM of a cycled Cu electrode after 30 cycles
between -0.7 and 0.8 V vs Mg?*/Mg, at a scan rate of 100 mV s*ina 0.5 M
Mg(TFSI),/4G electrolyte (j-o0) corresponding EDX maps for (j) Mg, (k) O, (I) Cu, (m)

F(n) Cand (o) S all to the same scale as the SEM image.
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3.2.2 Structural analysis of the Mg electrode surface at the micro-scale

In order to fully understand what happens during cycling, the internal structure
of these surface deposits might help to explain the electrochemical
performance during cycling, specifically, the surface area increasing but there
being little change in the electrochemistry. Tilting the sample and milling with
the focused ion beam (FIB) will allow for the internal composition of these
surface structures to be elucidated, the sample must be tilted so that it is
perpendicular to the FIB beam, Figure 3.4a. This tilting also shows more
information about the 3D structures which form on the electrode surface. The
hemispherical structure has an extremely rough, plate covered surface, Figure
3.4b. The ions used to mill the sample with FIB are gallium ions, these are used
due to its low melting point, is easily ionised and can produce a fine, stable
beam for high-precision work. Itis also inert in nature and can form nanometre-

scale beams, making it idea for imaging and sample milling.232*

From the FIB milled cross-section, information is gained about the structure of
these deposits from the contrast in the SEM images. These show different areas
of contrast, suggesting layers inside the deposit. Going from the core outwards
there is lighter contrast to darker, then a lighter ring and back to darker,
indicating different chemical composition throughout the structure of these
deposits. Analysis of the cross-sectioned deposits shows that they possess an

intricate internal structure.

The 3D structure and porosity can be mapped and modelled by performing
Serial Slice and Imaging (SSI). SSl is an imaging method where an image is taken,
then the sample is milled at a small distance of ~50 nm and then imaged again;
this process then repeats through the whole deposit, Figure A1, which allows
for 3D mapping of the deposit; Figure 3.4d shows the deposit after the SSI
process. Through the Dragonfly software, images were stacked and, with the
image dimensions, created voxels (3D pixels), and going through slice by slice,
selecting the deposit cross-section from each slice generates the 3D models.
The 3D reconstruction was done by manually going through each slice on the

dragonfly software and selecting the regions of the deposits which are the
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pores and main structures. The 3D reconstruction for the deposit in Figure 3.4b
had a porosity of 14 % of the total deposit volume in the discharged state, and
these pores permeate through the entire structure, from the surface to the

core, 3D models of deposit and pores are shown in Figure 3.4e and f.

Electron beam
a ) Ga*

FIB source

Figure 3.4, (a) schematic representation of the coincidence point between the
electron beam and FIB Ga® source for milling a deposit (b) SEM image of a Mg deposit
imaged at 54 °, (c) cross-sectioned Mg deposit and (d) fully milled deposit from b and
¢ following SSI process. 3D model of (e) the deposit and (f) its internal pore structure,

scale bars are 1 um.

Having the milled cross-section EDX can give insight into the chemical

distribution throughout the structure, as shown in Figure 3.5. The EDX map of
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the cross-section shows that these deposits possess a complex internal
structure. This structure revealed by EDX consists of a core, approximately 2 um
thick, which is rich in Mg metal and depleted of other elements which appear
in the EDX. This core can consist of rings of Mg metal and MgO, as shown in the
line scan in Figure 3.5g. Going outwards from the core, there is an outer shell;
In this area of the deposit, there is more O present and a decrease in Mg
intensity, indicating an increase in the amount of MgO present and a decrease
in Mg metal. In this region, there is an increase in the intensity of F, which would
correspond to the presence of MgF.. Moving outwards through the inner core,
the presence of O increases throughout, and Mg steadily decreases. Then the
final part of the structure is the outer core, this area sees an increase in the
amount of Mg present and an increase in the amount of C too, the increase in
Mg is most likely due to that being the most recently deposited area for Mg
leaving some Mg metal potentially trapped in the structure, and the C presence
is from the degradation of both the DME and TFSI".2> The EDX maps for both N
and S, Figure 3.5h and i respectively, show very low counts of each with no
correlation with the deposit structure. The low amount measured in the EDX
maps is likely due the low atomic ratios of N and S present in the TFSI" anion
compared to other elements such as O and F, the former of which also comes

from electrolyte degradation.
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Figure 3.5, (a) SEM image of deposit cross-section formed after 30 cycles (b-f, h and i)
EDX maps for Mg, O, C, Cu, £, N and S for the deposit respectively in (a) and (g) line
scan from point X to Y in (a). CVs were done between -0.7 and 0.8 V vs Mg?*/Mg with
a Cu working electrode and a Mg counter and reference at a scan rate of 100 mV's?

and finished at 0.8 V vs Mg*/Mg.
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3.2.3 Analysis of the Mg electrode surface at charge and discharge

So far, the surface of the electrode and the deposits that form have only been
examined in their discharged state, where Mg metal has been stripped from the
structure. To better understand how these deposits grow over time, the

electrode surface needs to be imaged in the charged state as well.

For the electrode sample to be comparable to those of the discharged
samples, the electrodes were cycled 30 times between -0.7 and 0.8 V vs
Mg?*/Mg as before but ending at -0.7 V instead of 0.8 V. Figure 3.6 a and b show
deposits after 30 cycles but finished in their charged state. Comparing these
deposits to those finished at discharge, there are differences. Figure A2 shows
the size distributions for charged and discharged deposits after 30 cycles. The
mean diameters are 11 um and 15 um for the discharged and charged deposits.
If you were to take the average radius of both the charged and discharged
deposits from above the expected size increase would be ~250 %, on the
assumption that they are hemispherical. But 3D models of the average deposit
size for both the discharged and charge deposits give a volume increase of 400
%. This discrepancy is seen in the SEM cross-sectional images, Figure 3.4a and
Figure 3.6d, where the charged deposits are almost completely hemispherical,
whereas the discharged deposits appear to have collapsed, causing the volume
increase from discharge to charge to be greater than expected. This is likely
because during discharge, Mg has been stripped from the structure, causing it
to contract, whereas, for the charged deposits, Mg has been put into the
structure, making it expand and fill. Also, looking at the cross-section and 3D
models of these charged deposits, Figure 3.6c shows that the internal porosity
increases from 62 um?3 to 456 um?3 from discharged to charged, respectively,
and pore volumes were determined through SSI processing and 3D

reconstruction of the deposits.

The line scan through the cross-section, Figure 3.6d, of the deposit, also
doesn’t show the presence of an internal structure compared to the line scan
across the cross-section of the discharged deposit. Although there are two

increases in the composition of Mg, there aren’t any clear differences in the
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EDX maps of the cross-section, Figure 3.6 e-j. The minimal change in the Mg
composition through the deposit is because, during charge, Mg will fill the
deposit, giving an even distribution throughout. There are no maps of N present

due to giving no detectable peak in the EDX spectra.
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Figure 3.6, (a) SEM images after 30 cycles for a charged deposit (a-b), (c) cross-
section of deposit from (a-b). (d) Line scan from point x to y on (c) giving elemental
composition between those points. (e-j) EDX maps of Mg, O, Cu, C, F and S of the
cross section in (c), the white scale bar being 10 um. Samples were made through CVs
done between -0.7 and 0.8 V vs Mg?*/Mg with a Cu working electrode and a Mg

counter and reference at a scan rate of 100 mV's** and finished at -0.7 V vs Mg**/Mg.
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3.2.4 Magnesium deposit analysis at the nanoscale

So far, this work has just investigated the electrode surface on the microscale.
Although this has allowed us to probe the internal chemical structure of the
deposits that form, most interphases that form are a couple of hundred
nanometres thick, which would be difficult to detect using SEM due to the
interaction volume of the incident electron.?>?® Deposits need to be imaged

with TEM to probe the interphase in their pores at the nanoscale.

In order to image these structures at the nanoscale with TEM a lamella needs
to be prepared so the sample is thin enough to be analysed. Figure 3.7 shows
the whole process of preparing a lamella for TEM from FIB-SEM. An average-
sized deposit on the surface is found and focused on at the coincidence point
of both the electron and Ga beam so that milling can be monitored in situ
(Figure 3.7a).2” Once the sample has been tilted to be perpendicular to the Ga
beam, the gas injector system is inserted, as shown in Figure 3.7b, and then a
strip of Pt is deposited over the deposit, Figure 3.7c. This strip of Pt is placed to
protect the structure below it from the Ga beam in future thinning. The deposit
is then milled on both sides up to the Pt strip, Figure 3.7d, and then undercut
and cut down the side to remove it from the substrate with only a small contact
point on one side. A micromanipulator is then moved in and attached to the
slice through either Pt deposition or redeposition of Cu, if a block of Cu has
been attached to the end of the micromanipulator. The slice/lamella is then cut
away from the electrode and then moved away, Figure 3.7f, whilst a Cu support
grid is transferred into the SEM chamber whilst still remaining air-free. The
lamella is attached to the support grid, again with either Pt deposition or Cu
redeposition, and the micromanipulator is cut away from the sample, leaving it
just attached to the grid, Figure 3.7g. The final stage involves thinning the
lamella to approximately 100 nm, Figure 3.7h. The lamella on the support grid
was then transferred back to the glovebox before being loaded into an air-free

transfer unit for TEM, to avoid contact with the atmosphere.
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Figure 3.7, (a-h) SEM images of the lift-out process and lamella thinning.

Unfortunately, even though the lamella is thinned enough for TEM, it might
not be suitable for TEM through breakage or bending, Figure 3.7a-c. The
thinned lamella can bend due to thinning the centre of the slice and leaving a
thicker region on either side. The thicker side that isn’t attached can cause the
lamella to bend, Figure 3.7a and b. Even if the lamella doesn’t bend, in some
situations, pores can align and cause the lamella to fracture across them, losing

most of the sample. These issues have now been mitigated when thinning the
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lamella. Only the Mg deposit is thinned, and the Cu substrate is maintained,
making a frame structure to support the lamellas integrity, Figure 3.7d, making

it more consistent for TEM analysis.

S IR BB Pl n s e
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Figure 3.7, (a and b) SEM images of the unsuccessful lamella, (c) TEM image of a

lamella that broke, and (d) a successful lamella thinned.

Once the lamellas were successfully thinned, they were transferred to a TEM,
again under air-free conditions, to avoid contact with the atmosphere. From
the TEM data, it is possible to obtain nanoscale information about the

interphase of these deposits and what their structure and composition are.

A benefit of imaging Mg under TEM compared to Li is that for the discharged
deposits which mainly consists of MgO no beam damage is observed, even after
multiple imaging sessions in the same location. This difference in stability under
the electron beam is most likely due to the high ionic bonding strength of MgO,
meaning a much higher electron beam energy would be needed to overcome

the lattice energy and break the structure.?®

Increasing magnification with TEM showed the tortuous pore structure

throughout the deposits, Figure 3.9a and b. High-magnification images of the
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pores remaining in the lamella can also give electron beam diffraction patterns,
as shown in Figures 3.9, c and d. These images and corresponding diffraction
patterns help to determine if the image area is crystalline. The selected area e-
beam diffraction pattern, Figure 3.9d, shows a combination of diffraction spots
and concentric rings; both indicate the sample is polycrystalline, meaning there
are many small crystals in different orientations, separated by grain boundaries.
The rings present in the diffraction pattern correspond to the presence of both

MgO and Mg metal, with the most intense rings being from MgO.
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Figure 3.9, (a) Low magnification TEM image of the lamella attached to the support
grid, (b) dark-field STEM image of the lamella, and (c) magnified area of the lamella
with corresponding electron beam diffraction pattern (d). (e and f) higher
magnification images of the lift out and (g) Line scan showing elemental
composition from point X to Y in image (f).All a deposit finished cycling at
discharge after 30 cycles between -0.7 V and 0.8 V vs Mg? /Mg with a Cu working

electrode and a Mg counter and reference at a scan rate of 100 mV's™.
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The area shown in Figure 3.9c and Figure 3.9e is the internal surface of one of
the pores which permeate through the deposit. Gaining further elemental
analysis of the pore surface and how the chemical composition changes at the
nanoscale through that interphase will gain information about the nanoscale
interphase, which can’t be done with SEM. For this, a line scan was done from
point X to Y in Figure 3.9f, covering the surface of the pore as well as some of
the bulk structures of the deposit. The line scan, Figure 3.9g, shows the
percentage composition of the main elements present in the line scan, those
being Mg, O, F and C. At the edge of the pore, where the distance is 0.15 um
the composition is mostly Mg and O, and these are present in similar quantities,
meaning that the interphase of the pores is mainly composed of MgO the slight
deviation in the amount of Mg and O most likely arises from the presence of
MgF,, which appeared in the electron beam diffraction image, and any
electrolyte degradation products consisting of C and O. The presence of F is
constant throughout the line scan when over the deposit. A portion of the F
signal may be from the presence of MgF; if all the Mg is not in the form of MgO,
and the F signal could also be from C-F groups which would be from electrolyte
degradation of TFSI.About 200 nm into the pore from the interphase the
compositions start to change, from this point there is an increase in the
composition of Mg, indicating that Mg is plated from the pore surface and that
this deviation is likely trapped Mg metal in the structure, as Mg metal is also

seen in the electron beam diffraction pattern, Figure 3.9d

Going to higher magnifications allows for the d-spacing of the nanocrystals to
be imaged and measured, Figure 3.10a, and get the corresponding fast fourier
transform (FFT). These images show that the structure contains crystals of both
MgO and MgF.. These are shown by the d-spacings of 2.1 to 2.5 A for MgO and
3.1 A for MgF,. The EELS spectra can help to indicate the oxidation states of
elements present in the sample, which will help confirm the compositions from
the line scans. The C K edge, Figure 3.10b, is consistent with that of amorphous
carbon which is likely to have formed from electrolyte degradation during

cycling. The F K edge, Figure 3.10c, shows the presence of fluoride in the
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sample, consistent with the d-spacing of MgF..?° The Mg K edge, Figure 3.10d,

is consistent with that of Mg?* showing the presence of MgO and MgF,,

interestingly the K edge spectra for Mg metal is not reported so the presence

of Mg metal can’t be confirmed through EELS spectra. Finally, the O K edge,

Figure 3.10e, shows the presence of 0% which would be present in Mg0.3°
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Figure 3.10, (a) high magnification TEM images of a discharged deposit after 30

cycles including d-spacings of areas in boxes including its corresponding FFT, (b)-(e)

EELS spectra of C K edge, F K edge, Mg K edge and O K edge.
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To further compare the compositional difference between the discharged and
charged deposits, a lamella was made for a charged deposit. The lamellas were
prepared in the same method as described earlier. Compared to the lift out of
the discharged deposit, Figure 3.9 a and b, the charged deposit lamella is much
less porous, Figure 3.11a. Along with this the electron beam diffraction pattern,
Figure 3.11b and c, for charged deposit has more prominent rings for Mg metal
instead of MgO, which were more prominent in that of the discharged deposit.
The line scan across the pore of the charged deposit, Figure 3.11d to f, shows a
similar relationship between Mg and O to that of the line scan across the
discharged deposit pore. This line scan shows a similar composition of Mg and
O on the edges of the pore, and this composition, likely from MgO, continues
for a couple of hundred nanometres into the deposit. A difference in the line
scan is seen in the composition of F and C. Both are present in much higher
compositions compared to the discharged deposit. These degradation products
would come from the electrolyte reacting with freshly plated Mg, thus causing
a higher composition. After measuring the EDX line scan the structure of the
sample changed. Where the line scan had been measured the pore had bridged
across, Figure 3.11g. This is likely due to Mg metal being a softer material under
the electron beam than MgO, much like Li metal is softer than Li;O under the

high accelerating voltage electron beam.3!
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Figure 3.11 (a) Shows a low-magnification TEM image of the lamella attached to the
support grid, (b) a magnified area of the lamella with a corresponding electron beam
diffraction pattern (c), and (d) and (e) higher-magnification TEM images of the
lamella, with X to Y on (e) being the EDX line scan (f) and (g) a TEM image showing
the beam damage cause by the line scan acquisition. All deposits have finished cycling
at charge after 30 cycles between -0.7 V and 0.8 V vs Mg**/Mg with a Cu working

electrode and a Mg counter and reference at a scan rate of 100 mV's™.
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3.2.5 Mechanism of deposit growth through cycling

The schematic in Scheme 3.1a outlines the main features of the deposits which
form during cycling. The previous measurements and images showed that these
deposits consist of an inner core which is rich in Mg metal, Mg which is likely
too deep within the structure to be stripped out. Moving outwards from this
rich Mg core through an intricate network of pores there is an outer core. This
outer core is mainly MgO which has formed through degradation of the
electrolyte along with some MgF, seen in the EELS data. The interphase
covering these pores is approximately 100 nm thick and comprises MgO, MgF»
and organic degradation products. Then the exterior of the deposit structure
consists of a MgO, MgF; and also organic degradation products. The changes
during charge and discharge are shown in Scheme 3.1b. On charging Mg?* ions
permeate through the structure using the 3D network of pores and plate Mg
onto the inner core and then fill out into the outer core, which deforms the
deposit due to the increase in Mg volume, causing it to expand. Then, upon
discharge, Mg metal is oxidised to Mg?* and removed from the deposit until all
available Mg is removed; this is always less than 100 % than that which is
deposited. This then leads to these deposits gradually growing over continued
cycling, Scheme 3.1c, as through the deposits imaged at 1, 30 and 100 the size
increases throughout indicating the deposits grow through continuous cycling.
The reactions in Scheme 3.1d show the likely reactions through which the Mg

and organic species form.
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Scheme 3.1, (a) the structure of deposits which form during cycling (b) the
transformational changes which occur during charge and discharge, (c) the growth of
the deposit over progressive cycles and accumulation of inactive Mg and (d)
degradation reactions occurring during cycling of the electrolyte components with

Mg.

72



Chapter 3

3.3 Conclusions

Developing a workflow for imaging the electrode surface at both the micro and
nanoscale has allowed the structural and chemical changes on the Mg
electrode surface to be analysed for the first time. It has been shown that
during cycling, hemispherical deposits form on the electrode with a
nanocrystalline surface and a deep 3D pore network. The cross-sectioning
revealed an intricate layered structure consisting of a Mg metal inner core,
MgO, and Mg outer core and an inorganic interphase layer on the surface made

up of MgS, MgF,, and other electrolyte components.

The volumetric analysis of the deposits showed a 400 % increase in volume
going from discharge to charge. Volume changes during cycling greatly hinder
performance due to further electrolyte degradation and surface passivation, as
seen with silicon. Future Mg electrolyte systems must develop strategies to

accommodate these fluctuations and avoid the problems they cause.

The lift-out process allowed for the analysis of the interphase at the internal
pore walls. This allowed for an even better understanding of the interphase that
forms on the wall of the pore, ~100 nm thick and made up of MgO, MgF,, and
other degradation products, before getting to the bulk of the deposit of MgO
and Mg.

Although the development of electrolytes which don’t form an interphase or
these surface structures is ideal to help mitigate the problems they cause, they
are unlikely to provide a practical system where impurities and degradation
products won’t build up and react with Mg electrodes. Thus, future design of
electrolytes should focus on the development of artificial interphases, which
can reduce electrolyte degradation and still allow for Mg to be reversibly plated
and stripped onto the electrode surface. For example, some additives can form
an artificial interphase which allows Mg?* to permeate through but not other

electrolyte components.3?
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3.4 Experimental

3.4.1 Electrolyte preparation

4G (~300 — 400 mL) (Sigma Aldrich, >99 %) was distilled under vacuum over
sodium (0.7 g) (Sigma Aldrich, 99 %) and benzophenone (4 g) (Sigma Aldrich, 99
%). The distilled 4G was stored in a Ny glovebox (MBraun, H,0 <0.1 ppm, O3
<0.1 ppm) and was dried using 4 A molecular sieves (Sigma Aldrich) for 3 days.
Mg(TFSI)2 (Solvionic, 99.5 %) was dried under vacuum at 120 °C for 3 days and
then also stored in an N; glovebox. The electrolytes were made by dissolving
0.5 M Mg(TFSI), in 4G and leaving it to stir over night until colourless. The water

content was then measured using Karl Fischer titration and found to be <15

ppm.

3.4.2 Electrochemical experiments

All electrochemical experiments were performed inside an N; glovebox. Prior
to use all glassware was cleaned and dried beforehand overnight at 70 °C under
vacuum. Cyclic voltammetry measurements were recorded on a Biologic SP-300
potentiostat using three electrodes, a Cu ribbon (Sigma-Aldrich) working
electrode and a Mg ribbon (Sigma-Aldrich) counter and reference. The Mg
ribbons were scratched beforehand to remove the oxidised layer and reveal the
fresh Mg surface. Copper foil was cut into ribbons and dried at 120 °C under

vacuum before being stored in the glovebox.

3.4.3 Surface characterisation

Before surface characterisation, the cycled Cu electrodes were washed with
DME (Sigma-Aldrich, purity 99.5%) (dried using 4 A molecular sieves) and
allowed to dry under vacuum for 30 minutes in a glovebox mini-antechamber.
For transferring samples into the Zeiss Crossbeam 550 FIB-SEM (Carl Zeiss,
Germany) the samples were loaded air-free from the glovebox using a Quorum
PP3006 CoolLok Transfer port mounted directly onto the glovebox. The sample
was transferred to a Quorum PP3010 FIB/SEM Preparation system before being
loaded into the SEM chamber. SEM images were taken at an accelerating
voltage of 2 kV. A Ga ion FIB source was used for milling the sample at an

accelerating voltage of 30 kV with FIB currents between 50 and 700 pA. EDX
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analysis was performed with an Oxford Instruments Ultimax 170 X-ray
microanalysis detector (Oxford Instruments, UK) and analysed using Aztec
software (v 4.3) at an accelerating voltage of 5 kV. The 3D structures, cross
sections and deposit volumes were generated using Dragonfly software (v
2021.3 for Windows). Lift-outs of the deposits were prepared for TEM using an
in-situ micromanipulator (Omniprobe 200, Oxford Instruments) and transferred
to a Cu support grid (EM Resolutions) before final thinning to electron

transparency.

TEM, EELS, STEM and electron beam diffraction were performed using a JEOL
2100+ transmission electron microscope at an accelerating voltage of 200 kV.
TE samples were loaded in a glovebox and transferred to the TEM using a Gatan
HHST4004-010 Environmental cell heating holder. Image analysis and electron
diffraction data were analysed using Gatan Digital Micrograph software and

CysTBox Server.
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Chapter 4: Additive screening for magnesium ion batteries

4.1 Background

Magnesium ion battery research is a rapidly advancing field as groups look for
an alternative for LIBs.»?> There is a lack of standardisation in the literature when
comparing different electrolytes for a magnesium battery system.3* In recent
years, standard protocols have started to be published for lithium-ion research
to help make systems easier to compare.* Some journals have also developed
checklists for standardising the reporting of battery data.>® For Mg battery
research, there has been an initial use of standardised methods for analysing
systems, such as using certain cycling conditions to investigate the coulombic
efficiency of Mg on the negative electrode.” But there are still areas where this
standardisation of methods can be expanded to develop a more complete

understanding and comparison between electrolytes.

EQCM is a technique that has been underutilised in the analysis of the Mg
negative electrode.®® For Mg batteries, where the reversible plating and
stripping of Mg is key, EQCM has been shown to be an ideal technique for
investigating the efficiency of plating and stripping for different electrolyte
systems. EQCM has been used in several instances since magnesium battery
development in 2000.1%'> EQCM in Mg battery research has previously been
used to determine the relative mass per electron to investigate processes that
occur during cycling, the ideal value being 12 (the equivalent Mg mass).'> The
values reported were lower than this showing that the system of Mg cycling on
the negative electrode is a complex process, which requires more

complimentary techniques to develop a full understanding.

Certain electrolyte systems, such as chloride, borate, and aluminate salts, have
improved efficiency and stability during cycling throughout magnesium battery
research.'®18 More recent research has investigated the feasibility of artificial
SEls to help prevent degradation and promote reversible plating and stripping
of Mg.»*=22 These artificial layers are either made before or during cycling. The

layers made before cycling are typically formed chemicals reacting or adhering
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to the electrode surface through a pretreatment methods and those formed in
situ are formed by a reaction, either chemical or electrochemical, between the
additive and electrode forming a stable artificial interphase.??72* Over the years,
these electrolyte systems have been studied, but no direct comparison has

been made using the same experimental conditions.

In this chapter, different electrochemical techniques are used to directly
compare a few different electrolyte systems containing some of the
aforementioned electrolyte components. Along with comparing the different
electrolyte systems electrochemically, the changes on the electrode surface
were analysed with EQCM and SEM. This allowed for a thorough investigation
of how the surface structures of different systems vary under the same
conditions and show how the electrochemical and SEM data correlate to their

performance.
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4.2 Results and Discussion

4.2.1 Salt synthesis

To compare the current leading electrolytes reported in the literature,
Mg[B(hfip)s]2 and Mg[Al(hfip)s]. had to be synthesised using a combination of
methods from the literature.”2>2% Due to costs and the current global high
demand of Mg[BHa]>, which is affecting supply chains, MgCl, was used as the
starting material for the synthesis of Mg[B(hfip)s].. The first step, Scheme 4.13,
involves a salt metathesis between NaBH4 and MgCl; in a ball mill, followed by
a solvent extraction in diethyl ether. The resulting powder was analysed with

NMR and EDX to check the purity of the sample.

1) Ball mill

MgCl, + 2NaBH, ———— 3 Mg(BH,), + 2NaCl
2) Reflux in Et,O

a)

_ . - _
F F
b) OH Reflux in F FF FF F
F F DME F E
Mg(BH,), + 8 F})\KF — > Mg?* 2 B + 8H,
F F F F
F FF FF F
F F

F F

Scheme 4.1, synthesis method for (a) Mg(BHa4), and (b) Mg[B(hfip)a].

The EDX spectra, Figure A3, showed that very small amounts of NaCl were
present in the resulting powder, with an atomic percentage of approximately 2
%, and the high presence of oxygen in the spectra was due to handling in air
before loading into the SEM. The broad multiplet between 0.15 and -0.77 ppm
in Figure 4.1a corresponds to the protons of the borohydride anion. Boron has
two NMR active isotopes: 1°B with a nuclear spin of 3 and an abundance of 19.9
% and B with a nuclear spin of 3/2 and an abundance of 80.1 %.2” The four
peaks of higher intensity are due to coupling with the !B and attached
hydrogens. The smaller peaks, which form shoulders on these peaks, are from
the hydrogen coupling with °B. The !B NMR spectra showed a quintet from

coupling with the four bonding hydrogen atoms.

81



Chapter 4

3000 b 60000
a THF MgBH, 'H MgBH, '8
2500 1 50000
THF
2000 | l 40000
£ 1500 l ‘ ‘l ' £ 30000 I
g n g
8 ELO \ I ‘ 8
1000 H J“ Il ‘ 20000
| | “
Lo U\
500 J (VYV} 10000 :
| |
\ \ | ‘
0 L _ N K ) | 0
4 3 2 1 0 A 30 -32 -3¢ -36 -38 40 -42 44 -46 -48 -50
) Chemical Shift / ppm ) Chemical Shift / ppm
10000 - 5000
DME —— Mg[B(hfip),], 'H Mg[B(hfip),, '8
8000 4000
THF
6000 3000
12 1]
€ =]
3 3
4000 - 2000+
© DME o
THF
2000 1000
04\ UL |8 0
5 4 3 2 1 0 0 8 6 4 2 0 -2 -4 -6 -8 -10
Chemical Shift / ppm Chemcial Shift / ppm
8000
e Mg[B(hfip),], "°F
7000 |
6000 -
5000
£ 4000
=
(o]
O 3000
2000
10004
0- T T T T
-75.0 -75.2 -75.4 -75.6 -75.8 -76.0

Chemical Shift / ppm

Figure 4.1, (a) *H NMR spectrum of Mg(BHa),, (b) 1B NMR spectrum of Mg(BH.)s, (c)
IH NMR spectrum of Mg[B(hfip)a]2, (d) 2B NMR spectrum of Mg[B(hfip)s]> and *°F
NMR spectrum of Mg[B(hfip)4]..

For the synthesis of Mg[B(hfip)s],, HFIP was added to the previously
synthesised Mg(BHa)2. For this, Mg(BHa4), was dissolved in DME, and HFIP was
then slowly added. The addition of HFIP causes the temperature of the reaction
vessel to increase and for gas to be produced; this is due to the evolution of
hydrogen gas from the reaction between the borohydride and the HFIP. Once
added and the solvent removed, a white powder is left, which, when looking at
the NMR spectra, is pure, with no remaining starting materials present, Figure

4.1 c-e and Figures Ada and b. The proton NMR spectra for Mg[B(hfip)a]. show
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a high presence of DME; this is due to the strong coordinating nature of DME
to Mg as it acts like a bidentate ligand, meaning for each Mg atom, there are
three DME molecules.?® The broad peak at 4.76 ppm relates to the proton on
the central carbon on the HFIP group bonded to the boron. The high ppm of

this peak is due to the fluorine atoms on the adjacent carbon atom.

OH

2 FaC [
NN FWF — > »0-Mg-0—~
F F FaC CFs

2C4H1o

FF
CFy CFs
oH FsC” 0., .07 CFy
| 3F £ Al + 3CH,
At —» o
“~  FT Tr
FoC” CFy
FF
P KF
CF3 CF3 £ Fe g
FiC, CFy A F F
»—0-Mg-0— + 2 FiC” 70, .0" "CFs R o Al Mg?*
FsC CF3 o F F
I Fre FF
FiC” CF3 E .
FOF 2

Scheme 4.2, synthesis method for Mg[Al(hfip).]..

Two literature methods were used to synthesize Mg[Al(hfip)4] from dibutyl
magnesium and trimethyl aluminium.?®3° These methods are one-pot
reactions, and by adding HFIP to dibutyl magnesium and the tri methyl
aluminium Mg[Al(hfip)s]; is formed, Scheme 4.2. The NMR spectra for
Mg[Al(hfip)a]. were taken to check the purity, Figure 4.2. The proton NMR
matches those reported in the literature; DME peaks present due to the strong
coordination of DME to Mg and a multiplet at 4.62 ppm corresponding to the
proton present on the central carbon of the hip. The *°F does have an extra peak
present at -76.3 ppm, which, even after repeating the synthesis, is still present,
and it doesn’t correspond to the °F peak of HFIP in its NMR spectrum, Figure

A9d.
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Figure 4.2, (a) (a) *H NMR spectrum of Mg[Al(hfip)]> and (b) *°F NMR spectrum of
Mg[Al(hfip)a]>.
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4.2.2 Voltammetry of different electrolyte systems

To develop a workflow to test and compare different electrolytes, listed below,
for Mg batteries, a range of different glyme-based electrolytes from literature

were tested.

e 0.5M Mg(TFSI); in 2G (MgTFSI»/2G)

e 0.5 M Mg(TFSI)2 and 10 mM Pry14TFSI in 2G (MgTFSI+Pry14TFSI/2G)
e 0.25 M Mg(TFSI); and 0.125 M MgCl in 2G (MgTFSI,+MgCl,/2G)

e 0.125 M Mg(TFSI); and 0.25 M MgCl; in 1G (MgTFSI,+MgCl,/1G)

e 0.3 M Mg[B(hfip)a]2 in 1G (Mg[B(hfip)a]./1G)

e 0.4 M Mg[Al(hfip)s]z in 2G (Mg[Al(hfip)a]2/2G)

Some of the electrolyte systems from the literature were altered, changing the
glyme solvent due to poor electrochemical performance, Figure A5. In literature
0.5 M Mg(TFSI); is typically dissolved in 1G, but the cycling, Figure A5a, shows
that large overpotentials are needed to both plate and strip Mg as well as
having poor coulombic efficiency.’® Also the 0.5 M Mg(TFSIl)2 and 10 mM
Pry14TFSI electrolytes in literature are used in 1G electrolyte, but when tested
Mg plating does not occur within the experimental parameters, Figure A5b.%°
However, both of these electrolyte systems work with 2G instead of 1G, and

thus were used with 2G.

For testing all of the electrolytes above, a Cu WE was used to treat the
electrochemistry as an anode-less system. This allows for the investigation the
coulombic efficiency of each system where there is not an unlimited source of
Mg, which would give higher efficeincies.3%32 To initially compare the different
electrolytes, CVs were measured in the same experimental conditions to
compare their CE. These conditions were between the potentials of -0.7 and
0.8 V vs Mg?*/Mg at a Cu WE and Mg RE and counter electrode, at a scan rate
of 100 mV s,

The first system looked at was Mg(TFSI)2/2G, similar to the system from
Chapter 3 but with a shorter glyme ether chain, Figure 4.3a. Through

progressive cycles, the peak current density stays constant and doesn’t increase
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over cycling, and the stripping peak reaches its maximum current density after

5 cycles and stabilises, with a slight variation over further cycling. This indicates

that the conditioning process and interphase formation occur over those first 5

cycles, and the slight variation in peak current density over further cycling is

likely from small changes in the interphase, either cracking or passivation. The

potential at which plating occurs remains constant over the 30 cycles, at -0.38

V vs Mg?*/Mg, and the potential at which stripping occurs also remains constant

at 0.08 V vs Mg?*/Mg.
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Figure 4.3, Cyclic voltammetry of (a) Mg(TFSI):/2G, (b) Mg(TFSI),+Pry14TFSI/2G, (c)
Mg(TFSI1),+MgCly/2G, (d) Mg(TFSI),+MgCl,/1G, (e) Mg[B(hfip)4]./1G and (f)
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and reference and at a scan rate of 100 mV s over 30 cycles.
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The next electrolyte system looked at was MgTFSI,+Pry14TFSI/2G, Figure 4.3b.
In the literature, it was reported that the addition of the Pry14TFSI helps
suppress the uneven deposition of Mg through the adsorption of the IL onto
the electrode surface, forming an artificial SEL.'® As with the MgTFSI,/2G
system, the peak current density for the plating of Mg stays almost constant,
with a slight decrease over 30 cycles. A notable difference between these 2
electrolytes is that for the Pry14TFSI system there is an initial negative current
at 0.8 V vs Mg?*/Mg at the start of the CV. This reduction current is likely to be
the decomposition of Pry14TFSI to form an artificial interphase. The onset
potential for the plating, however, does become more negative, from-0.31 V to
-0.38 V vs Mg?*/Mg. For the stripping peak, the onset remains the same, and

after 5 cycles, the peak current density remains constant.

The addition of chloride in literature has been extensively shown to improve
the performance of Mg batteries.'®33 Therefore, the next electrolyte system to
be looked at was the addition of 0.125 M MgCl, to the 0.25 M Mg(TFSI); 2G,
giving a ratio of MgCl,:Mg(TFSI); of 1:2. During the CVs of MgTFSI>+MgCl,/2G,
there is a slight increase in the plating current density whilst the stripping
current density increases up to cycle 20, where it reaches its maximum, Figure
4.3c. The onset for the plating of Mg is -0.4 V vs Mg?*/Mg, whilst the onset
potential for stripping is -0.1 V vs Mg?*/Mg. This system has the smallest
potential difference between plating and stripping than other electrolytes.
Ideally, the potential difference between plating and stripping would be 0V, as
seen in Grignard reagent CVs, where a small change in potential around the

central point would drive the process in one direction, Figure A6.3*

Changing between glyme ether solvents can also affect the performance of
the electrolyte due to their different viscosities and salt saturation
concentration limits.3>3® In 2G, the highest ratio of MgCl, to Mg(TFSI)> was 1:2,
respectively, as any higher concentration of MgCl, caused it to precipitate from
the solution. Whereas in 1G, the highest ratio of MgCl, to Mg(TFSI); was 2:1,
respectively, the concentration used was 0.25 M MgCl, and 0.125 M Mg(TFSI);

in 1G. For MgTFSI,+MgCl,/1G, there is a slight decrease in the maximum plating
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current density, Figure 4.3d, and the potential at which plating starts does
increase through cycling from -0.36 V to -0.43 V vs Mg?*/Mg; this is potentially
due to surface passivation as the maximum current densities for both plating

and stripping decrease through continued cycling.

The final electrolyte systems to compare are the synthesised fluorinated
alkoxy borate and aluminate salts. These salts were used in the solvents and
concentrations reported in the literature.3®3” For the Mg[B(hfip)4]2/1G over the
first 5 cycles, the current densities for both plating and stripping reach their
peak, Figure 4.3e. The onset potential of plating decreases significantly from -
0.6 V to-0.3 V Mg?*/Mg, with the onset for stripping being 0.05 V Mg?*/Mg. For
the aluminate electrolyte system Mg[Al(hfip)4]2/2G the performance is poor as
large overpotentials are needed to both plate and strip the Mg on the electrode
surface, Figure 4.3f, -1.3 and 0.25 V Mg**/Mg, respectively. This is likely due to
impurities left from the synthesis of the salt, such as the extra peak in the '°F
NMR spectrum, but further work is required to improve the performance of this
electrolyte system and going forward with comparing the above electrolytes

Mg[Al(hfip)a]2/2G will not be included.

A main way to compare the CVs shown in Figure 4.3 is to compare their CE
over successive cycles, Figure 4.4. The CEs for the Mg(TFSI),/2G and
MgTFSI,+MgCl,/2G electrolyte systems follow a similar trend; for the first five
cycles the CE increases until it plateaus, this is likely due to the formation of a
stable interphase on the electrode surface. Towards the end of the 30 cycles,
the CE of MgTFSI,/2G starts to decrease, suggesting that the interphase is not
stable and starts to react and degrade over time. This is likely due to the volume
expansion that occurs on the electrode surface during cycling causing fractures
of the interphase, revealing more reactive Mg which will react, causing further
electrolyte degradation. For the MgTFSI,+Pry14TFIS/2G electrolyte system the
CE remains steady over the 30 cycles after a lower CE on the first cycle. This
lower CE on the first cycle is due to the initial reduction observed in the CV
cycling, Figure 4.3b. The systems with the highest average CE are
Mg[B(hfip)s]2/1G and MgTFSI,+MgCl,/1G, with an average CE of 95 %. These
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two systems also have high CE during their initial cycles and show little variation
over the 30 cycles compared to the other systems tested. This implies that the
conditioning step in these electrolytes doesn’t hinder the initial CE as there is

no increase in CE over the initial cycles as seen in previous systems.
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Figure 4.4, Coulombic efficiency comparison of the cyclic voltammograms of the

different electrolyte systems in Figure 4.3.

Mg electrolytes require high oxidative stability, as this allows for higher
potential positive electrodes to be used. To compare the oxidative stability of
each electrolyte LSVs were measured to see when electrolyte degradation
occurred. The LSVs for MgTFSI2/2G and MgTFSI>+Pry14TFSI/2G are similar as
when using a Pt or glassy carbon (GC) working electrode. The current starts to
increase exponentially at 4.1 and 4 V, respectively vs Mg?*/Mg, Figure 4.5a and
b. There is a slight difference when using a Cu working electrode as the current
increase for MgTFSI,+Pry14TFSI/2G is steeper than that of MgTFSI,/2G, but the
currents increase at 2.5 and 2.6 V, respectively. When MgCl, is included in the
electrolyte, MgTFSI>+MgCl,/2G, there are differences in the LSVs compared to
without MgCly, Figure 4.5c. The LSV with the GC working electrode is the same
as that of MgTFSI>/2G, but with the Pt working electrode LSV, there is an

88



Chapter 4

oxidation peak before the exponential increase in current; this increase is likely
due to chloride oxidation at the electrode surface.3® With the Cu working
electrode, there are two oxidation processes before the fast increase in current,
and these are likely caused by the oxidation of copper to form copper chloride

in the electrolyte solution.

When changing from 2G to 1G, there is a surprising difference when
comparing the LSVs. Cu has the lowest oxidative stability for the 2G electrolyte
containing MgCl,, whereas in 1G, it’s the highest, and the copper oxidation peak
isn’t observed. This difference in electrochemical stability is likely down to the
chelation of the solvent 2G and 1G to the Mg ions in solution. Chelation has
previously been shown to adjust the electrochemical properties of metal ions,
including transfer kinetics and redox potentials.?® The onset for the GC and Pt
electrodes is earlier than that of those in 2G by 0.5 V. When looking at the LSVs
for Mg[B(hfip)a]2/1G, the potential that the current for electrolyte degradation
increases at 4 V vs Mg?*/Mg. Comparing the 1G and 2G LSVs indicates that Cu
degrades 2G easier than 1G due to the much lower onset potential for

electrolyte degradation, about 1.5 V difference.
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Figure 4.5 Linear sweep voltammograms of (a) MgTFSl»/2G, (b)
MgTFSI+Pry1aTFSI/2G, (c) MgTFSI:-+MgClo/2G, (d) MgTFSI-+MgCl,/1G and (e)

Mg[B(hfip)4]2/1G. LSVs were recorded with a Cu, Pt and glassy carbon working

electrode with a magnesium counter and reference. LSVs were recorded between 0

and 4.5 V vs Mg*/Mg at a scan rate of 10 mV s™.
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Figure 4.6, Example cyclic voltammogram (a) and frequency response (b) of Mg
plating and stripping with the arrows showing the cycling direction. Cyclic
voltammograms of (c) MgTFSI,/2G, along with the EQCM frequency potential plot (d),
with the starting point of the frequency plot labelled. Cyclic voltammograms were
recorded at an Au EQCM quartz crystal working electrode with a Mg counter and

reference at a scan rate of 100 mV s™.

The CVs recorded at the Au EQCM electrode all have a lower CE than those
recorded with the Cu WE. This is because different electrodes can lead to
different electrochemical responses, gold is less electrochemically active than
copper, and with the need to use a larger quantity of electrolytes due to the
larger cell volumes, the amount of impurities present would be higher, leading
to more potential passivation of the electrode surface.*® Figures 4.6a and b
show examples of an EQCM plot with the arrows showing the direction of
cycling and the colours to link corresponding processes. All EQCM data
presented in this section starts from the top right of the plot as this is where
the change in frequency is 0 and the starting potential is 0.8 V vs Mg?*/Mg.

Once the EQCM measurements begin the potential sweeps negative, the blue
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arrow in Figure 4.6a and b, until the current starts to go negative, the red arrow.
This increase in current also leads to an increase in magnitude of the change in
frequency which corresponds to an increase in mass. Material is then
continually plated on to the surface whilst the current is negative, purple arrow,
up until the current crosses over. The positive stripping current is then
measured which corresponds to a decrease in magnitude in the change in
frequency on the EQCM plot. This relates to a decrease in mass on the electrode

surface.

The CE for the CVs taken in the EQCM cell for MgTFSI,/2G, Figure 4.6c,
averages 18 %. The poor efficiency is seen as the CV has a small stripping
current, relative to the plating current, and this reduction in CE is likely due to
the factors mentioned above. The frequency response of this system is
surprising. For the first cycle, the plating of material onto the electrode doesn’t
begin until -0.60 V vs Mg?*/Mg, whereas in the CV, the plating process starts at
-0.41 V; this discrepancy in plating potential only appears during the first cycle,

then afterwards, the potential at which plating starts is the same.

Over the first 6 cycles record, once the potential reaches the stripping process
in the CV, there is no corresponding decrease in magnitude of the frequency,
i.e. moving closer to 0. Instead, the frequency increases in magnitude,
indicating an increase in mass on the electrode. This is not in the potential
region where Mg is plated on the electrode surface, which likely corresponds
to the reaction between the plated Mg metal and the electrolyte or impurities
in the electrolyte. These reactions then lead to forming an SEI. At the 6th cycle,
Mg starts to be stripped from the surface, reaching 100 % stripping efficiency
in cycle 10. This 100 % efficiency in stripping likely isn’t caused by the
electrochemical process, on the 10" cycle in the EQCM plot, Figure 4.6d,
between 0.1 and 0.5 V vs Mg?*/Mg there is a small amount of the Mg stripped
from the surface, and this section matches up with the stripping peak in the
voltammetry, Figure 4.6¢c. After this, a large amount of material is removed
whilst no charge is being passed, meaning this is likely due to the detachment

of the Mg deposits from the electrode surface and these then dissolving into
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the solution, giving the appearance of 100 % stripping efficiency. This would
then lead to a loss of active material from the electrode surface, which would

significantly impact the battery's performance.
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Figure 4.7, cyclic voltammograms of (a) MgTFSI»+Pry14TFSI/2G, along with the EQCM
frequency potential plot (b) with the starting point of the frequency plot labelled.
Cyclic voltammograms were recorded at an Au EQCM quartz crystal working

electrode with a Mg counter and reference at a scan rate of 100 mV s™.
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For the EQCM measurements of the MgTFSI>+Pry14TFSI/2G, the CE is again
much lower than that recorded against the Cu WE earlier, 10 % in the EQCM
cell, Figure 4.7a. The change in the frequency value at -0.6 V vs Mg?*/Mg during
the first cycle is likely due to impurities on the electrode surface, Figure 4.7b.
Then as with MgTFSI,/2G, in the region where stripping of Mg typically occurs,
at 0.15 V vs Mg?*/Mg on the positive potential sweep, there is an increase in
the frequency magnitude, meaning that the plated Mg is likely reacting with
the electrolyte to form an interphase, and this process occurs for the first two
cycles, after which the frequency magnitude decreases in that potential region
implying that Mg is being stripped form the electrode surface. Unlike
MgTFSI2/2G, material removal of material from the electrode surface mainly
occurs when a stripping current is passed. So, the deposits do not detach from

the electrode surface, causing a loss of materials.

Adding magnesium chloride to MgTFSI,/2G to MgTFSI,+MgCl»/2G improves
the performance of the EQCM cell. The voltammetry is more consistent, with a
CE of around 60 %, Figure 4.8a. The frequency response with the EQCM is also
more consistent through progressive cycles, and frequency changes mainly
occur when current is passing for either plating or stripping, Figure 4.8b, leading
to an increase and decrease in the frequency magnitude respectively. After the
first cycle, the amount of Mg plated onto the electrode surface stays consistent
with each cycle, with a frequency magnitude increasing approximately 500 Hz.
The first cycle has a larger frequency magnitude increase due to having a larger
active surface area before any passivation has occurred. The average stripping
efficiency of the last 9 cycles is ~ 50 %. At the end of each cycle, once Mg has
been stripped from the surface at 0.49 V vs Mg?*/Mg, the frequency magnitude
increases afterwards. This frequency increase doesn’t correspond to a current
being passed, so it can be attributed to the reaction between the electrolyte
and the bare Mg left on the surface, contributing to the poorer stripping

efficiency.
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Figure 4.8, cyclic voltammograms of (a) MgTFSI,+MgCl>/2G, along with the EQCM
frequency potential plot (b) with the starting point of the frequency plot labelled.
Cyclic voltammograms were recorded at an Au EQCM quartz crystal working

electrode with a Mg counter and reference at a scan rate of 100 mV s
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Figure 4.9, cyclic voltammograms of (a) MgTFSI,+MgCl>/1G, along with the EQCM

frequency potential plot (b) with the starting point of the frequency plot labelled.
Cyclic voltammograms were recorded at an Au EQCM quartz crystal working

electrode with a Mg counter and reference at a scan rate of 100 mV s

When changing from 2G to 1G, there is significant improvement in the CE in
the EQCM cell, up to 85 %, and the peak current density for both the plating

and stripping have also increased. This increase in current and charge passed
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during cycling means a larger frequency magnitude increase is observed, a 1500
Hz increase per cycle. In the first cycle, after plating Mg at -0.2 V vs Mg?*/Mg on
the reverse sweep, there is a slight mass increase at 0.02 V vs Mg?*/Mg before
Mg is stripped from the surface. This mass increase is likely the reaction of
electrolyte with fresh Mg which has become available following the initial
stripping of materisl. Following the first cycle, the plating and stripping go in a
loop with no other observable processes present apart from the plating and

stripping of Mg. This gives an average stripping efficiency of 70 %.

The final electrolyte system to compare is Mg[B(hfip)s]./1G. A wider potential
window was needed for the EQCM measurements of Mg[B(hfip)a]2/1G, this is
due to a late onset potential of plating in the EQCM cell, Figure 4.10a. For the
first four cycles, the stripping efficiency gradually increases from 30 % up to 90
%, after which each cycle's plating and stripping efficiency is 100 %, Figure
4.10b. This increase over the first few cycles is due to the formation of an SEl,
which then allows for the reversible plating and stripping of Mg in later cycles.
With each cycle, the onset of plating and stripping also reduce, going from -0.71
V to-0.56 V and -0.17 to -0.2 vs Mg?*/Mg, meaning the overpotential between
plating and stripping is reduced. Its also observed that the magnitude of the
frequency increase during each plating step increase from ~ 1100 Hz during the
first cycle to ~3000 Hz during the tenth cycle. This increase in amount of Mg
plated on to the electrode surface is likely due to the increase in Mg coverage
over the initial cycles increasing the amount of active sites for Mg to plate on
the surface. A key difference between the Mg[B(hfip)a]. is that for the stripping
process during the first few cycles it appears as two peaks which merge over
successive cycling. This additional oxidation peak could be due to the oxidation
of the electrolyte salt with the Au electrode, as it isn’t seen with the Cu

electrode, but this would need to be investigated further.
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4.10, cyclic voltammograms of (a) Mg[B(hfip)s]:/1G, along with the EQCM frequency
potential plot (b) with the starting point of the frequency plot labelled. Cyclic
voltammograms were recorded at an Au EQCM quartz crystal working electrode with

a Mg counter and reference at a scan rate of 100 mV s,
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4.2.3 Electrode morphology of different electrolyte systems

Another key aspect of the different electrolytes to investigate is how cycling
changes the surface of the electrode. For an ideal system, all the Mg plated on
to the electrode surface would be removed during stripping, leaving no inactive
material on the surface. However, from the EQCM measurements and previous
work, Chapter 3, we know from the electrode's cycling mechanism that growth

of these deposits occurs over time.

Figure 4.11, SEM images of (a and b) MgTFSI,/2G, (c-h) corresponding EDX maps for
(c) Mg, (d) O, (e) F, (f) C, (g) S and (h) Cu. All images are after 30 cycles between -0.7
and 0.8 V vs Mg**/Mg, at a scan rate of 100 mV s and are on a Cu ribbon electrode

and after discharge.

When looking at the surface morphology for each electrolyte system, all the
surface deposit morphologies are different from each other. For the
MgTFSI>/2G electrolyte system, the Mg deposits form flat, pancake-like

structures over the electrode surface, Figure 4.11a and b. There are some areas
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where these flat structures overlap and form higher domed ridge structures, as
seen at the top of Figure4.11b. These flat disc structures, which form, seem to
be made up of concentric rings of deposited Mg, Figure 4.11a, suggesting that
there is an initial nucleation on the electrode surface; grooves can be seen in
Figure 4.11b below the deposit, which are more favourable nucleation sites.
From the initial nucleation deposit, the sites adjacent to it must then be more
favourable for further nucleation and deposit growth. The EDX maps for
MgTFSI,/2G deposits show a high concentration of Mg in the deposit, which
would agree with the poor stripping seen in the EQCM, along with O and F on
the surface of the deposit, which would be present from the degradation of 2G
and TFSI, Figure 4.11c-h. The uniform C presence is from the degradation of

2G.

Figure 4.12, SEM images of (a and b) MgTFSI+Pry14TFSI/2G, (c-i) corresponding EDX
maps for (c) Mg, (d) O, (e) F, (f) C, (g) S, (h) N and (i) Cu. All images are after 30 cycles
between -0.7 and 0.8 V vs Mg?*/Mg, at a scan rate of 100 mV s> and are on a Cu

ribbon electrode and after discharge.
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The MgTFSI>+Pry14TFSI/2G forms different structures than MgTFSI,/2G, even
though the only difference in the electrolyte system is 10 mM Pry1aTFSI.
MgTFSI2+Pry14TFSI/2G forms a mixture of small hemispherical deposits, ~16 um
in size, along with much smaller, sub-micron size structures littering the
electrode surface, Figure 4.12a and b. There are also areas on the electrode
surface where these larger hemispherical structures have nucleated so close
together that the deposits agglomerate into thick surface coverings, Figure A7.
The EDX maps of the deposit, Figure 4.12c-i, show a high concentration of Mg,

O and F in the deposit but only trace amounts of N are present.

M3ap Data 6
)

Figure 4.13, SEM images of MgTFSI,2+MgCl»/2G, (c-j) corresponding EDX maps for (c)
Mg, (d) O, (e) F, (f) C, (g) S, (h) N, (i) Cl and (j) Cu. All images are after 30 cycles
between -0.7 and 0.8 V vs Mg?*/Mg, at a scan rate of 100 mV s> and are on a Cu

ribbon electrode and after discharge.
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For the MgTFSI,+MgCl,/2G electrolyte system, the deposit structure is similar
to that seen in the MgTFSI,/2G system. The deposits seem to form a disc like
the MgTFSI,/2G systems but then deposits also seem to grow on top of this
disc, forming a hilly agglomerate structure, Figure 4.13a and b, and these hilly
disc structures are the primary structure of deposits which form on the
electrode surface. The main elements present in these deposits are Mg, O and
F, as before, with C seeming to coat the structure, Figure 4.13c-j. Considering
that the ratio of TFSI to Clis 2:1, its surprising that there is a very small presence
of Cl in the EDX map, indicating that the chloride is washed off during the

sample preparation step for the SEM samples.

a) MgTFSI+MgC,/16 Roka

4

Figure 4.14, SEM images of (a and b) MgTFSI»+MgCl,/1G, (c-j) corresponding EDX
maps for (c) Mg, (d) O, (e) F, (f) C, (g) S, (h) N, (i) Cl and (j) Cu. All images are after 30
cycles between -0.7 and 0.8 V vs Mg?*/Mg, at a scan rate of 100 mV s and are on a

Cu ribbon electrode and after discharge.
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The structures are significantly different when the solvent is changed from 2G
to 1G. For the MgTFSI>,+MgCl,/1G electrolyte system, discreet hemispheres are
formed on the electrode surface; Figure 4.14 a and b are much smaller than the
deposits seen with the other electrolyte systems. Like the other electrolytes,
these hemispheres cover most of the electrode surface along with much
smaller deposits, the small structures seen around the deposit in Figure 4. 14a
and b. The much smaller deposits likely lead to the high efficiency seen in the
CVs and EQCM measurements; with them being smaller, the diffusion of Mg in
and out of the structure is easier, allowing for higher efficiency. The EDX maps
for this system, Figure 4.14c-j, show that the main elements present in the
deposit are Mg and O, which are only located in the deposit from the maps. The
other elements, F, S, N, C, and Cl, all seem uniform over the mapping area due
to electrolyte degradation, with one side of the maps, bottom right, being

darker due to the 3 dimensionality of the structure.
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Figure 4.15, SEM images of (a and b) Mg[B(hfip)4]./1G, (d-h) corresponding EDX maps
for (d) Mg, (e) O, (f) F, (g) C and (h) Cu all to the same scale as (c) which has a scale
bar of 5 um. All images are after 30 cycles between -0.7 and 0.8 V vs Mg?*/Mg, at a

scan rate of 100 mV s and are on a Cu ribbon electrode and after discharge.

When changing to the Mg[B(hfip)s]./1G electrolyte system, another
morphology is observed. After cycling in this system, the electrode surface
shows platelets covering the electrode surface with cracks throughout the
structure with some curling observed, Figure 4.15a-c. The curling and cracking
observed are likely from the preparation of the electrodes for imaging. This is
more towards the ideal scenario for Mg plating and stripping, where a uniform
layer of deposition forms. The EDX maps of Mg[B(hfip)a]2/1G, Figure 4.15d-h,
show that the deposit plates consist of mainly Mg and O with some F present
in the structure as well; B isn’t detectable with EDX; thus isn’t shown in the
maps. At higher magnifications, the surface of the deposits varies with respect
to the solvent used, either 1G or 2G, Figure A8. The surface of the deposits

formed in the 2G electrolytes form thick crystalline rods, Figures A8a and b,
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whilst those in the 1G electrolyte form thin plate structures, Figures A8 ¢ and
d. This is potentially due to the solvation shell around the Mg ions affecting how
they plate and potentially react with other species in solution once on the

electrode surface.

Figure 4.16, Cross sectional SEM images of (a and b) MgTFSI»/2G, (c-i) EDX maps for
(c) Mg, (d) O, (e) F, (f) C, (g) S, (h) N and (i) Cu. EDX maps all to the same scale as (b)
which has a scale bar of 2.5 um. All images are after 30 cycles between -0.7 and 0.8 V
vs Mg?/Mg, at a scan rate of 100 mV s and are on a Cu ribbon electrode and after

discharge.

Cross-sectioning was carried out to understand the internal structure and gain
insight into how these deposits grow and to understand the cycling mechanism
of all these systems fully. The cross-section of the deposits formed in the
MgTFSI2/2G shows that the disc-like structures are dense with deposited
material, showing no internal porosity or cavities, Figure 4.16a and b. The EDX

maps show the bulk of the internal structure is Mg, with the maps for the other

105



Chapter 4

elements being sparse in the centre but more concentrated on the exterior,
Figure 4.16c-i. This suggests that the plated Mg is trapped under an impassable
layer of MgO, MgF, and other electrolyte degradation products, leading to poor
cycling and stripping efficiency.

o""

ag,mgrﬁsr_.z, Pry i TFSH2G . -

Figure 4.17, Cross sectional SEM images of (a and b) MgTFSIx+Pry14TFSI/2G, (c-i) EDX
maps for (c) Mg, (d) O, (e) F, (f) C, (g) S, (h) N and (i) Cu. EDX maps all to the same
scale as (b) which has a scale bar of 10 um. All images are after 30 cycles between -
0.7 and 0.8 V vs Mg?/Mg, at a scan rate of 100 mV s* and are on a Cu ribbon

electrode and after discharge.

The cross sections for the MgTFSI,+Pry14TFSI/2G appear similar to those seen
for the cross sections in Chapter 3, Figure 4.17a and b. The deposits have a high
porosity throughout, spanning from the core through to the exterior of the
structure. The EDX shows a core that is rich in only Mg, as shown in Figure 4.17c-
i. Moving out from the rich Mg core, O and F increase in intensity as the
intensity of Mg decreases. This implies that these deposits have a core rich with
Mg metal, and moving out from this core, the structure consists of a mixture of

MgO and MgF..
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MMag Data 7
c)

Figure 4.18, Cross sectional SEM images of (a and b) MgTFSI»+MgCl,/2G, (c-j) EDX
maps for (c) Mg, (d) O, (e) F, (f) C, (g) S, (h) N, (i) Cl and (j) Cu. EDX maps all to the
same scale as (b) which has a scale bar of 5 um. All images are after 30 cycles
between -0.7 and 0.8 V vs Mg?*/Mg, at a scan rate of 100 mV s> and are on a Cu

ribbon electrode and after discharge.

For the structure of the deposits formed in the MgTFSI,+MgCl,/2G electrolyte,
the cross-sectioning confirms previously mentioned hypotheses about how the
deposit structures form, Figure 4.18a and b. The cross-sectioning reveals that

these structures form through the repeated deposition of small hemispherical
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structures, one on top of another. This can be informed by the lighter arcs of
contrast through the cross-section and the corresponding areas of higher O

intensity on the EDX maps, Figure 4.18c-j.

a) MgTFSl,+MgCl,/1G

Figure 4.19, Cross sectional SEM images of (a and b) MgTFSI,+MgCl,/1G, (c-j) EDX
maps for (c) Mg, (d) O, (e) F, (f) C, (g) S, (h) N, (i) Cl and (j) Cu. EDX maps all to the
same scale as (b) which has a scale bar of 5 um. All images are after 30 cycles
between -0.7 and 0.8 V vs Mg?*/Mg, at a scan rate of 100 mV s> and are on a Cu

ribbon electrode and after discharge.

Another type of deposit structure is seen in the MgTFSI,+MgCl,/1G
electrolyte. The milling of these structures reveals a layered structure, Figure

4.19a and b.These layers are concentric rings, like those seen in a tree or an
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onion, and mainly constitute Mg, O, and F, Figure 4.19c-j, which is expected as
after stripping, little Mg metal would be left in the structure. The cycling

mechanism for this electrolyte system will be discussed in-depth in Chapter 5.

Figure 4.20, Cross sectional SEM images of (a and b) Mg[B(hfip)4]:/1G, (c-g) EDX
maps for (c) Mg, (d) O, (e) F, (f) C, and (g) Cu. EDX maps all to the same scale as (b)
which has a scale bar of 2 um. All images are after 30 cycles between -0.7 and 0.8 V
vs Mg?/Mg, at a scan rate of 100 mV s and are on a Cu ribbon electrode and after

discharge.

For the final electrolyte system Mg[B(hfip)s]2/1G, the deposit structures are
much thinner than all the other structures, <1 um, Figure 4.20a and b. The
cross-section shows that the interior structure is highly porous, with the pores
being nanometres in diameter. The EDX map of the cross-section reveals a high
concentration of Mg, O and F, corresponding to MgO and MgF; from both the
1G and the borate salt, Figure 4,20c-g. Comparing between the SEM images of

the cross-section charged and discharged deposits, along with the EQCM data
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from earlier, help to give the likely cycling mechanism of the Mg[B(hfip)s]2/1G

electrolyte.

Each of the electrolyte systems form different deposit structures from flat
discs to hemispheres. The difference in structures is likely due to a combination
of factors, such as the solvent coordination around Mg, with 2G coordinating to
the Mg ion more than 1G. Also the addition of chloride to the electrolytes likely
forms a stable SEI, meaning fewer potential nucleation sites. This could explain
the sparseness in surface structures for the chloride containing systems. With
regards to the structures formed in the borate containing electrolyte, borates
often lead to more controlled and uniform deposition of Mg due to their less

nucleophilic nature and ability to form stable ion complexes.*!

From the EQCM and SEM data the cycling mechanism can be deduced. The
EQCM measurements for the Mg[B(hfip)a]2/1G electrolyte show that after the
first four cycles the stripping efficiency is 100 % meaning all plated Mg in the
following cycles is removed. This implies that during these initial cycles a stable
structure for Mg to plate and strip on to forms. The SEM images of the
discharged deposits show a thin highly porous layer <1 um, Figure 4.21a, which
when correlating to the EQCM data would imply that this is the layer that forms
during the first few cycles which allows for the subsequent cycles to have a
stripping efficiency of 100 %. Then when looking at cross sectioned images of
the charged deposits, Figure 4.21b, there is a thick deposit of Mg on top of the
porous structure seen in the discharged deposit. This implies that the cycling
mechanism occurs through the initial formation of a stable Mg surface structure
over the first few cycles, after which Mg can be reversibly plated and stripped

from that structure with 100 % efficiency.
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Figure 4.21, Cross sectional SEM images of Mg[B(hfip)4]/1G after (a) discharge and
(b) charge. All images are after 30 cycles and are on a Cu ribbon electrode, with the

porous structure and deposited Mg labelled and separated by the blue dashed line.
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4.3 Conclusions

Direct comparison of different electrolyte systems using the same techniques
has shown that they can vary greatly with respect to their electrochemistry and
surface deposits. The cyclic voltammetry measurements have shown that
adding additives or changing the solvent used can have a large impact on the
efficiency; adding MgCl, increases the efficiency by 30 %, and changing the
glyme length from 2G to 1G improves the efficiency further by 4%. This all
culminates in getting closer to the ideal 99.99 % efficiency desired by battery

development.

The EQCM measurements helped show that even if the CE is relatively poor
compared to the CVs in another cell, the stripping efficiency can be relatively
higher, for instance, with the Mg[B(hfip)s]2/1G. These measurements also
showed a correlation between the improvement in efficiency during the initial
cycles and conditioning, which is linked to an improvement in stripping
efficiency, showing that the conditioning process helps the CE and the stripping

efficiency.

The microscopy analysis showed how even a slight change in electrolyte
composition can have a large impact on the electrode morphology. The addition
of 10 mM Pry14TFSI changed the surface structures from flat disc structures to
porous hemispheres, and changing solvents also affected the finer surface

structures of these deposits.

Comparing the different electrolyte systems from this section shows that the
Mg[B(hfip)4]2/1G and MgTFSI>+MgCl,/1G systems perform the best. This is due
to their high CE, 96 and 95 %, respectively, and their high Mg stripping efficiency
on the electrode surface. They both still show electrolyte degradation, due to
the surface structure left on the electrode, but not as much as the other
systems tested. This is likely due to them forming stable SEl layers early on in
their cycling which is stable through the following cycles. The
MgTFSI,+MgCly/1G system will be investigated further using the methodology

developed in Chapter 3 in the following chapter.
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4.4 Experimental

4.4.1 Chemicals

Diglyme (2G) (~300 — 400 mL) (Sigma Aldrich, > 99.9 %) was distilled under
vacuum over sodium (0.7 g) (Sigma Aldrich, 99 %) and benzophenone (4 g)
(Sigma Aldrich, 99 %). The distilled 2G was stored in a N2 glovebox and was dried
using 4 A molecular sieves (Sigma Aldrich) for 3 days. Mg(TFSI), (Solvionic, 99.5
%) was dried under vacuum at 120 °C for 3 days and stored in an N2 glovebox.
Dimethoxy ethane (DME) (Sigma Aldrich, 99 %), magnesium chloride (MgCl,)
(Sigma Aldrich, 99.9 %), sodium borohydride (NaBH4) (Sigma Aldrich, 99.5 %),
butyl-methylpyrrolidinium  bis(trifluoromethanesulfonyl)imide  (Pryi14TFSI)
(Sigma Aldrich, 99.9 %), hexafluoroisopropanol (HFIP) (Sigma Aldrich, 99.9 %),
1 M dibutyl magnesium (MgBuz) in hexane (Sigma Aldrich, 99.9 %) and 2 M
trimethyl aluminium (AlMes) (Sigma Aldrich, 99.9 %) were all used as supplied

and stored in a N glovebox (02 <0.1 ppm, H,0 < 0.1 ppm)

4.4.2 Synthesis of MgBH4

MgCl, (12.78 g, 0.13 mol) and NaBH4 (10.16 g, 0.26 mol) were milled in a Fritsch
P6 Planetary ball mill at 400 rpm for 12 hr (ZrO; grinding bow! and balls),
grinding bowl was sealed in a glovebox. Approximately 3 g of the resulting
powder was transferred to a two-neck round bottom flask and dissolved in
diethyl ether (200 ml) inside a glovebox. The suspension was then transferred
to a Schlenk line before being stirred for 24 hrs under reflux. The mixture was
filtered through canular filtration, and the solvent was removed from the
filtrate under vacuum. The remaining powder was heated at 190 °C for 1 hr
under vacuum before being transferred to a glovebox and then 180 °C for 2 hrs
in a Buchi oven under vacuum. The yield ranged from 43 — 67 % and was a fine
white powderlH NMR (400 MHz, THF) 6 3.63 (s, OH), 3.40 (g, J = 7.0 Hz, OH),
1.76 (s, OH), 0.15 —-0.77 (m, 1H). 11B NMR (128 MHz, THF) & -40.10 (p, J = 82.3
Hz).

4.4.3 Synthesis of Mg[B(hfip)a)2
Synthesised MgBH4 (0.81 g, 15 mM) was dissolved in 30 mL of DME in a two-

necked round bottom flask inside a glovebox. This flask was then sealed and
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connected to a Schlenk line before HFIP (20.5 g, 12.9 mL, 123 mM) was added
dropwise throughout 1 hr, and the resulting solution was stirred for 24 hrs. The
resulting mixture was refluxed at 85 °C for a further 2 hours. After cooling, the
solvent was removed under vacuum. The resulting powder was then dried
further under a vacuum for 24 hours. This gave a fine white powder with a yield
of 70 %. *H NMR (400 MHz, THF) & 4.76 (br, 1H), 3.61 (s, 1H), 3.46 (d, J = 1.3 Hz,
1H), 3.31 (d, J = 1.3 Hz, 1H), 1.76 (s, 1H). !B NMR (128 MHz, THF) & 1.67. 19F
NMR (376 MHz, THF) 6§ -75.38.

4.4.4 Synthesis of Mg[Al(hfip)a]2

HFIP (3.44 g, 2.2 mL, 20.5 mmol) was dissolved in 30 mL of DME in a glovebox.
Then 10 mL of 1 M dibutyl magnesium (MgBuz) in hexane was slowly added
dropwise to the HFIP solution and left to stir for 6 hrs at room temperature. A
solution of 2 M trimethyl aluminium (AlMe3s) in toluene was added. Further,
HFIP (12.04 g, 7.6 mL, 70.7 mmol) was added gradually over 1 hr and further
stirred for 24 hrs. The solution was concentrated to ~ 15 mL by solvent
evaporation before being added slowly dropwise to 150 mL of hexane. This
mixture formed two layers; the top hexane layer was then removed by a syringe
and vacuumed before the remaining layer was dried under a vacuum for 24
hours, giving a viscous gel. *H NMR (400 MHz, DMSO) & 4.68 — 4.57 (m, 1H),
3.43 (s, 2H), 3.24 (s, 3H). °F NMR (376 MHz, DMSO) 6 -76.13 (d, J = 6.4 Hz), -
76.26 —-76.37 (m).

4.4.5 NMR spectroscopy

NMR solutions were prepared by dissolving 10 mg or 10 pL of a compound or
mixture in 0.75 mL of deuterated dimethyl sulfoxide (DMSO) or tetrahydrofuran
(THF).1H, B and ®F NMR were recorded on a Bruker Ascended 400 MHz

spectrometer using 16, 256 and 64 scans respectively

4.4.6 Electrolyte preparation

The electrolytes were made by dissolving the desired amount of salt into the
desired solvent and left to stir overnight until colourless. After which 4 A
molecular sieves were added, and the electrolyte was then left to dry for a

week. The following electrolytes were prepared:
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1. 0.5 M Mg(TFSI); in 2G
2. 0.5 M Mg(TFSl)2 and 10 mM Pry14TFSl in 2G
3. 0.25 M Mg(TFSl); and 0.125 M MgCl, in 2G
4. 0.4 M Mg[Al(hfip)a]2 in 2G
5. 0.125 M Mg(TFSl); and 0.25 M MgCl, in 1G
6. 0.3 M Mg[B(hfip)s]2in 1G
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Figure 4.E, Chemical structures of (a) magnesium bis(trifluoromethanesulfonyl)imide,
(b) butyl-methyl-pyrrolidinium bis(trifluoromethanesulfonyl)imide, (c) magnesium
tetrakis(hexafluoisopropoxy)aluminate, (d) magnesium

tetrakis(hexafluoisopropoxy)borate, (e) dimethoxy ethane and (f) diglyme.
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4.4.7 Electrochemical experiments

All electrochemical experiments were performed inside an N2 glovebox. Before
use, all glassware was cleaned and dried overnight at 70 °C under vacuum.
Cyclic voltammetry and galvanostatic measurements were recorded on a
Biologic SP-300 potentiostat using three electrodes: a Cu ribbon (Sigma-Aldrich)
working electrode and an Mg ribbon (Sigma-Aldrich) counter and reference.
The Mg ribbons were scratched beforehand to remove the oxidised layer and
reveal the fresh Mg surface. The copper foil was cut into ribbons and dried at

120 °C under vacuum before being stored in the glove box.

EQCM experiments were performed with a CHI 450 potentiostat. The working
electrode was either a gold or copper EQCM crystal (CH Instruments, United

States of America) inside a PTFE cell, the diagram in Figure 2.1b.

4.4.8 Surface characterisation

Before surface characterisation, the cycled Cu electrodes were washed with
DME (Sigma-Aldrich, purity 99.5%) (dried using 4 A molecular sieves) and dried
under vacuum for 30 minutes in a glovebox mini-antechamber. For transferring
samples into the Zeiss Crossbeam 550 FIB-SEM (Carl Zeiss, Germany), the
samples were loaded air-free from the glovebox using a Quorum PP3006
CoolLok Transfer port mounted directly onto the glovebox. The sample was
transferred to a Quorum PP3010 FIB/SEM Preparation system before being
loaded into the SEM chamber. SEM images were taken at an accelerating
voltage of 2 kV. A Ga ion FIB source was used for milling the sample at an
accelerating voltage of 30 kV with FIB currents between 50 and 700 pA. EDX
analysis was performed with an Oxford Instruments Ultimax 170 X-ray
microanalysis detector (Oxford Instruments, UK) and analysed using Aztec
software (v 4.3) at an accelerating voltage of 5 kV. The 3D structures, cross
sections and deposit volumes were generated using Dragonfly software (v

2021.3 for Windows).
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Chapter 5: Structural and chemical composition of the Mg

electrode in a chloride glyme electrolyte

5.1 Background

Chloride-containing electrolytes have shown promise in overcoming the
inherent challenges of Mg metal deposition by improving Mg-ion solubility and
facilitating a more reversible Mg plating and stripping process. However, these
electrolytes are also prone to instability and side reactions, which lead to
passivation layers on the anode surface, ultimately limiting the battery's

electrochemical performance.!

Despite the improved deposition behaviour observed with chloride-
containing electrolytes, challenges remain in controlling side reactions and
managing the formation of surface passivation layers, particularly magnesium
oxide (MgO) and magnesium fluoride (MgF,).2 These products, formed during
reactions with the electrolyte, reduce the reversibility of Mg deposition and
lead to increased resistance at the anode surface, impairing overall battery

performance.3

As shown in the previous chapters, the structures that form on the electrode
surface can possess complex chemical and structural properties.* For chloride-
containing systems, the degradation of electrolytes, forming MgO and MgF;
primarily, causes onion-like structures on the electrode surface through
cycling. The work so far, however, does not show the role that Cl plays in the
cycling mechanism, as the EDX maps show a small amount with little

arrangement in distribution.

This chapter aims to further investigate the morphology and chemical
composition of the Mg deposits that form in the MgCl>-containing electrolyte
using advanced characterisation techniques, including TEM, EDX, SEM, and
XPS. It will also look at how different cycling conditions affect the efficiency of
cycling through surface passivation. This work will show how the surface
chemistry evolves through cycling along with the nano structure of the deposits

which form with a nanometre thick organic interphase.
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5.2 Results and Discussion

5.2.1 Chemical evolution of the Cu electrode surface

The cyclic voltammetry in Figure 5.1a is the same as shown in the previous
chapter for the 0.25 M MgCl, and 0.125 Mg(TFSI); in 1G electrolyte system. As
stated previously, the CVs show little change over the 30 cycles, with a slight
increase and then a decrease in peak current. During this, it maintains a high
coulombic efficiency of 95 % over the 30 cycles, with no increase over the first
few cycles due to any conditioning process or decrease in later cycles due to an

unstable interphase.

With these measurements, the cycling time is relatively quick and might mask
any degradation. Running measurements at lower scan rates will allow for
analysis of these processes, as batteries can be charged and discharged over
long periods. When varying the CVs' scan rate, the coulombic efficiency varies
(Figure 5.1b) it is poor, about 25 % at 1 mV s%, whereas at higher scan rates and
is almost 100 %, 98 % at 400 mV sL. This variation in coulombic efficiency with
scan rate shows that in short experimental times, with higher scan rates, the
Mg could be oxidised more reversibly due to less time to react with the
electrolyte. Whereas at longer experimental times and slower scan rates, the
oxidation of Mg cannot be fully reversibly oxidised as there is more time for the

plated Mg metal to react with and degrade the electrolyte.

This is also observed when, in measurements where a potential of 0 V vs
Mg?*/Mg was held for difference lengths of time before another CV is
measured, Figure 5.1c. This plot shows that increasing rest times between
measurements increases the overpotential at which plating occurs, indicating a
surface interphase that is harder for Mg to diffuse through to plate or that the

surface has been passivated through reactions between Mg and the electrolyte.
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Figure 5.1, (a) Cyclic voltammetry of 0.25 M MgCl, and 0.125 M Mg(TFSl); in 1G for

30 cycles, (b) coulombic efficiency average of 30 CV cycles at different scan rates and

(c) linear sweep voltammograms following different lengths of potential hold at 0 V
vs Mg?*/Mag. All CVs and LSVs were recorded at a Cu working electrode with a Mg

counter and reference and at a scan rate of 100 mV s’ over 30 cycles.

To develop an understanding of the chemical composition of the interphase,

XPS was employed to characterise the surface of a Cu electrode after 10 and
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30 cycles, Figure 5.2, the complete XPS spectra for both samples are shown in
Figure 5.2i and j. The C 1s spectra recorded after 10 and 30 cycles both show
the presence of C-C (248.8 eV), C-O (287.0 eV), C=0 (288.7 eV), O-C=0 (290.7
eV) and C-Fx (294.5 eV) environments, Figure 5.2a and e. These environments
are formed from the degradation of both the 1G and Mg(TFSI); present during
cycling.

The F 1s spectra for both samples show the presence of 2 different F 1s
environments, those being C-F (690.3 eV) and MgF, (687.2 eV), Figure 5.2b and
f, both of which are due to decomposition of the TFSI" anion. Comparing the
relative areas of both peaks present in the F 1s spectra can indicate how the
interphase is evolving over time. The ratio of C-F to MgF, after 10 cycles is
56.8:43.2, indicating a predominately organic interphase layer. Whereas after
30 cycles, that ratio changes to 38.9:61.1, which shows that the interphase
becomes more inorganic through progressive cycling, showing continuous
decomposition of TFIS. The ratios of all the peaks present in the XPS are shown

in Table 5.1.

The Mg 2p spectra show 3 different environments present, MgF, (52.2 eV),
MgO/MgS (50.9 eV) and Mg metal (49.6 eV), Figure 5.2c and g. Between cycle
10 and cycle 30 there is a significant change in the relative amounts of each Mg
2p environment. For cycle 10, the ratio of MgF, to MgO/S to Mg metal is
49.1:23.1:27.7 respectively, and after 30 cycles, the ratio is 79:19.8:1.2
respectively. The significant decrease in the relative amount of Mg metal
present at the surface of the deposits isn’t surprising, as seen in the EQCM
earlier, and later, the efficiency of Mg stripping reaches 100 %, so there would

be very little Mg metal left at the surface as most of it is stripped on oxidation.

Comparing the environments in the S 2p spectra shows a similar trend to the
F 1s spectra, Figure 5.2d and h. The environments in the S 2p spectra are for
S=0 (169.3 eV) and MgS (164.0 eV). During consecutive cycling the ratio
between these peaks’ changes from 73.9:26.1 for S=0:MgS at 10 cycles to
27.3:72.7 at 30 cycles, which shows the surface is becoming more inorganic

through progressive cycles.
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Table 5.1, The percentage composition of the different environments presents in the F

1s, Mg 2p, S 2p and C 1s spectra shown in Figure 5.2.

XPS Composition after | Composition after
XPS peak
spectrum 10 cycles (%) 30 cycles (%)
C-F 56.8 38.9
F1ls
MgF> 43.2 61.1
MgF> 49.1 79.0
Mg 2p MgO/$S 23.1 19.8
Mg metal 27.7 1.2
MgS 26.1 72.7
S2p
S=0 73.9 27.3
C-C 20.7 21.6
Cc-0 58.2 58.4
C1ls C=0 12.7 7.6
0-C=0 6.7 10.8
C-Fx 1.7 1.6

124



Chapter 5

10 Cycles 30 Cycles

4500 4000
c-Cc —C-C
a) C1s . —ah e) C1s 5=
4000 —C=0 —C=0
—— 0-C=0 3500 ——0-C=0
CFyx ——CF,
3500 —— Background Background|
——— Cumulative 3000 Cumulative
@
% Raw data € Raw data
3 3000 3
3 3
2500
2500
2000 § 2000 e
1500 . — - 1500 r T
206 294 202 290 288 286 284 282 280 206 204 202 200 288 286 284 282 280
Binding energy / eV Binding energy / eV
8400 8000
b) Fis A —cr | f) Fis — Mg,
\ & 9F2 7800 A —CF
—— Background \
8200 \ § Background
\ —— Cumulative 7600 Cumulative
N\ Raw data Raw data
7400
@ 8000 s
b= E 7200
3 3
2 Q
o 7800 © 7000
6800
7600 6600
8400
7400
694 692 630 688 686 684 682 680 694 692 690 688 686 684 882 880
Binding energy / eV Binding energy / eV
1200 1800
—— MgO/Mgs —— MgF,
c) [ho2 ] g) M s
4 —Mg I\:e!al 1600 _ Mg metgl
1000 [ X —— Background TAD0 —— Background
I/ Cumulative —— Cumulative
I \ Raw data Raw data
f 1200
£ £
S S 1000
<] <]
o o
800
600
400
200 200
56 54 52 50 48 46 56 54 52 50 48 46
Binding energy / eV Binding energy / eV
1700
S 2p ——MgS h S 2p —MgS
d) —s=0 ) 2200 —8=0
2 ~——— Background| Background
1600 /27X —— Cumulative Cumulative
Raw data 2000 Raw data
1500
i23 123
€ € 18004
3 3
1400 © ]
1300 6004 _///’{Q ; / &
1200 — 1200 T T
174 172 170 168 166 164 162 160 174 172 170 168 166 164 162 160
Binding energy / eV Binding energy / eV
i ) 300 j) 350
250 3004
. 200 2504
= 5
=4 x
X 2004
~ 150 >
. £
S o 3 1501
3 1
[e) o
100+
50
504
04
v v T T T T 0 T T T T T T
1400 1200 1000 800 600 400 200 0 1400 1200 1000 800 600 400 200 0
Binding energy / eV Binding energy / eV

Figure 5.2, XPS spectra of C 1s, F 1s, Mg 2p and S 2p on a Cu electrode surface (a-d)
after 10 cycles and (e-h) after 30 cycles, respectively and XPS wide scans for (i) 10
scans and (j) 30 scans. The conditions for cycling were the same as those in Figure

5.1a, stopped at 0.8 V vs Mg*/Mg.
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Although CVs are helpful in showing how efficiently Mg is plated and stripped
from the electrode surface, they are not representative of how an actual Mg
electrode would perform during cell cycling. So galvanostatic cycling was
performed to see how the efficiency of the electrolyte system performs under
cell conditions for short- and long-term cycling, Figure 5.3. The standard cell
cycling profile, shown in Figure 5.3a, where the cell is charged/discharged at 1
mA cm, which both last for 30 mins, or until the potential limit of 0.8V vs
Mg?*/Mg is reached. Cycling starts with the charging process, where Mg is
deposited onto the electrode surface. All electrolyte systems were conditioned
before cycling as previous work showed this greatly improved efficiency; this
involved 30 CV cycles, as shown in Figure 5.1a.% This process starts with an
overpotential spike (-0.21 V vs. Mg%**/Mg) before levelling at -0.16 V vs.
Mg?*/Mg and dipping slightly at the end of the charge.

During the discharge process, a plateau is observed at 0.02 V vs Mg?*/Mg, but
as the discharge process continues, the potential gradually increases to 0.09 V
Mg?*/Mg and then suddenly increases until the potential limit of 0.8 V vs
Mg?*/Mg is reached. This limit is reached before the end of the 30-minute
discharge time, meaning the coulombic efficiency is less than 100 %, which is
also shown in the CVs for longer experiment times. This increase in potential
towards the potential limit is likely caused by the depletion of Mg metal from
the electrode surface. This is due to some of the deposited Mg being passivated
from electrolyte degradation products which either form passivating films or
byproducts such as MgO, MgS and MgF;, which can’t be electrochemically
oxidised back to Mg?* in this potential window. The extended cycling with the
above parameters is shown in Figure 5.3 b. It’s observed that after the first few
cycles, the plateau for charge decreases to -0.08 V Mg?*/Mg, indicating that the
plating of Mg metal onto the surface becomes easier whilst still having the
initial potential spike of -0.21 V Mg?*/Mg at the start of each charge process.
However, as cycling continues, the potential of both the charge and discharge
increase to -0.23 V and 0.146 V vs Mg?*/Mg, respectively. This indicates that

through extended cycling, resistance increases, meaning that higher potentials
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are needed to drive the processes of Mg plating and stripping. This increase in
resistance can be caused by the growth of a passivating layer on the electrode
surface, formed from electrolyte degradation products forming a film which
impedes ion transport through to the electrode.>® The coulombic efficiency for
this cycling is shown in Figure 5.3c and shows that over the 50 cycles, the

average efficiency is 95 %.

To understand if the lack of stability in the interphase over long cycling is the
cause of the decreased efficiency, more cycling was done with the same current
density but with much shorter charge-discharge times, 12 mins each, Figure
5.3d. This data shows that the potential of the plateaus for charge and
discharge are maintained much longer, -0.18 and 0.02 V vs Mg*/Mg,
respectively, for the full 100 cycles. After 60 cycles, the potential during
discharge starts to reach the potential limit of 1 V vs Mg?*/Mg, whereas for the
30-minute charge-discharge cycling, that limit was reached in the first cycle.
This reaching of the limit also brings down the coulombic efficiency, as seen
before, Figure 5.3e, causing the cell to have an average efficiency of 97 %, with
the first 60 cycles having an efficiency of 100 %. These measurements confirm
the observations seen in the coulombic efficiency data with varying scan rates,

that the shorter/faster the cycling, the higher the efficiency.
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Figure 5.3, Galvanostatic cycling (a) showing the typical shape for cycling of Mg

plating and stripping, (b) extended cycling over 50 cycles, with 30 min charge and

discharge, and (c) the coulombic efficiency for the cycling shown in (b). (d)

galvanostatic cycling over 100 cycles, with 12 min charge and discharge and (e) the

respective coulombic efficiency plot. All galvanostatic cycling was done at a current

density of 1 mA cm? on a Cu electrode with a Mg counter and reference electrode

using the 0.25 M MgCl, and 0.125 M Mg(TFSl), in 1G electrolyte.
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After finishing the galvanostatic measurement, the electrodes are typically
black and covered in deposited material, and Figure 5.4 shows the surface
morphologies on the electrode surface. These images are from the electrode
cycling shown in Figure 5.3b. At low magnifications, SEM images, Figure 5.4 a
and b, show a thick layer of Mg which at higher magnification is made up of
disc-like structures, Figure 5.4c and d, and spanning between this disc is a
carbon film. These disc structures aren’t the only morphologies seen on the
electrode surface; there is also a highly porous structure, almost petal like
morphology observed too, Figure 5.4e-g. When cross-sectioning these
structures, Figure 5.4h, the contrast is lighter in the centre of the deposit; this
previously indicated more Mg metal than MgO in Chapter 3, which is likely true
here as well. This means the structure also contains shard-like structures

throughout.
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Figure 5.4, (a-g) secondary electron images of a Cu electrode after 50 galvanostatic
cycles, as shown in Figure 5.3b, and (h) a cross section of the deposits on the

electrode surface.
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Figure 5.5 (a) galvanostatic cycling of 1 hr plating of Mg onto an electrode surface,

with the insert

showing the overpotential dip and (b-e) the respective SEM images

and FIB cross-section.

To see the surface structures that formed during this 1 hr plating first step, a

sample was pr

epared by performing that charging process and imaged with

SEM, as shown in Figure 5.5. The cycling, as before, shows an initial
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overpotential spike, -0.71 V vs Mg?**/Mg before plateauing at a constant
potential for plating, -0.11 V vs Mg?*/Mg., Figure 5.5a. In an ideal system, the
Mg would plate as a uniform layer onto the electrode surface, whereas for this
system, itis far from ideal. The SEM images, Figure 5.5b-e, show a highly porous
and rough Mg deposit structure formed on the Cu electrode. The Mg has grown
in a sponge-like manner with a network of interconnected structures. From the
cross-section, this structure is highly porous both within the Mg deposits and
between them. The morphology of the structures formed suggests
uncontrolled growth of the Mg structure from several different nucleation
points, which have then combined as the structure grew; this is also supported
by the lack of contact present between the Mg structure and the Cu electrode
revealed in the FIB cross-section. The EDX map of the cross-section reveals the
structure mainly composes of Mg, O and F, with C being mainly present in the
structure, Figure 5.6. The presence of F and O in the same areas as Mg indicates
that the plated Mg metal reacts with and degrades the electrolyte, forming

MgO and MgF..

Figure 5.6, (a) SEM images of the mapped area, (b-i) EDX maps of Mg, O, F, C, N, S, C/

and Cu respectively. The imaged area is the same as that in 5.5e.
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Figure 5.7, (a) cyclic voltammograms of MgTFSI,+MgCl,/1G and (b) the EQCM
frequency vs potential. Time plots of (c) potential, (d) frequency and (e) charge over
the 10" cycle. The insert in (d) shows the small frequency change recorded towards

the end of the cycle. Cyclic voltammograms were recorded at an Au EQCM quartz
crystal working electrode with a Mg counter and reference at a scan rate of 100 mV's°

1inthe 0.25 M MgCl; and 0.125 M Mg(TFSl), in 1G electrolyte.
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The standard way of showing EQCM data involves plotting current against
potential on one plot and frequency against potential on another, as shown in
Figures 5.7a and b.2° This is a useful way to show the data, but if there are large
frequency changes in a cycle, smaller frequency change processes can be lost.
Especially when plotting multiple cycles together, as shown in Figures 5.7 a and
b. A useful way to plot EQCM data is against time; this makes it easier to
correlate between changes in frequency and charge, Figure 5.7c-e, and can also
reveal processes which otherwise aren’t noticeable. For example, in Figure
5.7d, after the Mg stripping process, there is a ~15 Hz increase in the magnitude
of the frequency change, indicating that the mass on the electrode is
increasing. When this is compared to the charge vs time plot, Figure 5.7e, it
shows that this change in frequency doesn’t correlate to a passing of charge,
meaning this process involves some reaction between the plated Mg left on the

surface and the electrolyte.

More of these plots are shown in Figure 5.83, c, e and g. Plotting them all on
the same graphs allows direct comparison between the change in frequency
and change in charge to see any correlation and allow the coulombic efficiency
and stripping efficiency for each cycle to be compared, Figure 5.9. Another
useful plot is having frequency vs charge, Figure 5.8b, d, f and h; this allows for
a direct correlation between the frequency change and any electrochemical
process as well as allowing for a mechanistic insight into the processes
happening depending on the gradient of the plots. The ideal system would have
a forward and reverse line, which have the same constant gradient returning
to 0,0. This would indicate that Mg has been constantly plated as negative
current is passed, and then the reverse stripping process removes all the plated

Mg with no side reactions.

Doing these plots over multiple cycles shows how the mechanisms that occur
during the electrochemical experiments change, Figure 5.8. Overall, for the first
cycle, Figure 5.8a and b, the coulombic efficiency and the stripping efficiency
are the same, at 77.5 %. Looking at the frequency and charge vs time plots it

can be seen that although they have the same efficiency, some variation in
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processes is observed. This is especially true in the lowest points of both plots,
between 17 and 24 s. At the dip in charge, it plateaus, meaning no current is
being passed, but at the end of this plateau, there is an increase in the
frequency magnitude, indicating a mass increase of the electrode. This mass
increase is likely due to the passivation of the freshly plated Mg surface through
degradation reactions with the electrolyte, as no charge is passed, so it is a

chemical process instead of an electrochemical process.
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Figure 5.8, (a,c,e,g) plots of potential, frequency and charge vs time plots at cycles 1,
10, 20 and 30, respectively and (b,d,f,h) The frequency charge plots for those cycles,
respectively. The EQCM measurement was recorded at an Au EQCM quartz crystal

working electrode with a Mg counter and reference at a scan rate of 100 mV s in the

0.25 M MgCl, and 0.125 M Mg(TFSI), in 1G electrolyte.
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The processes can be more clearly seen in the frequency vs charge plot. The
initial slope, starting at 0,0, has a consistent gradient till the frequency
reaches~1150 Hz, the constant gradient implies a consistent deposition of Mg
occurs. Then after the Mg has all been plated, there is an increase in frequency
magnitude again as the charge magnitude decreases from its maximum. This is
likely caused by electrolyte degradation. There is then a steep decrease in the
frequency magnitude, the gradient of this process is steeper than that of the
plating of Mg, this implies that another process is taking place alongside the
stripping of Mg. This additional process is likely the dissolution of deposits from
the electrode surface, this is also observed following the experiment with black
particles dispersed in the solution. The gradient then shallows from this point,
meaning more charge is passed relative to the frequency change. This is likely
due to some Mg being stripped, leading to a general decrease in frequency, and
fresh Mg reacting with the electrolyte to form degradation products like MgO,
MgS and MgF». At the end of cycling, there is a small decrease in the frequency
magnitude, this likely due to the dissolution of surface structures from the

electrode surface.
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Figure 5.9, Coulombic efficiency and stripping efficiency of EQCM measurement.
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For the tenth cycle, the efficiency for the charge and stripping is 85 % and 80
%, respectively, Figure 5.9. The time plot for cycle 10, Figure 5.8c, shows that
the charge and frequency follow the same trends, only deviating slightly at the
end of cycling, leading to a slighter higher CE. The frequency charge plot for the
tenth cycle, Figure 5.8d, is close to ideal; the gradient for both the deposition
and plating are almost equal, the gradient for the stripping being slightly lower,
which is likely due to the stripping of Mg and the passivation of fresh Mg. At
the end of the cycle, there is a decrease in the frequency magnitude but a
smaller change in charge. This is likely from the dissolution of surface structures

loosely bound to the electrode surface.

The twentieth and thirtieth cycles follow similar trends in their efficiencies and
plots. The coulombic efficiency and stripping efficiency are 86 % and 106 %,
respectively. The higher stripping efficiency is likely due to trapped Mg from
earlier cycles being stripped due to the removal of passivating layers through
repeated plating and stripping, leading to a stripping efficiency of >100 %. The
steeper gradient at the start of the frequency charge plots, Figure 5.8 f and h,
would be caused by the plating of Mg then reacting to form MgO, MgS or MgF,
as there is a larger rate of frequency magnitude increase when compared to
the charge. The lower gradient following this is likely from bulk Mg deposition
onto the electrode surface, and the initial shallow gradients on the return are
again from the stripping of Mg, revealing fresh Mg, which then reacts to form
degradation products. Then, they both end with a slightly steeper gradient,
corresponding to the stripping of some Mg and the dissolution of poorly

connected surface structures on the electrode surface.

When looking at the coulombic efficiency over the 30 cycles recorded, there
is a slight increase over the first few cycles, likely the conditioning process,
before levelling at 86 % for the remaining cycles. On the other hand, the
stripping efficiency has a very different trend. During the first 6 cycles, the
stripping efficiency decreases from 77 % to 63 %. This decrease in stripping
efficiency is likely due to removing impurities in the electrolyte during the first

few cycles, which causes products like MgO and MgF; which can’t be
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electrochemically stripped from the surface and trap active Mg underneath this
inactive layer. From cycle 6 to 20, the efficiency then increases from 63 % to
106 %. This gradual increase is likely due the reversible stripping of Mg over
time and increases the stripping efficiency over multiple cycles. The reason the
efficiency goes over 100 % is probably due to some of the Mg metal trapped in
earlier cycles becoming free and able to be stripped. The average efficiency for
the stripping of Mg over the 30 cycles is 95 %. The higher stripping efficiency
than coulombic efficiency implies that the lost charge is involved in other

processes which aren’t detectable using EQCM.
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5.2.2 Structural evolution of the Cu electrode surface

The main contributor to the improvement in performance in this electrolyte is
the MgCl,. It facilitates higher coulombic and stripping efficiencies than in the
other electrolytes screened in Chapter 4, apart from Mg[B(hfip)s]2. With this
fact, it's surprising that with the EDX maps of the electrode surface, relatively
small amounts of chloride are seen to have no distribution pattern, and appear
as noise in the map, Figure 4.14i. Potentially, the chloride was being washed off
with an organic layer. Thus, another sample was imaged, which was gently
washed to preserve any organic layers on the surface which might contain the

chloride species, Figure 5.10.

10 pm

Figure 5.10, (a and b) SEM of a cycled Cu electrode after 30 cycles between -0.7 and
0.8 V vs Mg?*/Mg, at a scan rate of 100 mV s for MgTFSI,+MgCl,/1G electrolyte
system (c-j) corresponding EDX maps for (c) Mg, (d) O, (e) F, (f) N, (g) C, (h) S, (i) Cl and
(j) Cu, all with a scale bar of 10 um

These SEM images show a film covering most of the electrode surface, Figure

5.10a, which still has the hemispherical structures seen in the previous chapter
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underneath. The film is covered with small, round structures from 1 um to 10’s
of nm in size. When EDX mapping this area, the EDX maps are rich with
elements that previously appeared in relatively low quantities, Figure 4.14, F,
C, S and, importantly, Cl, Figure 5.10 and 5.11. The Cl is heavily concentrated in
these small round structures littering the film, which mainly contains C, F and
S, suggesting that this film is made from degradation products of the TFSI
anion. Along with these round structures containing mainly Cl, they also have
high intensities of O in the EDX maps whilst being deficient in F, S and C,
indicating that these structures are potentially implanted in the film. The Cl and
O in the film can be seen more easily in the cross-sectional image and EDX
maps, Figure 5.11. It also shows the film covering the deposit, and even with
the film covering the electrode, the internal layered, onion-like structure

remains.

Figure 5.11, (a) SEM of a cycled Cu electrode after 30 cycles between -0.7 and 0.8 V vs
Mg?*/Mg, at a scan rate of 100 mV s for MgTFSI,+MgCl,/1G electrolyte system (b-h)
corresponding EDX maps for (b) Mg, (c) O, (d) F, (e)N, (f) C, (g) S, (h) Cl and (i) Cu, all

to the same scale as the SEM image which has a scale bar of 2 um
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So far, this work has looked at the electrochemical characteristics of this
electrolyte system and the surface structures at the microscale. However, as in
Chapter 3, there is more structural information to be gained by looking at these
structures at the nanoscale to gain more insight into the cycling mechanism.
The cross sections revealed so far show a layered onion like structure with
hollow sections between each layer. These hollow sections are likely where the
Mg is stripped from but so far the SEM images give no indication as to how Mg
is transported through the passivating layer. These details can only be
discovered at the nanoscale and thus another lift out was performed. The lift-
out process is shown in Figure 5.12, with a difference from the previous method
being that instead of directly attaching the micromanipulator to the sample, a
piece of copper is connected to the micromanipulator, and then the platinum
is used to connect the lamella to the copper. This method helps prolong the

lifetime of the micromanipulator needle.
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Figure 5.12, (a-h) SEM images of the lift out process and lamella thinning for the
discharged sample of the 0.25 M MgCl; and 0.125 M Mg(TFSl)z in 1G electrolyte after

30 cycles.
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X Distance / um
Figure 5.13, (a) low magnification TEM image of the lamella attached to the support
grid, (b-d) increasing magnification images of the lamella structure. EDX maps (e-j)

for (e) Mg, (f) O, (g) F, (h) N, (i) C, (j) S and (k) Cl for the area in the yellow box in (c).

(k) line scan between points X and Y in image (d)
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Being able to image the lift-outs of the deposits helps to show their complex
structure in more detail. Low magnification TEM images, Figure 5.13a, show
that most lamella are thin enough to be imaged via TEM. The lamella is also
structurally sound, with no breakages or bending, as seen in Chapter 3. The
increased magnification images, Figure 5.13b-d, show the layered structure in
more detail and that each layer is about 100 — 150 nm thick, with the gap
between layers varying from 10s to 100s nm. The EDX maps of the area outlined
in Figure 5.13c show these layers mostly contain Mg, O and F, supporting the
assumption that these layers mainly contain MgO and MgF,. The EDX maps for
the other elements present, C, N, S and Cl, show very little amounts present
compared to Mg, O and F, Figure 5.13h-k. The line scan in Figure 5.13h shows
that the Mg and O appear together throughout the layers but not at a 1:1 ratio,
and even considering the F signal, there would still be Mg metal left in the
structure. This implies that the layers are made up of Mg metal trapped within

the structure by MgO and MgF..

Higher magnification TEM images are required to determine the crystalline or
amorphous deposit structures. These images, Figure 5.14, show a lot of
information about the deposit structure, which previously, with just SEM, could
not be revealed. They show a highly crystalline structure, and these crystal
domains are a few nanometres in size and all with clear d-spacings, Figure
5.14a. The high magnification image in Figure 5.14a also shows an interphase,
a few layers thick, on the surface of the deposit, with the boundary being
outlined by the red dashed lines. This shows that the interphase on each layer
deposited is in the region of a few nanometres thick. The d-spacings present

correlate to MgO ( 2.21 A, 2.39 A) and MgF(1.95 A, 3.4 A).410-13
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Figure 5.14, (a) high-resolution TEM image of the interphase between layers of the
lamella with the insert being the diffraction pattern for the image. (b-e) magnified
areas in (a) highlighting the d-spacings present with graphs of electron intensity

across the areas showing the d-spacing and crystal planes as well.

146



Chapter 5

One final unanswered question that the high-magnification TEM images
answer is how the Mg is able to diffuse through the structure. After being
plated and the surface Mg passivated, if this was impermeable, the deposits
would be solid, and the stripping efficiency would be considerably lower. TEM
images show hollow tube-like structures through the layers; Figure 5.15 shows
a tilt series of one of these tubes. These structures likely allow for the transport
of Mg through the layers, meaning they are conductive with respect to Mg?*

ions.
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Figure 5.15, A tilt series from -20 ° to 20 ° for a tubular structure between Mg layers,

with the number in the image being the tilt angle.
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5.3 Conclusions

Using new workflows from previous chapters and advanced electrochemical
analysis has provided several insights into the performance of chloride-
containing electrolytes, particularly concerning their plating and stripping
efficiency. The cyclic voltammetry with variable scan rates demonstrated that
at slower experiment times, the surface Mg reacts with the electrolyte,
hindering efficiency. Galvanostatic cycling further confirmed these findings,
showing shorter cycle time yielded higher efficiencies by minimising the chance
for electrolyte degradation. Electrochemical quartz crystal microbalance
measurements highlighted the mechanical and electrochemical processes
occurring during plating and stripping, showing that while high initial
efficiencies are achievable, electrolyte degradation products hinder long-term

reversibility.

Surface analysis with SEM and XPS revealed the progressive evolution of the
electrode surface through cycling, transitioning from an organic-dominated
layer to a more inorganic layer over consecutive cycles. The analysis also
showed the organic film that forms over the electrode surface and the role that

chloride plays, where previously, it wasn’t very present in EDX mapping.

TEM analysis of the Mg deposits further showed the layered structure in more
detail, with each layer approximately 100-150 nm thick and varying gaps
between them. EDX mapping confirms the significant presence of Mg, O, and F
in the layers, indicating the composition of MgO and MgF. Notably, residual Mg
metal is still present within these layers. High-resolution TEM images show a
crystalline structure with clear d-spacings for the nanoscale crystal domains
which make up the deposit structure. The high-resolution images also show a
six-layer thick organic interphase covering the surface of the deposit structure.
This data provides valuable insight into the structural integrity and composition

of the Mg deposits at the nanoscale.
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5.4 Experimental

5.4.1 Chemicals

Dimethoxy ethane (DME or 1G) (Sigma Aldrich, 99 %), magnesium chloride
(MgCly) (Sigma Aldrich, 99.9 %) and magnesium
bis(trifluoromethanesulfonyl)imide (Mg(TFSI)2) (Solvionic, 99.5 %) were all used
as supplied and stored in a N glovebox (02 <0.1 ppm, H20 < 0.1 ppm). The
electrolyte was made by dissolving 0.25 M MgCl; and 0.125 Mg(TFSl); in 1G.

5.4.2 Electrochemical experiments

All electrochemical experiments were performed inside an N; glovebox. Before
use all glassware was cleaned and dried overnight at 70 °C under vacuum. Cyclic
voltammetry and galvanostatic measurements were recorded on a Biologic SP-
300 potentiostat using three electrodes: a Cu ribbon (Sigma-Aldrich) working
electrode and an Mg ribbon (Sigma-Aldrich) counter and reference. The Mg
ribbons were scratched beforehand to remove the oxidised layer and reveal
the fresh Mg surface. The copper foil was cut into ribbons and dried at 120 °C

under vacuum before being stored in the glove box.

EQCM experiments were performed with a CHI 450 potentiostat. The working
electrode was either a gold or copper EQCM crystal (CH Instruments, United

States of America) inside a PTFE cell, as shown in the diagram in Figure 2.1b.

5.4.3 Surface characterisation

Before surface characterisation, the cycled Cu electrodes were washed with
DME (Sigma-Aldrich, purity 99.5%) (dried using 4 A molecular sieves) and dried
under vacuum for 30 minutes in a glovebox mini-antechamber. For transferring
samples into the Zeiss Crossbeam 550 FIB-SEM (Carl Zeiss, Germany), the
samples were loaded air-free from the glovebox using a Quorum PP3006
CoolLok Transfer port mounted directly onto the glovebox. The sample was
transferred to a Quorum PP3010 FIB/SEM Preparation system before being
loaded into the SEM chamber. SEM images were taken at an accelerating
voltage of 2 kV. A Ga ion FIB source was used for milling the sample at an

accelerating voltage of 30 kV with FIB currents between 50 and 700 pA. EDX
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analysis was performed with an Oxford Instruments Ultimax 170 X-ray
microanalysis detector (Oxford Instruments, UK) and analysed using Aztec
software (v 4.3) at an accelerating voltage of 5 kV. The 3D structures, cross
sections and deposit volumes were generated using Dragonfly software (v
2021.3 for Windows). Lift-outs of the deposits were prepared for TEM using an
in-situ micromanipulator (Omniprobe 200, Oxford Instruments) and transferred
to a Cu support grid (EM Resolutions) before final thinning to electron

transparency.

TEM, EELS, STEM and electron beam diffraction were performed using a JEOL
2100+ TEM and a JEOL 2100F field emission gun (FEG)-TEM at an accelerating
voltage of 200 kV. The samples were loaded in a glovebox and transferred to
the TEM using a Gatan HHST4004-010 Environmental cell heating holder. Image
analysis and electron diffraction data were analysed using Gatan Digital

Micrograph software and CysTBox Server.

X-ray photoelectron spectroscopy (XPS) was performed using a SPEC DeviSims
NAP-XPS instrument fitted with a Phoibos 150 hemispherical analyser
equipped with a monochromatic Al Ka radiation source (1486.6 eV). All
experiments were performed in the main analysis chamber under ultra-high
vacuum conditions, and all samples were loaded air-free. The parameters for a
typical experiment were as follows: step size 0.1 eV, dwell time 0.3 s, and a pass
energy of 50 eV. Spectrum analysis was carried out using CasaXPS software. A
Shirley background correction was applied to all spectra before analysis, and
all spectra were charge-corrected to the adventitious carbon peak at 284.8 eV.
The full width half maximum were also constrained and a Gaussian-Lorentzian

distribution of 30 was used, GL(30).
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Conclusions and Future Work

The research field of magnesium batteries is still in its early stages compared to
lithium-ion battery research and has significant challenges to overcome. Some
of these challenges concern the magnesium negative electrode and the surface
chemistry that occurs during cycling. Surface changes through passivation and
loss of active material greatly impact the cyclability of magnesium batteries and

are an area lacking full understanding.

In this thesis, I've developed a workflow for analysing the electrode surface at
both the micro and nanoscale. This workflow was initially tested with a simple
glyme electrolyte, which didn’t contain chloride ions, and showed how complex
3D structures form during cycling. These structures have intricate porosities,
shown through 3D models, and have complex chemical distributions. Along
with this, the changes have also been observed between states of charge which
gives insights into how the structure changes and grows through progressive

cycling.

Along with this, in literature, there isn’t a standard methodology for
comparing different electrolytes, as in literature different current densities or
cycling times are used, making it hard to accurately compare different systems
accurately. The work in Chapter 4 of this thesis starts to use methods on
different electrolyte systems to compare them directly. Using electrochemistry
and microscopy, it was shown that the best systems were MgCl, and
Mg[B(hfip)a]2 containing systems, the former of which was then analysed at the

micro and nanoscale using the workflow developed earlier.

Developing this work further would allow us to fully compare different
electrolyte systems through more methods, such as XPS, HPLC (for electrolyte
degradation products), and other spectroscopic techniques. Cryo-microscopy
would also be used to image the surface structures in a close to in situ state,
allowing for a better understanding of how magnesium diffuses through the

structure and helping to understand the process.
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1

Figure A1, SEM images taken throughout the segmentation process, the number
representing the slice number.
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Figure A2, bar chart showing the size distributions of charged and discharged
deposits after 30 cycles.
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Figure A3, EDX spectra of Mg(BH.)z.
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Figure A4, (a) *H NMR spectrum of HFIP in DMSO-ds, (b) *°F NMR spectrum of HFIP in
DMSO-ds, (c) H NMR spectrum of HFIP in THF-ds, (d) *°F NMR spectrum of HFIP in
THF-ds, (e) *H NMR spectrum of AlMes in DMSO-ds and (f) *H NMR spectrum of MgBu;
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Figure A5, Cyclic voltammetry of (a) 0.5 M MgTFSlz in 1G and (b) 0.5 M MgTFSI; and
10 mM Pry14TFSlin 1G.All CVs were recorded at a Cu working electrode with a Mg
counter and reference, and at a scan rate of 100 mV s over 10 cycles.
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Figure A6, CV 2 M BuMgCl in THF over 10 cycles between the potential limits of 0.5
and -0.5 vs Mg*/Mg at a scan rate of 100 mV s with a Cu working electrode and a
Mg counter and reference

Figure A7, SEM of a cycled Cu electrode after 30 cycles between -0.7 and 0.8 V vs
Mg?*/Mg, at a scan rate of 100 mV s’ for MgTFSI»+Pry:14TFSI/2G electrolyte system.
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Figure A8, high magnification SEM images of (a) MgTFSI,/2G (b) MgTFSI;+MgCly/2G
(c) MgTFSI»+MgCl,/1G and (d) Mg[B(hfip)s]/1G
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