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ABSTRACT

Climate change drives the need for a dramatically increased deployment of elec-
tric vehicles and intermittent renewable energy sources. Each of these depends
intimately on batteries for range and reliability. Although Li-ion batteries are the
current industry standard for electrochemical energy storage, they are based on
scarce and unevenly distributed resources. It is thus crucial to develop rechargeable
battery chemistries based on more energy dense and resource equitable materials.
Orders of magnitude more abundant and energy dense than Li, Mg is an attractive al-
ternative to Li for energy storage. Despite its many attractive properties, deployment
of Mg-based chemistries is hindered by a lack of cathode, anode, and electrolyte ma-
terials which support Mg electrochemistry and are mutually compatible. This thesis
endeavors to deploy new materials to sustain reversible Mg electrochemistry and
to understand how certain material properties impact electrochemical performance.
First, we investigate new cathode materials based on Earth-abundant transition metal
chlorides. These cathodes cycle somewhat reversibly but are prone to rapid capacity
fade due to active material dissolution and shuttle. We identify electrolyte mod-
ification as a means to combat this fade. Next, we characterize halide-free Mg
electrolytes based on weakly coordinating Si-centered anions. These electrolytes
display impressively high oxidative stabilities but also relatively high reductive over-
potentials and a fatal vulnerability to passivation by H2O. We then consider a class
of electrolytes based on another weakly coordinating anion. These systems show
exceptionally low reductive overpotentials among halide-free Mg electrolytes. We
increase the bulk of the anion and correspondingly observe a slight increase in the
reductive overpotential and an enhancement in rate performance. Finally, we de-
ploy Al as an Earth-abundant, high capacity alloying anode for Mg-based batteries.
Though the native kinetics for Mg-Al alloying prove too sluggish for practical sys-
tems, we use Bi to enhance the alloying kinetics of Al by two orders of magnitude.
Though alloying capacity is limited by a large particle size, we present a viable
method for enhancing Al alloying kinetics to relevant rates, thereby unlocking a
highly desirable material for future studies. Taken together, this work expands the
scope of cathode, electrolyte, and anode materials which support reversible Mg
electrochemistry. Though imperfect, the lessons we learn from them may inform
future design decisions to enable reversible Mg-based batteries.
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C h a p t e r 1

INTRODUCTION

1.1 Background and Motivation
The alarming rise in atmospheric CO2 and the concurrent effects on the Earth’s
climate drive the need for widespread adoption of green energy sources and elec-
trified transport.[1] The demand for clean power requires utilities to progressively
increase the portion of renewable sources in their energy generation profile. Certain
emissions-free sources, namely solar and wind, produce energy intermittently, thus
creating a need to store energy produced in times of surplus so that it may be used
in times of deficit. Though pumped hydro remains the most commercially viable
means to store energy in many situations, electrochemical energy storage in the
form of batteries may see widespread deployment if such systems are economically
and technologically competitive.[2, 3] Likewise, a major barrier to the increased
adoption of electric vehicles for personal and commercial transport is the cost and
limited capacity of the batteries powering them.[4] Thus, though urgent, these two
drives are hindered by a lack of batteries based on reliable, safe, energy-dense, and
resource equitable materials.

All batteries contain three basic components: the anode, or low voltage electrode; the
cathode, or high voltage electrode; and the electrolyte, an ionically conductive but
electronically insulating medium between the two electrodes. Originally devised in
the 1970s and commercialized in the 1990s, Li-ion batteries (LIBs) are the industry
standard for electrochemical energy storage.[5, 6] A typical modern LIB is illustrated
in Figure 1.1. In this case, the anode is graphite, the cathode is LiCoO2, and the
electrolyte is LiPF6 dissolved in an organic solvent. The basic operating principle
of LIBs relies on the potential difference between the electrodes. As assembled,
no current flows between the two because of the electronically insulating nature of
the electrolyte. If the two electrodes are connected by an external circuit through
which electrons can flow, however, the potential difference between them drives the
flow of electrons from the anode to the cathode. This current may be used to do
useful work. As electrons shuttle between the anode and cathode, charge balance is
maintained by the movement of Li+ through the electrolyte as Li+ is deintercalated
from the cathode and intercalated into the anode.
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Figure 1.1: A schematic of a typical LIB. The anode is graphite, the cathode is
LiCoO2, and the electrolyte is LiPF6 dissolved in an organic solvent.

Though LIBs have achieved market dominance, they alone are not sufficient to meet
the needs of a rapidly growing global battery market. The desires to expand the range
of electric vehicles and to extend the single charge duration of mobile electronic de-
vices drive the need for batteries with enhanced energy densities. Though significant
improvements have been made in extending the storage capacity of LIBs, they are
quickly approaching the fundamental limit imposed by intercalation chemistries.[7]
Batteries based on a Li metal anode (Li metal batteries, LMBs) promise higher
energy densities; however, safety concerns related to the dendritic plating morphol-
ogy of Li metal hinder their development.[8, 9] What’s more, Li itself is quite rare
and unevenly distributed in the Earth’s crust and may thus prove unsuitable to meet
the needs of a growing global battery market alone.[10] These factors prompt the
investigation of alternative battery chemistries.

Mg is a promising alternative to Li. Not only is Mg more abundant than Li in the
Earth’s crust by several orders of magnitude, it is also globally widespread.[11, 12]
Mg is also attractive from an energy storage point of view as the divalent nature of
the Mg2+ cation endows Mg metal anodes with nearly double the volumetric capacity
of comparable Li metal anodes.[7] Under the same operating conditions, Mg2+ is
also known to adopt a smoother deposition morphology than Li+, promoting safer
operation.[13–15] Despite the positive characteristics of Mg-based chemistries, the
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development of Mg-based batteries is hindered by a lack of mutually compatible
anode, cathode, and electrolyte materials.

1.2 Thesis Outline
This thesis details several studies aimed at addressing the lack of materials which
support reversible Mg electrochemistry. Each case examines a candidate material
or class of materials with promising characteristics for use as a Mg anode, cathode,
or electrolyte. We seek to understand which material properties are important in
determining efficient and reversible cell performance and thereby establish design
principles towards a hypothetical rechargeable Mg-based battery.

Chapter 2 proposes transition metal chlorides of the form MClx as cathode materials
in dual-ion Mg2+/Cl– batteries. A corrosion-resistant cell configuration based on
Mo-current collectors is established, and reversible conversion of MClx based on
industrial metals such as Fe and Cu is demonstrated for the first time. Capacity fade
mechanisms in these systems are thoroughly investigated and somewhat mitigated
through modification of the electrolyte.

Chapter 3 provides detailed electrochemical and analytical characterization of a
halide-free Mg electrolyte based on a weakly coordinating Si-centered anion. We
present detailed characterization of a structural variant of the anion featuring a
methyl axial ligand and preliminary data for another featuring a phenyl functional
group. This electrolyte reversibly plates and strips Mg with high efficiency. It
also exhibits the highest oxidative stability and sustains the highest applied current
density without dendritic growth demonstrated to date. The compound is sensitive
to exposure to water, even in standard glovebox atmospheres.

Chapter 4 details electrochemical and analytical characterization of a pair Mg elec-
trolytes based on B-centered anions with aryl axial ligands. One bearing Mes
ligands exhibits one of the lowest overpotentials for Mg deposition among reported
halide-free Mg electrolytes. It plates and strips Mg with high efficiency but has
poor performance at high rates. The second bearing a bulkier anion exhibits a
slightly larger reductive overpotential but also features improved kinetic perfor-
mance. We attribute this improvement to weakened association between the anion
and the sovlated Mg2+ complex. Though a low oxidative stability limits the real
world utility of these electrolytes, this investigation suggests increasing anion bulk
as a design principle to improve the kinetic performance of B-based halide-free Mg
electrolytes.
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Chapter 5 explores Al as a Mg alloying anode. We provide the first evidence
supporting reversible Mg-Al alloying in nonaqueous systems. We then prepare a
series of Al-Bi alloys in which Mg-Al alloying current density is enhanced by two
orders of magnitude. Although bulk alloying is limited by a large particle size,
we use voltammetric methods to investigate the alloying-dealloying mechanism and
demonstrate an enhanced resistance to passivation by water relative to traditional
Mg metal anodes.
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C h a p t e r 2

INVESTIGATING CAPACITY FADE MECHANISMS IN
MG-MCL𝑥 BATTERIES

Adapted from Stradley, S.H., Jones, J. P., Bugga, R. V., See, K. A. Investigating
capacity fade mechanisms in Mg-MClx batteries, J. Electrochem.Soc., 2024 171
060501

2.1 Abstract
Mg batteries are a promising alternative to Li-based chemistries due to the high
abundance, low cost, and high volumetric capacity of Mg relative to Li. Mg is
also less prone to dendritic plating morphologies, promising safer operation. Mg
plating and stripping is highly efficient in chloride-containing electrolytes; however,
chloride is incompatible with many candidate cathode materials. In this work, we
capitalize on the positive effect of chloride by using transition metal chloride cath-
odes with a focus on low cost, Earth-abundant metals. Both soluble and sparingly
soluble chlorides show capacity fade upon cycling. Active material dissolution and
subsequent crossover to the Mg anode are the primary drivers of capacity fade in
highly soluble metal chloride cathodes. We hypothesize that incomplete conversion
and chemical reduction by the Grignard-based electrolyte are major promoters of
capacity fade in sparingly soluble metal chlorides. Modifications to the electrolyte
can improve capacity retention, suggesting that future work in this system may yield
low cost, high retention Mg-MClx batteries.

2.2 Introduction
The transition to a clean energy economy is hindered by a lack of safe, reliable,
and efficient energy storage technologies.[1] Lithium-ion batteries (LIBs) dominate
the modern battery market.[6, 7] However, LIBs are based on scarce and expensive
resources as reserves of Li, Ni, and Co, key components of modern LIBs, are
concentrated in just a handful of regions.[10, 16, 17] LIBs are also approaching the
theoretical capacity limit imposed by intercalation chemistries and are unlikely to
undergo more than minor improvements in coming decades.[7] Li-metal batteries
are expected to have a higher storage capacity than LIBs; however, safety concerns
related to dendritic Li plating limit utility and Li is still a major component that
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suffers from resource issues.[9]

Mg-ion batteries (MIBs) are an appealing alternative to Li-based chemistries. Based
on known reserves, Mg is orders of magnitude more abundant than Li in the Earth’s
crust.[12] Mg is also present in seawater at a concentration of about 1300 ppm.
After Na, it is the most commonly found cation in the oceans.[11] The high relative
abundance makes MIBs a more economical and sustainable choice than batteries that
rely on Li.[4] Additionally, the volumetric capacity of a Mg metal anode is nearly
twice that of Li metal (3830 vs. 2060 mAh mL –1). Though some studies have
demonstrated the formation of Mg dendrites under select conditions[15, 18], Mg
has been found to plate more smoothly than Li under comparable current densities
due to its low self-diffusion barrier.[13, 14]

Electrolytes for Mg plating and stripping are difficult to develop and the most
successful electrolytes contain Cl.[19, 20] The electroactive cationic species iden-
tified in most Cl-containing electrolytes is the binuclear complex Mg2(𝜇-Cl)+3 .[20–
23] Though the exact role of Cl in promoting reversible Mg electrodeposition is
hard to determine, evidence suggests that Cl interacts with the Mg-electrolyte in-
terface to facilitate Mg2+ reduction and prevent passivation. The formation of
a Cl-containing "enhancement layer" in the all-phenyl complex (APC) and other
Grignard-based electrolytes has been shown to improve deposition and stripping
kinetics and overpotentials.[24] Computational studies have demonstrated that the
adsorption of cationic (MgCl)+monomers is thermodynamically favorable and that
such complexes have low desolvation energies, promoting facile Mg2+reduction.[25]
Later studies have likewise proposed the initial adsorption of (MgCl)+ as a necessary
step preceding Mg electrodeposition in Cl-containing electrolytes.[26, 27]

In addition to the favorable effect of Cl on Mg metal anode electrochemistry, the
use of the highly mobile Cl anion, Cl– , as a charge carrier may overcome the issues
typically associated with the sluggish transport of Mg2+ in solution. Examples
of Cl conversion in batteries are not uncommon. Reversible conversion of metal
chlorides has been demonstrated in Na|MClx cells (M = Fe2+, Ni2+, Cu2+, Zn2+) at
elevated temperatures.[28, 29] An Al|Cl2 cell has been demonstrated with a room-
temperature molten salt electrolyte[30]. Metal chlorides (AgCl, CuCl2, CoCl2,
VCl3, and BiCl3) and metal oxychlorides (BiOCl and FeOCl) have been paired with
Li and room-temperature non-aqueous liquid electrolytes.[31–34]

To capitalize on the beneficial effects of Cl on Mg electrochemsitry, we aim to
develop a system that pairs a Mg metal anode with a Cl-containing electrolyte and



7

a transition metal chloride cathode of the form MClx (M = Cu, Fe, etc.). Such
a battery would operate on a conversion-type mechanism. During discharge, the
metal chloride cathode is reduced and the Mg anode is oxidized:

𝑀𝐶𝑙𝑥 + 𝑥𝑒− → 𝑀 + 𝑥𝐶𝑙− (2.1)

𝑀𝑔 → 𝑀𝑔2+ + 2𝑒− (2.2)

We hypothesize that the ionic species will interact in the electrolyte to form a
soluble [MgyClx]n – complex, the structure of which depends on the properties of the
electrolyte. The reverse processes occur upon charge. A downside of this chemistry
is the formation of a soluble product during discharge whose solubility will limit
the capacity. However, other successful battery systems have been developed that
yield soluble products, notably the lead acid battery.

The study of metal chloride cathodes in Mg systems has been largely confined to
AgCl. Zhang et al. have investigated AgCl as a conversion cathode to pair with
a Mg anode and the APC electrolyte.[35] Initial discharge yielded nearly 100%
theoretical conversion with impressive rate performance; however, the chemistry
suffers from significant capacity fade with cycling, due to the dissolution of the
AgCl active material.[35] Li et al. observed similarly impressive rate performance,
albeit with a lower initial discharge capacity, by pairing AgCl and Mg with an
Mg(HMDS)2−AlCl3−MgCl2 electrolyte.[36] Inspired by these initial studies, we
aim to study other metal chlorides that might bypass the high cost of Ag .[37, 38]
Other Mg|MClx (M = Cu+, Cu2+, Ni2+) cells have been discharged, but reversible
conversion has not been demonstrated.[35]

In this work, we expand the library of reversible Mg|MClx chemistries to include
several metal chlorides based on Earth-abundant, low cost metals such as Fe and
Cu. We establish a cell geometry that allows for the reversible conversion of these
compounds despite the highly corrosive electrolyte environment. Investigation of
several capacity fade mechanisms has led us to suggest that the primary drivers
of capacity fade in Mg|MClx systems are active material dissolution and reactivity
with the Grignard-based electrolyte. Attempts to moderate capacity fade through
modification of the electrolyte shows some improvement, suggesting that further
research in this area may yield low cost, low fade Mg|MClx cells.
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2.3 Methods
Preparation of MClx-C composites
The AgCl-C composite was prepared according to Zhang et al.[35] Silver nitrate
(AgNO3, 99+%, Sigma, 1.69 g) was dissolved in 500 mL of water. Super P
carbon (99+%, Fisher, 1.00 g) was then added while stirring. Finally, 20 mL of
concentrated HCl (36.5 to 38.0% w/w, Fisher) was added dropwise. The precipitate
was collected by vacuum filtration, dried at 85◦C under vacuum overnight, and
immediately brought into a glovebox. CuCl (99+%, anhydrous, Fisher), CuCl2
(99.995%, anhydrous, Sigma), FeCl2 (99.99+%, anhydrous, Sigma), and FeCl3
(99.99+%, anhydrous, Sigma) were used as received. These metal chlorides were
combined with Super P carbon in a 1:1 ratio (w:w) in an Ar-filled glovebox and
milled at 300 rpm for 5 h in a planetary ball mill (MSE supplies) without exposure to
air. This high MClx:C ratio was chosen to ensure sufficient electronic conductivity
in prototype cathodes to study the electrochemical properties of these insulating
MClxs.

Cathode Preparation
The MClx−C composites were combined with additional Super P carbon and poly-
tetrafluoroethylene (PTFE, Sigma) to achieve a final composition of AgCl:Super
P:PTFE 40:50:10 by mass or MClx:Super P:PTFE (M ≠ Ag) 25:65:10 and ground
by hand for 10 minutes. The composite material was pressed into pellets using an
arbor press and a 0.635 cm die and dried overnight at 120◦C under vacuum.

Electrolyte Preparation
The APC electrolyte was prepared according to Zhang et al.[35] A Peltier plate was
used to cool 106.7 mg AlCl3 (99.999%, Sigma) to ∼-20 ◦C. To the cool AlCl3, 3.2
mL of cold tetrahydrofuran (THF, Fisher) was added dropwise to dissolve the AlCl3
while stirring. To this solution, 0.8 mL of cold 2.0 M phenylmagnesium chloride
(PhMgCl, Sigma) was added dropwise. The electrolyte was stored in a foil-wrapped
vial to prevent exposure to light and stirred overnight before use.

The magnesium-aluminum chloride complex (MACC) electrolyte was prepared ac-
cording to Barile et al.[39] THF (2.5 mL) cooled on a Peltier plate was added
dropwise to chilled AlCl3 and stirred until dissolved. Another 2.5 mL of THF was
added to MgCl2 (99.9%, Fisher). The AlCl3 solution was added to the MgCl2 so-
lution. Magnesium hexamethyldisilizide (Mg(HMDS)2, 97%, recrystallized before
use, Sigma) was added as a chemical conditioning reagent.[40] The resulting solu-
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tion, 30 mM AlCl3 + 60 mM MgCl2 + 10 mM Mg(HMDS)2, in THF was stirred
overnight before use.

The MgCl2−AlCl3−Mg(HMDS)2 in tetraglyme electrolyte was prepared according
to Zhao-Karger et al.[41] A Peltier plate was used to cool 2 mL of tetraglyme (G4,
≥ 99%, Sigma). To the cool G4, 480 mg of chilled AlCl3 was added dropwise while
stirring. Next, 620 mg of Mg(HMDS)2 was added and stirred overnight. To this
solution, 172 mg of MgCl2 was added and stirred for 40 hours before use.

Electrochemical Characterization
Galvanostatic cycling experiments were conducted in two electrode, Swagelok type
cells. The cell stack consisted of a Mg foil (99.9%, 0.5 in diameter x 0.1 mm
thick, mechanically cleaned with a razor blade, MTI) anode, a glass fiber (GFD,
dried at 85◦C under vacuum overnight, VWR) separator, 150 𝜇L electrolyte, and the
MClx cathode. As constructed, these Mg|MClx cells were limited by the theoretical
capacity of the cathode. Theoretical capacities for each active material are listed in
Table 1. Mo plungers (Midwest Tungsten Service) served as the current collectors,
as Mo has been shown to resist corrosion by chloride.[42] All cell body components
were made of polytetrafluoroethylene (PTFE). Figure A.1 illustrates the assembled
electrochemical cell. Cells were assembled and sealed in a glovebox. Experiments
were conducted on a Biologic BCS 805 battery cycler or a VMP3 potentiostat.

Material Characterization
Powder X-ray diffraction (pXRD) measurements were conducted on a Panalytical
X’Pert Pro Diffractometer using a Cu K𝛼 X-ray source. Rietveld refinements were
fit using GSAS-II.[43] Scanning electron microscopy was conducted using a ZEISS
1550VP field emission SEM with a 15 kV acceleration voltage. SEM samples were
prepared in an air-free environment but were briefly exposed to air just before being
loaded into the instrument.

2.4 Results and Discussion
To determine the effect of active material solubility on the reversibility of metal
chloride electrochemistry, we cycle several metal chlorides against Mg anodes.
Figure 2.1 shows the first galvanostatic charge/discharge curves for several MClx
cathodes, arranged in order of increasing solubility in THF.[35] The AgCl cathode
achieves an initial discharge capacity of 184 mAh/g, nearly 99% of its theoretical
capacity and on par with literature precedent. [35] The discharge profile plateaus
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Figure 2.1: First charge and discharge profiles of various MClx cathodes at 0.12 C
with the APC electrolyte: (a) AgCl, (b) CuCl, (c) FeCl2, (d) CuCl2, and (e) FeCl3.
AgCl has the highest discharge potential and lowest voltage hysteresis. Charge and
discharge proceed through voltage plateaus at comparatively high voltages relative
to the other metal chlorides in this study. CuCl and CuCl2 display sloping discharge
profiles and charge profiles with a lower potential sloping region and higher potential
plateau. FeCl2 and FeCl3 show low voltage discharge plateaus and moderate voltage
charge plateaus.

around 2 V while the charge profile remains similarly flat around 2.2 V vs. the
Mg anode/reference, which we take to be near Mg/Mg2+, yielding a relatively
low hysteresis of 200 mV. All subsequent voltages will be given referenced to the
Mg anode/reference. By contrast, the initial discharge capacities of the other MClx
cathodes are significantly lower than theoretical and the voltage hystereses are larger.
CuCl shows an initial discharge capacity of 150 mAh/g (56% theoretical), FeCl2
shows 231 mAh/g (55% theoretical), CuCl2 shows 128 mAh/g (33% theoretical),
and FeCl3 shows 170 mAh/g (34% theoretical). CuCl and CuCl2 feature sloping
discharge profiles between 1.6 and 0.7 V. In both systems, charge proceeds first
through a sloping feature between 1.8 V and 2.2 V followed by a plateau at 2.3 V.
FeCl2 and FeCl3 have initial discharge plateaus at 1 V with corresponding charge
plateaus at 1.8 V. To our knowledge, this represents the first demonstrated reversible
conversion of CuCl, CuCl2, FeCl2, and FeCl3. Additionally, the initial discharge
capacities of CuCl and CuCl2 are higher than in previous reports, potentially due to
the difference in cell geometries.[35]
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Table 2.1: Initial discharge capacities of MClx cathodes

MClx discharge theoretical % conversion* solubility in
capacity capacity THF[35]

(mAh g– 1) (mAh g– 1) (mg L– 1)
AgCl 184 186 99 0.053
CuCl 148 270 55 10.95
FeCl2 231 327 71 59.7
CuCl2 128 398 32 384.5
FeCl3 168 496 34 (no data)

*assuming 100% Faradaic efficiency

Previous work in Mg|MClx systems attributed capacity fade to the dissolution of the
active metal chloride by the electrolyte.[35] This hypothesis is largely based on the
observations that the initial percent conversion trends inversely with the measured
solubility of the metal chloride and that capacity retention is improved at faster
cycling rates. Though this hypothesis is in line with the percent conversion and the
reported solubilities listed in Table 2.1, it fails to explain the low conversions of more
soluble metal chlorides, as the proposed amount dissolved would vastly supersaturate
the small volume of electrolyte, absent a shuttle effect to facilitate self discharge. To
evaluate this hypothesis in MClx cathodes with a wide range of measured solubilities
in THF, we perform a modified galvanostatic cycling experiment in which a 24 h
open circuit voltage (OCV) hold is imposed between cycle 1 charge and cycle 2
discharge. Figure 2.2 compares the discharge capacity of cycle 2 as a percentage
of cycle 1 for cells with and without the 24 h OCV hold. The metal chlorides are
arranged so the measured solubility in THF increases from left to right.[35] Figure
2.2 shows the OCV rest causes essentially no difference in capacity fade for AgCl.
By contrast, the more soluble MClx cathodes show a large increase in capacity fade
following a rest after charge. This difference can be explained by the relatively low
solubility of AgCl, which is several orders of magnitude less soluble than any other
MClx, and supports the hypothesis that active material dissolution is a major driver
in capacity fade.

Though metal chloride dissolution can cause capacity fade, metal chlorides could
also cross over and affect the anode chemistry which could negatively impact cycling
behavior. To explore any effects arising from crossover, we cycle Mg|APC|AgCl and
Mg|APC|CuCl2 cells five times and then replace the cathode with a fresh electrode
and add an additional 75 𝜇L of fresh electrolyte. The cells are then discharged.
The initial cycling data along with the post-replacement discharge curves are shown



12

Figure 2.2: (a) Potential vs time traces of an AgCl cell cycled normally and an AgCl
cell with a 24 hour rest after charge. (b) Second cycle capacity retention of MClx
cathodes with and without a 24 hour rest after charge. AgCl shows essentially no
difference in capacity fade. More soluble chlorides show more rapid fade.

in Figure A.3. Both AgCl and CuCl2 cells show essentially full capacity recovery
when the cathode is replaced. The discharge curve in the CuCl2 cell with the fresh
cathode shows a lower nucleation barrier relative to the freshly assembled cell, likely
due to some conditioning process priming the already cycled anode. As a control
experiment, we perform the same limited cycling protocol and replace the anode
after five cycles. Under this condition, the AgCl cell shows continued capacity fade,
and the CuCl2 cell shows accelerated capacity fade. These observations further
support our hypothesis that the capacity fade stems from dissolution of the active
material.

To further investigate the primary drivers of capacity fade in Mg|MClx cells, we
choose to focus on AgCl and CuCl2 cathodes, as these represent the extremes of
measured solubilities in THF, with CuCl2 being over 7,000x more soluble in THF
than AgCl.[35] Figure 2.3 (a) and (b) show the first discharge curves of AgCl and
CuCl2 cathodes. The AgCl cell discharges to essentially full theoretical capacity.
To probe the reduction product, the cell is disassembled and pXRD is measured on
the cathode. The pXRD and Rietveld refinement of the discharged AgCl cathode is
shown in Figure 2.3 (c). The peaks correspond to Ag metal after discharge, which
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Figure 2.3: Initial discharge curve at 0.12C with the APC electrolyte of (a) AgCl
and (b) CuCl2. Ex situ pXRD and refinement for (c) the AgCl cell and (d) the CuCl2
cell, with reflections indicated for Ag and Cu, respectively. Ag is recovered in the
AgCl cell, and Cu is recovered in the CuCl2 cell.

is the expected discharge product, and no reflections of the AgCl starting material
are observed. In contrast, the CuCl2 cell discharges only to 35% of its theoretical
capacity. The pXRD pattern and Rietveld refinement of the discharged cathode is
shown in Figure 2.3(d). The pattern shows only two reflections, which are refined
to the expected discharge product: Cu metal. Despite the low conversion, no peaks
associated with the CuCl2 starting material are observed suggesting that the active
material is no longer a crystalline solid in the cathode after discharge.

Upon charging the AgCl cell to 2.75 V, pXRD patterns of the cathode show re-
flections associated with AgCl; however, some unconverted Ag remains (Figure
A.4(a)). The pattern of the recharged CuCl2 cathode, by contrast, does not show any
reflections (Figure A.3(b)). We hypothesize that the lack of reflections for CuCl2 is
due to dissolution of the compound.

To verify that the discrepancy in initial conversion between AgCl and the more
soluble MClx cathodes is not due to differences in mixing techniques or kinetic
barriers to conversion, galvanostatic intermittent titration is performed on AgCl
and CuCl2 cells whose cathodes are prepared with several material processing
techniques. Figure A.5 shows the initial discharge and charge GITT curves for AgCl
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and CuCl2 cathodes. The AgCl cathode synthesized in the presence of C initially
shows overpotentials on the order of 100 mV. These overpotentials grow to∼300 mV
as the depth of discharge increases. The corresponding charge curve shows similar
overpotentials. The AgCl cathodes prepared by mechanical milling show larger
overpotentials for both discharge and charge, indicating that the low overpotentials
measured in the cathode synthesized in the presence of C are at least partially due to
the intimate mixing of the active material with the conductive C matrix. The CuCl2
cathodes, by contrast, show relatively large conversion overpotentials (∼500 mV) for
all attempted mixing techniques. Direct comparison of the high power ball milled
and hand ground cathodes shows that a substantial portion of the overpotential may
be due to intrinsic difficulties associated with the conversion of CuCl2 as we observe
little difference in overpotential between the two mixing conditions.

Though evidence suggests that most of the capacity fade in highly soluble MClx
cathodes is due to dissolution of the active material by the electrolyte, the volume of
electrolyte in our electrochemical cells should not be able to dissolve a substantial
amount of the active material in the cathode. As assembled, our cells contain 0.25
mL of electrolyte with a typical active loading of 3.5 mg CuCl2. A mere 0.096
mg CuCl2 (approx. 2.75% of the total) should saturate the electrolyte based on the
measured solubility of CuCl2 in THF. We hypothesize that a shuttle effect is taking
place in which CuCl2 is continuously dissolved from the cathode, migrates across
the cell in the electrolyte, and is reduced by the anode. To probe this hypothesis, we
discharged a Mg|CuCl2 cell to 0.8 V, extracted the anode, and imaged the surface
with a scanning electron microscope. Figure 2.4(a) shows the surface morphology
the Mg anode following discharge and the corresponding EDS maps for Mg and Cu
are shown in Figure 2.4(b) and (c), respectively. Figure 2.4(a) reveals an uneven,
cracked layer coating the Mg anode surface. Elemental analysis of the imaged area,
displayed in Figure 2.4(d), shows that this layer is primarily composed of Mg, C, O,
and Cu. C likely comes from reductive decomposition of the THF solvent against
the Mg surface. Decomposition of the ethereal solvent and brief air exposure prior
to the measurement explains the presence of O on the anode surface. Elemental
mapping in Figure 2.4(b) and (c) shows that Mg and Cu are distributed in this layer.
The presence of Cu on the anode after discharge supports the hypothesis that total
capacity loss in the CuCl2 system is promoted by a continuous shuttle of Cu from
the cathode to the anode, allowing the electrolyte to leach much more CuCl2 from
the cathode than can be explained by the solubility and the volume of electrolyte.
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Figure 2.4: (a) SEM image of a Mg anode from a Mg|APC|CuCl2 cell after discharge,
the corresponding elemental maps for (b) Mg and (c) Cu, and (d) the sum EDS
spectrum for the region. A layer dominated by Mg, O, Cu, and Al is present on the
electrode.(e) SEM image of a Mg anode from a Mg|APC|AgCl cell after discharge,
the corresponding elemental maps for (f) Mg and (g) the sum EDS spectrum for the
region. A layer dominated by Mg and O is present on the electrode.

An analogous experiment was performed with an AgCl cathode. Figure 2.4(e)
shows the surface morphology of the anode after discharge. Elemental mapping in
Figure 2.4(f) shows Mg distributed throughout this layer. Analysis of the imaged
area in Figure 2.4(g) shows that surface layer on the anode is composed mostly of
Mg with a small amount of O. The layer formed in the AgCl system has a markedly
different surface morphology, dominated by pits rather than plates. In contrast to
the CuCl2 cell, the layer formed in the Mg|AgCl cell shows no measurable Ag on
the anode. This disparity may be explained by the stark difference in solubilities
between the metal chlorides. We hypothesize that the electrolyte is saturated with
dissolved AgCl and that a similar shuttle is taking place, but the concentration of
AgCl in the electrolyte and the resultant rate of leaching is so low that no significant
amount of active material is dissolved before the initial cycling of the cell. The
AgCl cell thereby achieves essentially total conversion in its first cycle while the
CuCl2 cell features only 35% conversion. We posit that the more gradual capacity
fade characteristic of AgCl may be driven by incomplete conversion of the metal Ag
to AgCl during charge. This is evident in the reflections in the pXRD pattern for a
recharged cathode which can be attributed to Ag (Figure A.4).

To probe the effect of the layer formed on the Mg anode in both Mg|CuCl2 and
Mg|AgCl cells on Mg plating and stripping at the anode, we soak Mg foils in
saturated solutions of APC + AgCl and APC + CuCl2 for 7 days. The metal foils
are collected, rinsed thoroughly with THF, and assembled into symmetric cells with
fresh APC electrolyte. Chronopotentiometry traces of these cells are illustrated
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in Figure A.6. The polarization behavior of the cells soaked in the two saturated
solutions are identical to that of a control soaked in neat APC for 7 days. This result
indicates that any layer formed on the Mg anode by the reduction of species in the
saturated MClx + APC electrolyte does not impede Mg transport or affect deposition
and stripping processes. We hypothesize that this is due to Mg2+ transport through
grain and phase boundaries in the heterogeneous surface layer as has been recently
proposed through the SEI formed on Ca largely composed of the insulating CaO
phase.[44]

To investigate the chemical reactivity of the active material with the electrolyte
in a Mg|MClx cell, we assemble Mg|APC|AgCl and Mg|APC|CuCl2 cells and let
them rest in the glovebox for 7 days. The cathodes are then extracted, and their
pXRD patterns are measured (Figure 2.5). The patterns associated with the pristine
electrodes in Figure 2.5(a) and (b) show reflections that can be attributed to the
unreacted MClx active material. After the cells have rested for 7 days at OCV,
the reflections attributed to the chlorides are no longer present even in the case of
sparingly soluble AgCl. Instead, the XRD patterns show new reflections that can be
attributed to the corresponding metals, indicating chemical reduction of the active
material by the electrolyte. Though not quantitative, the low intensity of the Cu
metal reflections in Figure 2.5(b) suggests that a substantial portion of the active
material is lost, likely deposited on the anode as in Figure 2.4. The APC electrolyte
is synthesized from the Grignard reagent PhMgCl. Hypothesizing that unreacted
PhMgCl may chemically reduce the active material, we prepared an electrolyte
with 20% excess of the Lewis acid AlCl3 to react with any unreacted PhMgCl. We
perform an analogous soaking experiment with this modified electrolyte and measure
the pXRD pattern of the cathode. The resulting XRD pattern of the cathode from
the Mg|AgCl cell shown in Figure 2.5(a) shows reflections for both AgCl and Ag,
suggesting that the excess AlCl3 has served to slow but not prevent the chemical
reduction of AgCl by the Grignard-containing electrolyte. The chemical reduction
of AgCl by the APC electrolyte is likely also a major contributor to capacity fade.
Results are similar for CuCl2, as reflections for both CuCl2 and CuCl are present
after soaking in the APC electrolyte with excess AlCl3. This result also suggests
that the chemical reduction of CuCl2 proceeds through a CuCl intermediate.

We identify three primary drivers of capacity fade in Mg|MClx cells: (1) dissolution
of the active material by the electrolyte, (2) reduction of dissolved MClx by the Mg
anode, and (3) chemical reactivity of MClx with the Grignard electrolyte. We now
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Figure 2.5: Ex situ pXRD patterns for (a) AgCl and (b) CuCl2 cathodes, showing
traces for a pristine cathode and cathodes assembled into cells and rested for 7 days
with the APC or APC + 20 % AlCl3 electrolyte. APC chemically reduces the metal
chloride to the metal. APC + 20% AlCl3 slows the chemical reduction.

attempt to moderate capacity fade in the highly soluble CuCl2 cathode by modifying
properties of the electrolyte. Figure 2.6 compares the initial discharge profile and
discharge capacities as function of cycle number of a Mg|CuCl2 cell with a conven-
tional APC electrolyte and with modified electrolyte conditions. The reactivity of
the APC electrolyte is reduced by adding additional AlCl3 to the electrolyte. The
resulting Mg|CuCl2 cycling behavior, however, is minimally changed. Figure 2.6
(b) illustrates discharge capacities for this electrolyte as a function of cycle num-
ber, displaying a moderate initial conversion followed by fade at a rate similar to
the APC electrolyte, which may be attributed to dissolution of the active material
by the electrolyte. To eliminate the Grignard altogether, we use the magnesium-
aluminum chloride complex (MACC) electrolyte, which is composed entirely of
inorganic salts. The cell barely functions, however, showing minimal redox activity
on cycle 1 (Q = 32 mAh/g) followed by polarization. We hypothesize that this low
conversion is due to the low conductivity of the relatively low concentration MACC
electrolyte. In an effort to address (1) by reducing the solubility of CuCl2 in the
electrolyte, we use an electrolyte with much higher salt concentrations in a more
viscous G4 solvent. The highly concentrated electrolyte composed of 1.8 M AlCl3
+ 0.9 M MgCl2 + 0.9 M Mg(HMDS)2 in G4 shows the highest discharge capacity
and the highest capacity at cycle 30 of any electrolyte we investigated. Figure 2.6
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Figure 2.6: (a) First discharge of CuCl2 cells and (b) discharge capacity as function
of cycle number for a CuCl2 cathode with a variety of electrolytes. Quenching the
Grignard or removing it from the electrolyte while increasing salt concentration
moderate capacity fade but does not prevent it in long-term cycling.

(a) shows that the discharge also occurs at a significantly higher voltage than in
the cells with Grignard-based electrolytes, potentially due to decreased chemical
reactivity with the active material. However, severe capacity fade is still observed.
This result suggests that limiting active material dissolution with a highly concen-
trated, Grignard-free electrolyte may be a suitable avenue for moderating both self
discharge and long term capacity fade in Mg|MClx cells.

2.5 Conclusions
In this work, we have demonstrated the conversion of a variety of transition metal
chlorides based on low-cost, Earth-abundant metals in chloride-based electrolytes
with a Mg metal anode. We enabled stable electrochemistry by establishing a
cell geometry based on corrosion-resistant Mo current collectors and PTFE body
components. Initial percent conversion and capacity retention in these cells are
inversely correlated with the measured solubility in THF of the active materials,
suggesting that active material dissolution is a major contributor to capacity fade
in highly soluble metal chlorides. However, due to the lean electrolyte loading and
typical active mass in prepared CuCl2 cathodes, the high solubility of certain metal
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chlorides is insufficient to explain the degree of capacity fade in highly soluble metal
chlorides. We hypothesized that a shuttle effect is taking place between the MClx
cathode and the Mg anode, enabling the continuous dissolution of the active material
far beyond the quantity necessary to saturate the electrolyte. Resting experiments
and subsequent ex situ pXRD characterization revealed that the active material
can also be chemically reduced by the electrolyte. Reactivity with the electrolyte
was moderated by the addition of 20% AlCl3 to quench unreacted PhMgCl in
solution. We hypothesize that chemical reduction and incomplete conversion are
a major cause of capacity fade in AgCl cells. Attempts to moderate capacity fade
in CuCl2 cells through electrolyte modification showed some success. Increasing
salt concentration and the addition of 20% AlCl3 to the APC electrolyte resulted in
modest improvements to capacity retention but failed to prevent total capacity fade.
This effort demonstrates that future work on this system with a focus on electrolyte
design to prevent active material dissolution may yield low fade Mg|MClx based on
low-cost, Earth-abundant metals.
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C h a p t e r 3

ELECTROCHEMICAL AND ANALYTICAL
CHARACTERIZATION OF A HIGHLY STABLE, HALIDE FREE
MG ELECTROLYTE BASED ON WEAKLY COORDINATING

SILICATE ANIONS

3.1 Abstract
This study presents electrochemical and analytical characterization of a Mg elec-
trolyte based on a weakly coordinating silicate anion with several structural variants.
The Mg[MeSiF24]2 structural variant is capable of highly reversible Mg plating and
stripping with a moderate reductive overpotential. It exhibits the highest oxidative
stability limit demonstrated in Mg electrolytes to date as well as high rate capabil-
ities. We observe a trend of increasing steric bulk on the axial ligand resulting in
diminished reversibility and limited oxidative stability. The electrolyte is sensitive
to impurities, which may limit its use in practical devices.

3.2 Introduction
Li-ion batteries (LIBs) are the current industry standard for electrochemical en-
ergy storage.[6, 7] Despite their market dominance, they are based on scarce and
unevenly distributed resources. The bulk of the world’s Li is concentrated in a
small region of South America, with the balance mostly shared by a few large
countries.[10] Such concentration of a critical energy resource could spell disaster
for global supply chains if this region falls victim to conflict or natural disaster. In
fact, the overall supply of Li is projected to be insufficient to meet the demands of
an electrifying global economy if we are to aggressively pursue the technologies
necessary to combat the worst effects of climate change.[10] Additionally, mod-
ern LIBs are approaching the theoretical capacity limit imposed by the number
of available crystallographic sites in intercalation-type cathodes.[6] Consequently,
attention has shifted to batteries based on Li-metal anodes and conversion-type
cathodes. Such Li-metal batteries promise higher energy densities but are plagued
by safety concerns related to the dendritic nature of Li plating.[45]

The limited global Li supply and the need for batteries with higher energy densities
motivate the development of technologies based on abundant, resource-equitable
materials with high energy storage capacities. Mg fits the bill. From a resource
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availability point of view, Mg is over three orders of magnitude more abundant
than Li in the Earth’s crust and is globally widespread in the form of brines and
Mg-containing compounds.[12] It is also the second most abundant cation in the
ocean after Na.[11] Mg is also appealing from an energy storage point of view. The
volumetric capacity of a Mg-metal anode is over four times that of graphite and
over double that of Li metal.[19] This property translates into a significantly higher
energy density for a cell of a given size. Though not immune to dendritic plating,
Mg shows much smoother plating morphologies than Li under the same conditions,
promising safer battery operation.[13–15, 18]

The development of Mg batteries is hindered by a lack of compatible electrolytes.
Similar to Li, Mg reacts readily with many polar aprotic solvents, common atmo-
spheric components (particularly O2 and H2O), and many salt anions (ClO –

4 , BF –
4 ,

PF –
6 , etc.) to form surface films. Unlike Li, these films do not conduct Mg2+ and

thereby halt the reversible stripping and plating of Mg2+ at the anode.[46–48] The
key challenge in the development of Mg electrolytes is thus to find a system that does
not form passivating surface films on the Mg surface and supports facile, reversible
Mg2+ plating and stripping. Early Mg electrolytes were formed by reacting Grig-
nard reagents with Lewis acids such as AlCl3 in tetrahydrofuran (THF).[49] These
organohaloaluminate electrolytes showed reversible Mg electrochemistry with ex-
cellent Coulombic efficiencies and low reductive overpotentials. Unfortunately,
electrolytes based on Grignards chemically react with electrophilic materials and
are limited in their anodic stability to < 3.5 V, severely limiting the choice of possible
candidate cathode materials.[50] The presence of Cl– in this class of electrolyte also
renders them incompatible with many industrially relevant cell components, such
as stainless steel.[51]

Research focus has shifted to non-nucleophilic, halide-free electrolytes to expand
the scope of possible cathode materials and cell components. Electrolytes based on
Mg(BH4)2 in ethereal solvents were the first example of an inorganic salt demon-
strated to support reversible Mg plating and stripping, though these show low Mg2+

conductivity in the absence of a high concentration of Li salts.[52] Analogs to Li
electrolytes have also been targeted. Those based on Mg(PF6)2 display some reduc-
tive current but poor reversibility and low Coulombic efficiencies, likely due to the
reductive decomposition of the PF –

6 anion forming passivating surface films.[53]
Electrolytes based on Mg bis(trifluoromethane sulfonyl)imide (Mg[N(SO2CF3)2]2,
Mg(TFSI)2) in glymes have received much interest. Initial results boasted high an-
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odic stabilities;[54] however, further experimental and computational studies have
revealed high reductive overpotentials and significant decomposition of the TFSI
anion.[55–57]

Recent years have seen a focus on bulky, weakly coordinating anions (WCAs). The
12- and 10-vertex monocarboranes Mg(HCB11H11)2 and Mg(HCB9H9)2 in glymes
have been investigated. They show relatively high anodic stabilities between 3.8 and
4.0 V vs. Mg/Mg2+ but are unattractive for widespread deployment due to their dif-
ficult and costly syntheses.[58, 59] The addition of the more electron-withdrawing F
to the C vertex has been shown to increase the oxidative stability of the anion by 300
mV.[60] Alkoxyborates and alkoxyaluminates have shown impressive results. Mg
tetrakis(hexafluoroisopropyloxy)borate (Mg(B(hfip4)2)) has been shown to support
reversible Mg plating and stripping in DME with an anodic stability of 3.5 V vs.
Mg/Mg2+ on Pt.[61] The analogous Mg(Al(hfip4)2) was later demonstrated to oper-
ate with higher Coulombic efficiencies and lower voltage hysterses in full cells.[62]
These hfip-based electrolytes, however, suffer from synthetic reproducibility issues
and undergo significant electrochemical conditioning processes.[61–63] The Mg
fluorinated pinacolatoborate (Mg[B(O2C2(CF3)4)2]2, MgFPB) electrolyte shows an
impressive anodic stability of 4.0 V and Coulombic efficiency of 95%.[64]

In this work, we present electrochemical and analytical characterization of a highly
stable, halide-free Mg electrolyte based on a weakly coordinating silicate anion
ideated and synthesized by the Agapie group (Tianyi He, Meaghan Bruening, and
Theodor Agapie).[65]. To our knowledge, the Mg[MeSiF24]2 electrolyte represents
the highest Mg electrodeposition and stripping current densities and anodic sta-
bilities demonstrated in Mg electrolytes to date. It shows a moderate reductive
overpotential of 210 mV and a Coulombic efficiency > 98%. It displays little condi-
tioning behavior, the highest critical current density (5 mA cm– 2), and the longest
reversible cycling (> 1500 h) demonstrated in halide-free Mg electrolytes to date.
We also provide preliminary electrochemical characterization of two structural vari-
ants of Mg[MeSiF24]2 that are progressively larger and observe a trend of increasing
anion bulk and reduced efficiency and reversibility. Finally, we detail several factors
which we find necessary to achieve reproducible electrochemical performance from
this class of electrolytes.
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3.3 Experimental
Electrochemical characterization
Electrolyte salts were synthesized by members of the Agapie lab according to a
prior report.[65]. Electrolyte solutions were prepared by dissolving the electrolyte
salt and Me2Mg or Bu2Mg additive in DME and stirred overnight. The DME was
taken from a solvent purification system, freeze-pump-thawed, and stored over 4Å
sieves for at least 48 hours before use. Sieves were activated at 220 °C under active
vacuum overnight. Glassware was cleaned in a base bath and with aqua regia and
dried at 120 °C before being brought into the glovebox. Electrolyte preparation
and cell assembly were performed in an N2-filled glovebox with O2 and H2O levels
below 0.1 ppm. The glovebox atmosphere was purged for at least 30 minutes
prior to handling the electrolyte salt or solvent. The catalyst was sealed during
electrochemical characterization. 3Methoxypropylamine (3MPA, Simga, 99%) was
distilled and stored over 4Å sieves for at least 48 hours before use.

Mg electrodes (99.9%, MTI) were polished with a razor blade immediately before
use. Ca electrodes were polished with a Dremel tool immediately before use. Pt
electrodes (wire, 0.5 mm diameter, 99.997%, Thermo Scientific) were soaked in
concentrated HNO3 for at least 72 hours, rinsed, heated with an H2 torch, and
immediately brought into the glovebox.

Cyclic voltammograms were performed in glass cells with 0.5 mL of electrolyte. A
Pt wire served as the working electrode, and Mg foils were the counter and reference
electrodes. Chronopotentiometry and linear sweep voltammograms were performed
in two electrode, 0.5" diameter, Swagelok-type cells with PTFE body components
and stainless steel current collectors. Swagelok parts were cleaned by sonication in
a 1:1 (vol:vol) acetone:IPA mixture before being pumped into the glovebox. With
the exception of long term chronopotentiometry and current sampling experiments,
Swagelok cells were assembled in the glovebox and run under ambient atmosphere.

Experiments were conducted on a Biologic SP150, VSP, or VMP3 potentiostat.

Physical characterization
Scanning electron microscopy was conducted on a ZEISS 1550VP field emission
SEM with a 15 kV accelerating voltage. SEM samples were prepared in a glovebox
but were briefly exposed to air immediately prior to being loaded into the instrument.
Pt foil (0.05 mm, 99.99%, Thermo Scientific) served as the substrate for deposition.
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Figure 3.1: Structure of Mg[MeSiF24]2 in DME.

3.4 Results and discussion
We begin investigation of the structural variant of the Mg-silicate electrolyte with a
methyl axial ligand (Mg[MeSiF24]2). The structure of the counteranion is depicted in
Figure 3.1. Figure 3.2 illustrates selected cycles of a cyclic voltammogram of 0.25
M electrolyte with 10 mM Me2Mg additive. Reversible Mg plating and stripping
is observed from the first cycle. The initial reductive onset potential is -360 mV
vs. Mg/Mg2+ with an initial oxidative onset potential of -90 mV vs. Mg/Mg2+ for
a net reductive overpotential of 270 mV. In cycle 76, the reductive onset potential
shits to -260 mV vs. Mg/Mg2+, and the oxidative onset potential occurs at -50
mV vs. Mg/Mg2+, for a net reductive overpotential of 210 mV. We hypothesize
that this shift in potential is due to minor interfacial changes which facilitate Mg2+

deposition following the initial cycle and to minor shifts in the reference potential.
This net reductive overpotential is comparable to or smaller than that of the other
halide-free Mg electrolytes, such as Mg(B(hfip4)2, MgFPB, and carborane-based
electrolytes.[61, 64, 68] The Coulombic efficiency of the Mg[MeSiF24]2 electrolyte
remains stable > 98% for every cycle, showing no major electrochemical condi-
tioning with cycling beyond an increase in current density. Scanning to 5.5 V vs.
Mg/Mg2+ in cycle 77 reveals no exponential increase in oxidative current density at
very positive potentials, typically indicative of anion oxidation or solvent decompo-
sition, until 4.2 V vs. Mg/Mg2+. We hypothesize that the minor increase in current
density centered on 3.2 V vs. Mg/Mg2+ is related to the oxidation of excess of the
alkyl Mg additive (vide infra).
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Figure 3.2: (a) Selected cyclic voltammograms of 0.25 M Mg[MeSiF24]2 + 10 mM
Me2Mg additive in DME. The inset highlights the deposition overpotential region
of the CV. (b) Coulombic efficiency for cycles 1 – 75. The Mg[MeSiF24]2 electrolyte
shows high efficiencies and minimal electrochemical conditioning.

Based on literature precedent, we hypothesize that the addition of a small amount
of Me2Mg additive serves to scavenge trace impurities such as H2O and O2, thereby
improving electrochemical performance and resulting in facile, highly efficient Mg
electrochemistry from cycle 1.[40, 62, 69, 70] Figure B.1 shows selected CV curves
with a range of additive concentrations from 0.5 to 10 mM. There is a clear trend in
both the number of cycles of reversible plating and stripping and in the Coulombic
efficiency of each cycle, illustrated in Figure B.2, with increasing additive con-
centration. The electrolyte solution with 10 mM Me2Mg shows little change in
current density or the positions of the reductive and oxidative waves in 75 cycles of
reversible Mg plating and stripping. The 10 mM solution also has a stable Coulom-
bic efficiency > 98% for the duration of cycling. By contrast, the reductive and
oxidative current densities are significantly lower, and the position of the oxidative
wave has shifted to higher potentials with a lower loading of 5 mM. This shift to
higher potentials and lower current densities is consistent with passivation by H2O
taking place following reduction. Under this condition, the Coulombic efficiency
of the first cycle is 89% but steadily decreases, with little reversible Mg electro-
chemistry measured by cycle 75. This trend of decreasing additive concentration
and increased passivation continues, with the 2 mM additive solution showing a
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Figure 3.3: Linear sweep voltammograms of 0.25 M Mg[MeSiF24]2 + 10 mM Me2Mg
in DME on Pt, Al, stainless steel 316, and Pt without no added Me2Mg. Scan rate
= 5 mV/s, RE/CE = Mg.

shift in the oxidative potential by cycle 5 and fewer than 25 cycles of reversible
Mg electrochemistry. The 0.5 mM additive solution likewise shows progressively
increasing reductive overpotentials and limited reversibility.

We performed linear sweep voltammograms with a variety of working electrodes
to investigate the impressive oxidative stability shown in Figure 3.2. Figure 3.3
shows LSV curves for 0.25 M Mg[MeSiF24]2 + 10 mM Me2Mg on a variety of
substrates. The measured oxidative current does not increase exponentially until
4.1 V vs. Mg/Mg2+ on Pt and 4.9 V vs. Mg/Mg2+ on Al and stainless steel.
We hypothesize that the low intensity oxidative current before the onset of the
exponential increase in current is due to unreacted Me2Mg additive. To probe this
hypothesis, we performed the same experiment with Pt as the working electrode
in 0.25 M Mg[MeSiF24]2 electrolyte with no additive. Impressively, the oxidative
current does not rise above the baseline until 4.7 V vs. Mg/Mg2+ in the absence
of any dialkyl Mg additive. To our knowledge, this represents the highest anodic
stability measured on Pt in a Mg electrolyte by over 700 mV.[64] The absence of
current negative of 4.7 V vs. Mg/Mg2+ without the additive supports our hypothesis
that the oxidative current measured at 3.2 V vs. Mg/Mg2+ in Figure 3.2 is due to
unreacted Me2Mg additive.
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Figure 3.4: Chronopotentiometry traces of symmetric Mg|0.25 M Mg[MeSiF24]2 +
10 mM Me2Mg|Mg cells at a variety of applied current densities.

To evaluate the rate performance of the Mg[MeSiF24]2 electrolyte, we assembled
symmetric cells with two Mg electrodes and 0.25 M Mg[MeSiF24]2 + 10 mM Me2Mg.
Figure 3.4 shows the voltage response of the cell at a variety of applied current
densities, following initial conditioning cycles at 0.0025 mA cm– 2 to prime the
Mg surface. Traces for 0.1 mA cm– 2 and 5 mA cm– 2 are shown in more detail
in Figure B.3. After an initial polarization to -0.47 V vs. Mg/Mg2+, the oxidative
and reductive overpotentials at 0.1 mA cm– 2 are measured at 100 mV. As expected,
overpotentials increase with increasing applied current densities, reaching a value
of 180 mV at an applied current density of 5 mA cm– 2. The overpotential increases
to 240 mV at 10 mA cm– 2 before shorting, manifest in the sudden drop in potential.
To our knowledge, this represents the highest critical current density measured in a
Mg electrolyte to date.

To investigate the long term cycling stability of the Mg[MeSiF24]2 electrolyte, we
assembled a symmetric Mg|0.25 M Mg[MeSiF24]2 + 20 mM Bu2Mg|Mg cell. Figure
3.5 illustrates the voltage response with an applied current density of 0.5 mA cm– 2

alternating between oxidation and reduction in 30 minute intervals for 1500 hours
following a conditioning period at 0.0025 mA cm– 2 for 5 hours. Figure B.4 shows
the polarization curves for the first 10 hours and final 10 hours at 0.5 mA cm– 2.
Following an initial polarization to -0.4 V vs. Mg/Mg2+, the reductive and oxidative
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Figure 3.5: Long term chronopotentiometry trace of a symmetric Mg|0.25 M
Mg[MeSiF24]2 + 20 mM Bu2Mg|Mg cell with an applied current density of 0.5
mA cm– 2 alternating between oxidation and reduction in 30 minute intervals fol-
lowing a conditioning step at 0.0025 mA cm– 2.

overpotentials are steady at 100 mV for the first 30 hours of cycling and decrease
thereafter, reaching a steady value of 40 mV at 800 hours. We hypothesize that
the decrease in overpotential over the course of cycling is due to the formation of
a more favorable interface for Mg plating and stripping. The overpotential further
decreases to a value of 30 mV in the final 10 hours of cycling, demonstrating the
excellent cycling stability of the Mg[MeSiF24]2 electrolyte (Figure B.4). To our
knowledge, this is the longest stable cycling behavior demonstrated in a halide-free
Mg electrolyte to date.

To examine deposition morphology, we performed a reduction at a rate of -0.5 mA
cm– 2 for 5 hours onto a Pt substrate from a solution of 0.25 M Mg[MeSiF24]2 +
20 mM Bu2Mg. Figure 3.6 shows the voltage response to the applied reductive
current along with the resulting deposition and corresponding elemental analysis.
Following an initial polarization to -250 mV vs. Mg/Mg2+, the reduction potential
plateaus at -165 mV vs. Mg/Mg2+ for the duration of the deposition. The SEM
micrograph shows a smooth, even surface characterized by a conformal layer of
crystallites on the order of 1 𝜇m in width. Figure B.5 shows a closer view of
individual grains. EDS analysis confirms that the deposits are composed of Mg,
confirming the reductive stability of the Mg[MeSiF24]2 anion and Mg2+ as the mobile
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Figure 3.6: (a) Chronopotentiometry trace, (b) SEM micrograph, EDS maps for (c)
Mg and (d) Si and the corresponding EDS sum spectrum (bottom) of deposition at
-0.5 mA cm– 2 from 0.25 M Mg[MeSiF24]2 + 20 mM Bu2Mg for 5 hours on Pt.

ion. We determine the effect of applied current density on deposition morphology
by reducing Mg2+ onto a Pt substrate by passing 9 C at rates of 0.5, 2.5, and 10
mA cm–

2 . The resulting potential versus time traces are shown in Figure 3.7 (a).
As expected, the reductive overpotential increases with the applied current density
with average values of -180 mV for -0.5 mA cm– 2, -290 mV for -2.5 mA cm– 2,
and -450 mV for -10 mA cm– 2. SEM micrographs of the resulting depositions are
illustrated in Figure 3.7 (b), (c), and (d). In each case, we observe a flat surface
composed of crystallites on the order of 1 micron in scale. Increasing the current
density from -0.5 to -2.5 mA cm– 2 preserves the compact base layer but also reveals
small columnar grains beginning to develop. A further increase in rate to -10 mA
cm– 2 increases the prominence of these columnar features. Continued deposition at
this rate is likely to provoke dendritic growth on these sites as the localized electric
field of these aspersions encourages further deposition on the peaks. This behavior
likely led to the internal short observed at the same rate in Figure 3.4.

Although general electrochemical characterization of Mg[MeSiF24]2 with a minor
Grignard additive features many positive characteristics in terms of oxidative sta-
bility and deposition morphology and composition, the deposition overpotential
around 250 mV remains stubbornly high. In recent years, solvation sheath modi-
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Figure 3.7: (a) Chronopotentiometry traces and corresponding SEM micrographs
at (b) -0.5 mA cm– 2 for 5 hours, (c) at -2.5 mA cm– 2 for 1 hr, and (d) at -10 mA
cm– 2 for 0.25 hr onto a Pt substrate from 0.25 M Mg[MeSiF24]2 + 15 mM Me2Mg

Figure 3.8: Selected cyclic voltammograms of 0.25 M Mg[MeSiF24]2 dissolved in
(a) 3MPA, (b) 3MPA:DME 1:10 vol:vol, and (c) DME. 3MPA serves to lower the
reductive overpoential of Mg[MeSiF24]2. The use of a mixed solvent system lessens
the conditioning process.
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fication through the introduction of cosolvents has emerged as a viable method to
moderate the overpotential associated with metal plating. What’s more, certain of
these cosolvents are suggested to have inherent water-scavenging properties, suggest-
ing highly efficient Mg2+ deposition without the addition of Grignard additives.[71]
Inspired by these findings, we dissolve the Mg[MeSiF24]2 to a concentration of 0.25
M in 3-methoxyproplyamine (3MPA). Selected cyclic voltammograms are illus-
trated in Figure 3.8 (a). The corresponding Coulombic efficiency as a function
of cycle index is shown in Figure B.6. The initial cycle with the 3MPA solvent
features a reductive overpotential of about 230 mV. The Coulombic efficiency for
this scan is low, however, at about 54%. Reductive overpotential progressively
decreases and Coulombic efficiency increases with cycling, reaching values of 130
mV and approximately 89% by cycle 25. Minimal oxidative current is observed
at high potentials, indicating that 3MPA does not compromise the high oxidative
stability of the anion. For comparison, we also cycle Mg[MeSiF24]2 with no additive
in DME. The resulting voltammograms are shown in Figure 3.8 (c). On cycle 1,
Mg[MeSiF24]2 in neat DME shows a large reductive overpotential around 750 mV
with limited reversibility. Reversible Mg2+ plating and stripping does emerge with
cycling; however, the Coulombic efficiency is quite erratic. The poor cycling per-
formance of the Mg[MeSiF24]2 electrolyte in neat DME suggests that 3MPA may
provide a similar water-scavenging function to the Grignard additives, consistent
with prior reports of its use as a solvent.

In an effort to retain the positive effect of 3MPA on Mg[MeSiF24]2 electrochemistry
but also improve the Coulombic efficiency in initial cycles, we used a mixed solvent
system, dissolving Mg[MeSiF24]2 to a concentration of 0.25 M in 3MPA:DME 1:10
vol:vol. The resulting cyclic voltammograms on a Pt working electrode are shown
in Figure 3.8 (b). Similar to the scan in neat 3MPA, the reductive overpotential in
the initial scan in 260 mV. Unlike the scan in neat 3MPA, however, the Coulombic
efficiency is significantly higher in 3MPA:DME 1:10. Glancing at the Coulombic
efficiency as a function of cycle index for this condition in Figure B.6 reveals a
dramatically improved conditioning process relative to either of the neat solvents.
In the case of 3MPA:DME 1:10, Coulombic efficiency reaches a value of 93% by
cycle 3 and remains stable thereafter. We hypothesize that this enhancement of
Coulombic efficiency is related to water-scavenging ability of the 3MPA cosolvent
to prevent passivating side reactions and the mixed 3MPA:DME solvation sheath in
the cosolvent system, which may better facilitate the Mg0 oxidation process.
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Characterization of additional structural variants
Initial electrochemical investigation of the Mg[PhSiF24]2 (illustrated in Figure B.8)
structural variant shows similarly impressive results. Figure 3.8 illustrates selected
cyclic voltammograms of 0.25 M Mg[PhSiF24]2 + 20 mM Bu2Mg in DME along
with the corresponding Coulombic efficiency. Reduction begins at -400 mV vs.
Mg/Mg2+ on cycle 1 while oxidation occurs at 0 V vs. Mg/Mg2+. By cycle 50, the
reductive onset potential shifts to -290 mV vs. Mg/Mg2+, and the oxidative onset
potential remains steady at 0 V vs. Mg/Mg2+. Similar to Mg[MeSiF24]2, anodic
current begins increasing exponentially at 4.2 V vs. Mg/Mg2+, suggesting that the
structural change of the axial ligand from Me to Ph does not significantly change the
anodic stability of the electrolyte. Coulombic efficiency remains steady at 98% for
the duration of cycling, apart from cycles 65 and 66 which are scanned to a higher
upper V cutoff. A small oxidative current arises near 2.8 V vs. Mg/Mg2+, which we
attribute to the oxidation of excess of the additive.

We dissolve Mg[PhSiF24]2 to a concentration of 0.25 M in 3MPA:DME 1:10 to
investigate if the amine cosolvent will serve to lower the reductive overpotential
for this structural variant. Selected cyclic voltammograms of 0.25 M Mg[PhSiF24]2
in DME + 15 mM Me2Mg or in 3MPA:DME 1:10 are shown in Figure B.7 along
with their corresponding Coulombic efficiencies as a function of cycle index. The
electrolyte in DME with the Me2Mg additive features minimal electrochemical
conditioning and a reductive overpotential around 500 mV throughout cycling. By
contrast, the electrolyte with no additive and dissolved in 3MPA:DME 1:10 features
an initial reductive overpotential around 500 mV, which then is reduced to merely 110
mV by cycle 75. The increased reductive overpotential with 15 mM Me2Mg additive
relative to 20 mM Bu2Mg is likely due to small differences in water contents between
the solvent and salt batches used across the two experiments. These differences
make it difficult to draw firm conclusions about electrochemical properties which
may be affected by water passivation. The ability of the amine cosolvent to facilitate
reduction is similar to the case of the Mg[MeSiF24]2 structural variant and is likely due
in part to water scavenging. Comparing reductive overpotentials of both structural
variants in 3MPA:DME 1:10 suggests little effect of changing the axial ligand from
Me to Ph on the reductive process.

Considerations for Electrochemical Conditions
Though the Mg[MeSiF24]2 shows many excellent electrochemical properties, our
work with the compound has revealed several factors which should be considered
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Figure 3.9: (a) Cyclic voltammograms of 0.25 M Mg[PhSiF24]2 + 20 mM Bu2Mg
additive in DME at a scan rate of 25 mV/s. The inset (b) highlights the deposition
overpotential region of the CV. (c) Coulombic efficiency for cycles 1 – 100.

in order to reliably reproduce the reported electrochemistry. A chief concern is the
cleanliness of the Pt working electrode. Our typical procedure for cleaning and
reusing is to thoroughly rinse the used electrode with acetone and deionized water,
soak it in concentrated nitric acid for at least 72 hours, rinse it again with deionized
water, anneal it with an H2 flame, and bring it immediately into the glovebox. This
protocol has been sufficient to clean and reuse Pt wires in our prior studies of Mg
electrolytes. However, in the course of this study, we have found it necessary to use
as-purchased Pt wires to achieve consistent electrochemical performance. Figure
B.9 compares cyclic voltammograms of 0.25 M Mg[MeSiF24]2 + 10 mM Me2Mg in
DME using new and used (and cleaned) Pt working electrodes. The used working
electrode results in a shift of the oxidation to higher potentials along with irregular
oxidative behavior. To probe the origin of this behavior, we use SEM to image a used
and cleaned Pt wire electrode. The resulting SEM micrograph and corresponding
EDS maps for Si and O are shown in Figure B.10. The micrograph reveals irregular
spots on the Pt surface which are darker in appearance than the bare metal. EDS
maps show that these patches are composed of Si and O. The presence of Si could
be due to anion decomposition or contamination from the glassware. Since Si and
O are observed on the Pt after cleaning, we hypothesize that as the Pt electrode is
continually used, the deposits that contain Si and O progressively create an insulating
surface film on the Pt electrode. A drop in conductivity of the electrode may prompt
further decomposition and undesired side reactions. This behavior may manifest in
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the irregular oxidative current observed in Figure B.9. No combination of treatment
with strong acids or bases, electrochemical polishing, or mechanical polishing has
been successful in removing these deposits.

Another factor which impacts the reproducibility of the electrochemical results is
finding an additive concentration which yields reversible Mg2+ plating and stripping
with high Coulombic efficiency. In Figure B.1, we show highly reversible Mg
deposition and stripping with an Me2Mg concentration of merely 10 mM. Upon
trying to reproduce these results with a second batch of solvent and electrolyte
salt, we observed a shift in the oxidation to more positive potentials and a decrease
in the Coulombic efficiency. Presuming that this result was due to an increased
amount of H2O contamination coming from some combination of the salt, solvent,
and glovebox atmosphere, we attempted to remedy the contamination by increasing
the additive content. Cyclic voltammograms with Me2Mg concentrations ranging
from 15 mM to 100 mM are illustrated in Figure B.11. The lowest concentrations,
15 and 25 mM, resemble the behavior shown in Figure B.1 with 5 mM additive.
The behavior previously observed at 10 mM additive is now only restored at 50
mM additive, presumably because this higher concentration is now necessary to
scavenge the elevated amount of H2O. This result underscores just how sensitive
this electrolyte is to small changes in water concentrations but also presents a method
for counteracting water contamination.

The final factor necessary to yield reproducible electrochemical data is to use a
glovebox with as few other chemicals and tools inside as possible. Initial electro-
chemical experiments were conducted in a "standard" glovebox containing a myriad
of organic solvents, reagents, and samples from a diverse set of projects related to
batteries and electrochemistry. In this box, we were occasionally able to observe
highly reversible electrochemistry but more often saw the passivating behavior typ-
ical of water contamination. We ruled water and oxygen contamination unlikely as
the glovebox passed chemical indicator tests with both titanocene and diethyl zinc
and the behavior persisted even after 45 minutes of purging the atmosphere. We
thus concluded that some other compound must be present in the box atmosphere,
even after extensive purging, which similarly serves to contaminate the electrolyte.
To address this contamination concern, we repeated the experiments with the same
electrolyte and solvent batch in a glovebox that was vacant save for DME and the
electrolyte salt and which was purged for 15 minutes prior to handling the electrolyte.
The resulting voltammograms are compared with equivalent scans in our "standard"
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glovebox after purging for 45 minutes in Figure B.12. Here, we see the oxidation
in the "standard" glovebox experiment shifting to more positive potentials and a
decrease in the current density with cycling, indicative of passivation. Meanwhile,
the experiment conducted in the vacant box shows an increase in current density
with cycling and no higher potential oxidation.

3.5 Conclusions
In summary, we have demonstrated an electrolyte based on a Si-centered anion
capable of reversibly plating and stripping Mg with the addition of a minor amount
of chemical additive. We primarily investigated the structural variant featuring a
methyl axial ligand. In CV experiments, it shows high current densities for Mg
oxidation and reduction and a moderate reductive overpotential of 210 mV. LSVs
show an outstanding anodic stability of 4.7 V vs. Mg/Mg2+ on Pt. Chronopoten-
tiometry reveals a critical current density of 10 mA cm– 2 and stable cycling for 1500
hours, the highest critical current density and longest stable cycling demonstrated in
halide-free Mg electrolytes. SEM and elemental analysis confirmed the conformal
smooth plating of deposited Mg with no evidence of anion decomposition. We
then incorporated an amine cosolvent to lower the reductive overpotential. We have
additionally demonstrated initial electrochemical results of two structural variants
with increasing bulk the axial ligand on the Si center. These experiments showed a
correlation between increasing bulk and reduced oxidative stability and diminished
Coulombic efficiency. We then detailed factors which we have found necessary
to observe Mg deposition and stripping without significant passivation. Its high
oxidative stability may allow researchers to study high voltage Mg cathodes in very
controlled conditions.
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C h a p t e r 4

ELECTROCHEMICAL AND ANALYTICAL
CHARACTERIZATION OF A MG ELECTROLYTE

4.1 Abstract
This study details electrochemical and analytical characterization of a pair of Mg
electrolytes based. The WCA-1 electrolyte shows highly efficient Mg plating and
stripping with a remarkably low reductive overpotential around 80 mV. This elec-
trolyte exhibits flat Mg deposition morphology but limited performance at faster
rates. Increasing the bulk of the anion to yield the WCA-2 electrolyte allows us to
study the effect of anion size on electrochemical properties. This change resulted in
a modest increase in the reductive overpotential but also an impressive enhancement
of performance at faster rates. Although this electrolyte family exhibits limited ox-
idative stability, it serves as an example of increasing anion bulk as a viable method
to enhance the kinetics of Mg electrodeposition. We hypothesize that this perfor-
mance enhancement is largely due to decreased association between the bulkier
anion and solvated Mg2+ complexes.

4.2 Introduction
Integral to mobile devices, electric vehicles, and intermittent renewable energy
storage, rechargeable batteries have rapidly shifted from an experimental technology
in the 1980s to ubiquitous in the modern day.[6] The monumental increase in demand
for batteries necessarily drives the demand for the materials that make them. Most
commercial rechargeable batteries use Li as a mobile ion which is alternatively
intercalated into the anode and cathode to balance the concurrent movement of
electrons through an external circuit between the two electrodes to accomplish useful
work. Though Li-ion batteries (LIBs) can accommodate hundreds or thousands of
charge/discharge cycles with good capacity retention, Li itself is quite rare and is
concentrated in just a few regions of the globe.[12] What’s more, batteries based
on Li+ intercalation are rapidly approaching the theoretical energy storage limit
inherent in intercalation-type chemistries.[7] The development of Li-metal batteries
(LMBs) seeks to increase the capacity of Li-based chemistries; however, LMBs are
plagued by safety concerns related to the dendritic deposition morphology of Li
under relevant conditions, not to mention the fact that LMBs require dramatically
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more Li than LIBs, aggravating material supply concerns.[45] For these reasons,
it is crucial that we develop battery materials based on more resource equitable,
energy dense, safe chemistries.

Mg is an attractive material to supplement the global battery material supply chain.
Orders of magnitude more abundant than Li in the Earth’s crust, reserves of Mg are
globally widespread.[12] It is also the second most abundant cation in the oceans
after Na+.[11] Mg is also promising from an energy storage point of view, as Mg
metal anodes have nearly twice the volumetric energy density as Li metal anodes.[7]
Mg metal anodes also exhibit flatter deposition morphology than Li metal anodes
under the same conditions, suggesting safer operation in the case of Mg.[63, 77]

Although Mg-metal batteries have many attractive qualities, their commercializa-
tion is hindered due to a lack of electrolytes which support reversible Mg2+ plating
and stripping with high efficiency. Like Li, Mg metal is strongly reducing with
a tendency to form surface films upon contact with most commonly used organic
electrolyte solvents, simple salt anions (PF –

6 , ClO –
4 , etc), and atmospheric con-

taminants (H2O and O2).[49, 78] Due to the sluggish transport of Mg2+ through
solid phases, these layers typically do not conduct Mg and essentially halt the anode
reaction.[39] To combat this tendency towards passivation, many researchers have
focused on developing new electrolyte systems that are capable of reversibly plating
and stripping Mg with high efficiency without forming an inert interface.

Early Mg electrolytes consisted of Grignard reagents dissolved in an organic solvent
with high concentrations of a chloride salt such as AlCl3. These Grignard-based
electrolytes typically showed excellent compatibility with the Mg anode and were
capable of highly reversible Mg plating with few deleterious side reactions[78, 79].
The exact role of chloride in promoting Mg electrochemistry is not certain, but most
work suggests that Cl– plays a role in protecting the surface of newly deposited Mg
from passivation through the formation of a so called chloride rich "enhancement
layer."[24, 70] Some results also suggest the transport of (MgCl)+ is enhanced due
to the reduced charge density of the monocation relative to the divalent solvated
Mg2+ complex and that its adsorption to the electrode surface is a necessary step
preceding Mg2+ reduction in Cl-containing systems.[26, 27, 80]

Despite these advantages, chloride-based systems have important drawbacks. No-
tably, the high concentration of chloride renders the system highly corrosive and thus
incompatible with standard cell body components, namely stainless steel.[51] To
overcome this limitation, much work has gone into studying Mg electrolytes which
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lack chloride. To this end, electrolytes based on B-centered anions have received
great attention. Commercially available Mg(BH4)2 was demonstrated to plate and
strip Mg with high efficiency; however, its anodic stability is limited to just 1.7 V
vs. Mg/Mg2+ and the overpotential to reduce Mg2+ is quite high (> 300 mV).[52]
Work then focused on modifying properties of the anion to yield the desired electro-
chemistry. These efforts typically highlight borates and occasionally the analogous
aluminates. A class of Mg-carboranes was developed which showed extremely high
anodic stability (> 3.5 V vs. Mg/Mg2+) but retained a stubbornly high reductive
overpotential around 250 mV. Despite certain impressive properties, accessing the
carboranes requires a difficult synthetic procedure which makes their widespread us-
age unlikely.[81] Electrolytes based on Mg tetrakis(hexafluoroisopropyloxy)borate
(Mg(B(hfip4)2)) and its aluminate analog support highly efficient Mg plating and
stripping with high anodic stabilities.[61] Unfortunately, these systems have rather
large reductive overpotentials (> 400 mV) and are plagued by synthetic and elec-
trochemical reproducibility issues.[62, 63] The quest to develop halide-free Mg
electrolytes with low reductive overpotentials and high Coulombic efficiencies con-
tinues.

This work provides detailed electrochemical and analytical characterization of a pair
of halide-free Mg electrolytes based on weakly-coordinating anions ideated and syn-
thesized by the Agapie group (Tianyi He, Meaghan Bruening, and Theodor Agapie).
The WCA-1 electrolyte shows outstandingly low deposition overpotentials as well as
flat and dense Mg deposits. This variant shows relatively poor performance at faster
rates, showing continuously increasing overpotentials at an applied current density
of 1 mA cm–2 in Mg|Mg symmetric cells. The WCA-2 structural variant bears a
bulkier anion and allows us to evaluate the effect of anion size on electrochemical
characteristics. This second electrolyte shows a slightly increased reductive over-
potential relative to the prior system but displays enhanced performance at faster
rates. We attribute this enhancement in kinetic performance to reduced association
between the anion and the solvated Mg2+ complex. Although a low oxidative sta-
bility limits the practical utility of this electrolyte family, the structural insight we
gain may be useful in establishing design principles for future Mg electrolytes.

4.3 Experimental
Electrochemical characterization
Electrolyte salts were synthesized by Meaghan Bruening. Electrolyte solutions
were prepared by measuring the desired amount of the electrolyte salt in DME and
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stirring until dissolved. The DME was taken from a solvent purification system,
freeze-pump-thawed before being brought into an Ar-filled glovebox, and then stored
over 4Å sieves for at least 48 hours before use. Sieves were activated at 220 °C under
active vacuum overnight. Glassware was cleaned in a base bath and with aqua regia
and dried at 120 °C before being brought into the glovebox. Electrolyte preparation
and cell assembly were performed in a glovebox under an N2 atmosphere with O2
and H2O levels below 0.1 ppm. The glovebox atmosphere was purged for at least
30 minutes prior to handling the electrolyte salt or solvent. The catalyst was sealed
during electrochemical characterization.

Mg electrodes (99.9%, MTI) were polished with a razor blade immediately before
use. Pt electrodes (wire, 0.5 mm diameter, 99.997%, Thermo Scientific) were
soaked in concentrated HNO3 for at least 72 hours, rinsed, annealed with an H2
torch, and immediately brought into the glovebox.

Cyclic voltammograms were performed in three-electrode glass cells with 0.5 mL of
electrolyte. A Pt wire served as the working electrode, and Mg foils were the counter
and reference electrodes. Chronopotentiometry and linear sweep voltammograms
were performed in two electrode, 0.5" diameter, Swagelok-type cells with PTFE body
components and stainless steel current collectors. Swagelok parts were cleaned
by sonication in a 1:1 (vol:vol) acetone:IPA mixture before being pumped into
the glovebox. With the exception of long term chronopotentiometry and current
sampling experiments, Swagelok cells were assembled in the glovebox and run
under ambient atmosphere.

Experiments were conducted on a Biologic SP150, VSP, or VMP3 potentiostat.

Physical characterization
Scanning electron microscopy was conducted on a ZEISS 1550VP field emission
SEM with a 15 kV accelerating voltage. SEM samples were prepared in a glovebox
but were briefly exposed to air immediately prior to being loaded into the instrument.
Pt foil (0.05 mm, 99.99%, Thermo Scientific) served as the substrate for deposition.

4.4 Results and Discussion
With the aim of developing halide-free Mg electrolytes capable of plating and
stripping Mg with low overpotentials and high efficiencies, we dissolved WCA-1 in
DME. Figure 4.1 shows the 25th cyclic voltammograms of WCA-1 at concentrations
of 0.1, 0.25, and 0.5 M in DME. The region showing the reductive overpotential
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is highlighted in Figure 4.1 (b). The reductive behavior of each electrolyte con-
centration is similar. The three concentrations each show a relatively low reductive
overpotential less than 100 mV, among the lowest reductive overpotentials demon-
strated in a halide-free Mg electrolyte in an organic solvent. Current density trends
with increasing electrolyte concentration, likely due to an increased conductivity.

The difference in the oxidative behavior between the three is more stark. The 0.25
and 0.5 M WCA-1 electrolytes display a single oxidative feature which increases
linearly in current with increasing potential before rapidly decreasing in intensity as
accessible Mg0 is depleted. By contrast, the 0.1 M WCA-1 electrolyte shows two
oxidative features: one which reaches a peak current density at 0.42 V vs. Mg/Mg2+

and another at 1.1 V vs. Mg/Mg2+. The presence of this higher potential oxidation
is likely due to the oxidation of species related to electrolyte decomposition which
takes place in the lower concentration (and lower conductivity) system but not in
the higher concentration systems. The Coulombic efficiencies for these scans as a
function of cycle index are shown in Figure C.1, which shows efficiencies which
generally trend with electrolyte concentration. At 0.1 M, the WCA-1 electrolyte has
an Coulombic efficiency of merely 69%, which briefly increases before gradually
declining for the duration of cycling. This decline may be related to the progressive
consumption of the electrolyte due to side reactions, evident in the higher potential
oxidation at this concentration. The 0.25 M WCA-1 electrolyte begins with a
much higher Coulombic efficiency around 97% which also gradually declines with
cycling, showing that this concentration may also be prone to parasitic side reactions,
although to a lesser degree than the 0.1 M electrolyte. The 0.5 M WCA-1 electrolyte
displays a cycle 1 Coulombic efficiency of about 94% which gradually increases
in early cycles and stabilizes around 98% through cycling. The initial increase in
efficiency may be related to electrolytic conditioning processes which prime the
electrode surface for future electrodeposition, remove trace impurity species, or
some combination of the two.

To probe if the differences in the electrochemistry observed as a function of elec-
trolyte concentration shown in Figure 4.1 are due to differences in conductivity,
we perform EIS on WCA-1 electrolytes at a variety of concentrations. The high
frequency intercepts of the Nyquist plots, which we take to reflect the charge transfer
resistance of the electrolyte, are illustrated in Figure 4.2 (a). Conductivities calcu-
lated from these values are displayed in Figure 4.2 (b). As expected, conductivity
increases with electrolyte salt concentration, reaching a maximum value of 34 mS
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Figure 4.1: (a) Cyclic voltammograms of WCA-1 dissolved in DME to varying
concentrations with the inset (b) highlighting the reductive overpotential region.
WE: Pt, CE: Mg, RE: Mg. 25 mV s– 1. Cycle 25 shown.

cm– 1 at 0.8 M in DME, on par with reported halide-containing Mg electrolytes.[19]
The conductivity decreases slightly at 1 M. This observation is expected and is
likely due to the formation of contact ion pairs in the more concentration electrolyte
which slows Mg2+ transport. Altogether, these results suggest that the differences
in current density and oxidative behavior between the different concentrations of
WCA-1 in Figure 4.1 are due to differences in conductivity, as 0.5 M has nearly 5x
the conductivity of 0.1 M.

To investigate the morphology and composition of depositions from WCA-1, we
reduce a Pt electrode in 0.5 M WCA-1 in DME at 0.5 mA cm– 2 for five hours. The
potential vs. time trace is shown in Figure 4.3 (a). The electrode potential quickly
drops to -150 mV vs. Mg/Mg2+ and remains relatively constant for the duration
of the experiment, consistent with a single, well-defined electrochemical process
(e.g. Mg0 deposition). A SEM micrograph of the reduced electrode is shown in
Figure 4.3. This image shows a flat surface composed of densely packed hexagonal
particles, on the order of several microns in size. The EDS map of Mg shown in
Figure 4.3 (c) and the full EDS spectrum displayed in C.2 indicate that this surface
is composed essentially entirely of Mg. This result suggests that WCA-1 is capable
of Mg0 deposition with a smooth morphology and without significant electrolyte or
solvent decomposition.
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Figure 4.2: (a) EIS spectra at a variety of WCA-1 electrolyte concentrations in DME
and (b) the corresponding conductivities calculated from these spectra.

Figure 4.3: (a) Potential vs. time trace of deposition from 0.5 M WCA-1 in DME at
a rate of 0.5 mA cm– 2 for five hours with (b) the corresponding SEM micrograph
and (c) the EDS map for Mg. WE: Pt, CE: Mg, RE: Mg.
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Figure 4.4: Chronopotentiometry of Mg|Mg symmetric cells with 0.5 M WCA-1 in
DME at a variety of applied areal current densities ranging from 0.1 mA cm– 2 to
2.5 mA cm– 2.

To determine the critical current density at which deposition from WCA-1 adopts a
dendritic morphology, we cycle Mg|Mg symmetric cells at progressively increasing
areal current densities. The resulting chronopotentiograms with 0.5 M WCA-1 in
DME at current densities ranging from 0.5 mA cm– 2 to 2.5 mA cm– 2 are illustrated
in Figure 4.4. The curves show low overpotentials (80 mV) for the lowest applied
current density. As expected, overpotentials increase with increasing current density,
beginning to continually increase at 1.0 mA cm– 2 and eventually shorting at 2.5
mA cm– 2.

Next, we investigate the electrochemistry of a structural variant of WCA-1 featuring
a bulkier anion, which we term WCA-2. Cyclic voltammograms of 0.1 and 0.25
M WCA-2 in DME are shown in Figure 4.5 (a). Both concentrations show similar
reductive behavior. The region showing the reductive overpotential is highlighted
in Figure 4.5 (b). The 0.1 M electrolyte shows a moderate overpotential of 180
mV which is reduced to 110 mV in the 0.25 M electrolyte. These values are larger
than reductive overpotentials at the same concentrations for WCA-1 in Figure 4.1,
suggesting that the increased steric bulk of the WCA-2 anion may impede elec-
troreduction. The presence of the bulkier anion serves to lower the overall charge
density of the anion relative to WCA-1. The lessened charge density likely results
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Figure 4.5: (a) Cyclic voltammograms of WCA-2 dissolved in DME to varying
concentrations with the inset (b) highlighting the reductive overpotential region and
(c) illustrating the anion. WE: Pt, CE: Mg, RE: Mg. 25 mV s– 1. Cycle 25 shown.

in a reduced association of the anion with the solvated Mg2+ cation. We hypoth-
esize that the relatively more cation-coordinated WCA-1 may serve to stabilize
the solvated Mg2+ cation and reduce the coordination of solvent molecules. This
mixed anion/solvent coordination sphere around Mg2+ may lower the thermody-
namic barrier for reduction and result in the small reductive overpotentials observed
in WCA-1. Introducing a more coordinating anion to reduce solvent coordination
has been successfully used to lower reductive overpotentials in divalent electrolyte
systems.[82]

The trends in oxidative behavior for WCA-2 at different concentrations are similar
to those for WCA-1. The 0.1 M electrolyte displays a pair of oxidations: one
with a peak current density at 700 mV vs. Mg/Mg2+ and a second at 1100 mV.
Unlike WCA-1, the lower potential oxidation is higher in intensity, suggesting that
the increased steric bulk of WCA-2 may offer enhanced resistance to reductive
decomposition of the anion. The 0.25 M electrolyte shows a single oxidation that
increases in current density linearly with potential before rapidly decreasing to the
baseline. Figure C.3 shows the Coulombic efficiencies as a function of cycle index
of the curves shown in Figure 4.5. The CE for the 0.1 M electrolyte begins around
80%, swiftly increases for a few cycles, and progressively declines from cycle 15
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onwards. The 0.25 electrolyte similarly begins around 83% and gradually increases
to 88% with cycling. This behavior is similar to the trends in Coulombic efficiency
observed in WCA-1, suggesting that the modification to the anion does not have a
strong effect on the long term cycleability of the electrolyte in CV experiments.

Next, we examine the morphology and composition of deposits from WCA-2. To
this end, we apply a reductive current density of -0.5 mA cm– 2 to a Pt working
electrode immersed in 0.25 M WCA-2 in DME for five hours. The potential vs. time
trace of the electrode is shown in Figure 4.6 (a), which shows a stable plateau around
-110 mV for the duration of the reduction. Like the case of WCA-1, this behavior
is consistent with a single electrochemical process taking place. The surface of the
reduced electrode is imaged via SEM in Figure 4.6 (b) with the EDS map for Mg
shown in Figure 4.6 (c). Similar to the deposition from 0.5 M WCA-1, the surface is
composed of tightly packed hexagonal particles. The EDS map and sum spectrum
shown in Figure C.4 indicate that these particles are composed of essentially pure
Mg, indicating a good reductive stability of the electrolyte species at this rate. The
particle size is larger than those shown in Figure 4.3, but the difference in electrolyte
concentration makes it difficult to determine whether this discrepancy is due to the
relative differences in conductivity between the two solutions or due to differences
in the anion structure. Nonetheless, each electrolyte is capable of Mg0 deposition
with minimal electrolyte decomposition at this rate.

Now we examine the effect of the bulkier WCA-2 electrolyte on the critical current
density required to grow dendrites. Accordingly, we cycle 0.25 M WCA-2 in DME in
Mg|Mg symmetric cells with progressively greater applied current densities ranging
from 0.5 to 5.0 mA cm–2. The resulting potential vs. time traces are shown in Figure
4.7 (a). As expected, overpotentials gradually increase with increasing current
density. Unlike the case of WCA-1, overpotentials do not continuously increase with
cycling under an applied current density of 1.0 mA cm–2, instead remaining largely
stable through cycling. Impressively, the potentials are also stable at 2.5 mA cm–2,
where the cell containing the less bulky electrolyte shorted. This result is notable,
as it suggests that the bulkier anion supports enhanced kinetic performance despite
likely having a lower conductivity due to the difference in electrolyte concentrations.
We hypothesize that this enhanced kinetic performance is due to the lower charge
density of the BH(2,6−Me4−tBuPh)3 anion, which effectively reduces the attraction
between the anion and the solvated Mg2+ complex. This reduced attraction may
facilitate faster rates of electrodeposition. The fact that this enhanced performance
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Figure 4.6: (a) Potential vs. time trace of deposition from 0.25 M WCA-2 in DME
at a rate of 0.5 mA cm– 2 for five hours with the corresponding SEM micrograph (b)
and the EDS map for Mg (c). This electrolyte supports compact Mg0 deposition.

Figure 4.7: (a) Galvanostatic cycling of Mg|Mg symmetric cells with 0.25 M WCA-
2 in DME at a variety of applied areal current densities ranging from 0.1 mA cm– 2

to 5.0 mA cm– 2 and (b) traces for extended cycling at 0.5 mA cm–2. The bulkier
anion shows improved performance at faster rates.
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Figure 4.8: Linear sweep voltammograms of 0.25 M WCA-2 in DME at 5 mV s–1

on a variety of substrates.The electrolyte shows a relatively low anodic stability.
CE/RE: Mg

at faster rates in galvanostatic experiments is coupled with an increased reductive
overpotential in CV experiments suggests competing effects of anion bulk on the
thermodynamics and kinetics of Mg deposition. To evaluate the long term cycling
performance of WCA-2 we likewise cycle Mg|Mg symmetric cells at a rate of
0.5 mA cm–2. The resulting potential vs. time trace is shown in Figure 4.7 (b).
Overpotentials begin around 160 mV and quickly drop to 125 mV for the duration of
cycling. The stable long cycling suggests excellent reversibility of Mg0 deposition
from WCA-2 without significant side reactions or electrode fouling.

Finally, we determine the oxidative stability of WCA-2 by performing linear sweep
voltammograms at 5 mV s–1 with a variety of working electrodes. The resulting
current vs. potential traces are shown in Figure 4.8. Current begins to rapidly
around 2.25 V vs. Mg/Mg2+, indicating a relatively low oxidative stability. Stability
is extended on SS316, Al, and Cu relative to Pt but remain low, showing oxidation at
2.6 V on SS316. These results suggest that, despite the excellent kinetic performance
and good deposition morphology of WCA-2, the electrolyte stability window is too
low to enable the higher voltage cathodes.
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4.5 Conclusions
In this study, we have electrochemically and analytically characterized two elec-
trolytes based on halide-free Mg salts with weakly coordinating anions. The WCA-1
electrolyte supports reversible Mg plating and stripping with high Coulombic ef-
ficiency at a concentration of 0.5 M in DME. The reductive overpotential at this
concentration is around 80 mV, among the lowest reported in halide-free Mg elec-
trolytes. Mg deposited from WCA-1 adopts a dense morphology and does not show
evidence of anion or solvent reduction. The kinetic performance of WCA-1 is rel-
atively poor, showing continually increasing overpotentials in Mg|Mg symmetric
cells at 1.0 mA cm–2 and shorting at 2.5 mA cm–2. A change in steric bulk between
the two anions allows us to evaluate the effect of anion size on relevant electro-
chemical properties. The WCA-2 shows highly reversible Mg electrochemistry at
a concentration of 0.25 M in DME. The reductive overpotential is modestly higher
at around 110 mV and the size of deposited Mg particles is larger. Nevertheless,
the bulkier anion results in improved kinetic performance, which we attribute to
reduced association between the anion and solvated Mg2+ complexes. Despite this
improvement, the WCA-2 electrolyte shows a relatively low anodic stability limit
around 2.25 V vs. Mg/Mg2+ on Pt.
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C h a p t e r 5

REALIZING AL AS A WATER-RESISTANT MG ANODE FOR
ENERGY STORAGE

5.1 Abstract
Expanding the library of rechargeable battery chemistries is critical to the transition
to a green economy. Magnesium is an attractive battery material, but the develop-
ment of Mg metal batteries is hindered by the incompatibility of the Mg metal anode
with conventional electrolyte solutions and atmospheric contaminants. Mg alloy an-
odes show improved resistance to passivation; however, the most successful alloy
anode, Bi, is relatively scarce and low capacity. Based on its abundance and high
theoretical energy density, Al is a good choice as an alloy anode for Mg. Despite
its appeal, reversible Mg-Al alloying has not been demonstrated in organic solvents.
In this study, we present evidence supporting Mg-Al alloying in a nonaqueous elec-
trolyte. We then enhance the current density of Mg-Al alloying by two orders of
magnitude by mechanically alloying Al with Bi. Further, we show that the AB40
alloy tolerates low concentrations of H2O contamination in the electrolyte better
than Mg. Though a large particle size limits the alloying capacity of the anode, we
show that reducing the particle size can improve the Mg-Al alloying capacity.

5.2 Introduction
The rise in atmospheric CO2 and its effect on the climate necessitate the increased de-
ployment of carbon-free energy sources as a portion of the global energy-generation
portfolio.[1] The production of certain emissions-free energy sources, namely wind
and solar, varies greatly with time, as do industrial and personal energy consump-
tion. A major challenge then arises as utilities must match variable energy generation
and consumption patterns. Though pumped-hydro still comprises the bulk of mod-
ern grid-scale energy storage, the use of batteries on the grid and home scales is
growing.[2, 3, 83] Likewise, the infiltration of personal devices powered by recharge-
able batteries into daily life continues to spread globally at a fast pace.[84] These
trends drive the demand for more batteries and, as a result, the materials that make
them.

Lithium-ion batteries (LIBs) are the current industry standard for electrochemical
energy storage. Though LIBs have transformed modern life, they alone are not fit to
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meet the needs of the growing global battery market. From an energy storage point
of view, LIBs are approaching the theoretical capacity limit imposed by intercalation
chemistries and are thus unlikely to see more than modest improvements in storage
through further development.[6, 7] Lithium-metal batteries promise higher energy
densities than LIBs; however, they have yet to be commercialized, in large part due
to safety issues associated with the dendritic morphology of Li deposits on the metal
anode.[8, 9] Li-based chemistries are also problematic from a resource perspective.
Beyond the scarcity, environmental degradation, and human-rights abuses related
to the extraction of Ni and Co, key components of many modern LIB cathodes,
Li itself is rare and concentrated in a few regions.[10, 85, 86] The development of
alternative battery chemistries is thus crucial to meet the demands of the growing
market.

Magnesium is an attractive battery material. The divalent nature and compact size of
the Mg2+ cation endow Mg-metal anodes with nearly double the volumetric capacity
of Li-metal anodes (3830 vs. 2060 mAh mL –1).[7] Mg is also known to adopt a
smoother deposition morphology than Li under the same conditions, suggesting
safer operation for Mg-based batteries.[13–15, 18] What’s more, Mg is abundant
and globally widespread. It is the eighth most abundant element in the Earth’s crust
and is present in seawater at a concentration of 1300 ppm, making Mg the most
abundant cation in the oceans after Na.[11, 12]

The tendency of Mg-metal anodes to passivate is a major roadblock for the devel-
opment of Mg-based batteries. Like Li metal, Mg is strongly reducing. It tends to
form surface films upon contact with many common organic solvents, atmospheric
contaminants (particularly H2O and O2), and many salt anions (PF –

6 , ClO –
4 , BF –

4 ,
etc.).[48, 70, 87] These films typically contain MgO and Mg(OH)2 from reaction
with H2O and O2 as well as organic species resulting from solvent reduction and
phases arising from anion decompsosition such as MgS, MgF2, and Mg3N2. Unlike
Li solid electrolyte interphases, these layers typically do not conduct Mg2+ and
essentially halt the anode reaction.[88–90]

Much work has gone into improving the Mg anode/electrolyte interface by modi-
fying the electrolyte. Grignard- and chloride-based electrolytes have demonstrated
excellent compatibility with Mg metal and plate and strip Mg2+ with high efficiency.
Though these electrolytes work well with the Mg anode, they have a relatively low
anodic stability and are highly corrosive, curtailing the number of candidate cath-
ode and cell body materials.[49, 51, 79] Focus has shifted to halide-free electrolytes
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with the aim of accessing more positive cathode materials, while still maintain-
ing reversibility at the Mg anode. Electrolytes based on Mg bis(trifluoromethane
sulfonyl)imide (Mg[N(SO2CF3)2]2, Mg(TFSI)2) in glymes have received great in-
terest. Early results boasted an expanded anodic stability window; however, further
experimental and computational studies have revealed high reductive overpotentials
and significant decomposition of the TFSI anion against Mg.[54, 56] Alkoxyb-
orates and the analogous alkoxyaluminates have shown impressive results. Mg
tetrakis(hexafluoroisopropyloxy)borate (Mg(B(hfip4)2)) has been shown to support
reversible Mg plating and stripping in DME with an anodic stability of 3.5 V vs.
Mg/Mg2+ on Pt.[61] Despite their initial promise, these hfip-based electrolytes have
shown significant synthetic and electrochemical reproducibility issues.[63]

Though much work has gone into tailoring the electrolyte salt, solvent, and addi-
tives to enable facile Mg2+ transfer across the anode/electrolyte interface, a class
of alloying anodes offers another path forward. The last decade has seen the emer-
gence of several materials, notably Bi[91], Pb[92], Sn[93, 94], In[95], and Sb[91],
which may serve as Mg2+ hosts through electrochemical alloying reactions. The
motivation behind exploring alloying anodes is to reduce the activity of the magne-
siated product towards passivating reactions via the formation of some intermetallic
compound MgaMb, where a and b are integers whose values depend on the alloying
metal M and the degree of magnesiation, rather than Mg0. Experimentally observed
electrochemical alloying reactions typically occur 0.2 - 0.5 V positive of Mg/Mg2+,
which may thermodynamically prevent the formation of inert layers that occur at
the more negative potentials required for Mg0 deposition.[96] Though rarely mea-
sured in organic solvents, MgaMb intermetallics have also shown slower kinetics for
reaction with H2O than Mg in aqueous solutions.[97–99] These factors suggest that
alloying anodes may be less susceptible to passivating reactions by conventional
electrolyte components and atmospheric contaminants, potentially unlocking con-
ventional electrolytes for Mg2+ conduction and an increase in the power density of
Mg-based batteries via more positive cathode materials.[96]

Alloying reactions are common in other battery systems. Researchers in the LIB field
have investigated alloy anodes to increase the energy density relative to the commer-
cial standard graphite anode while sidestepping the resource constraints and safety
concerns inherent in a Li metal anode. A variety of alloying elements, particularly
Si[100], Al[101, 102], Sn[103, 104], Sb[105], Bi[106], Zn[107–109], Cd[108], and
Pb[108], have been considered. The large volume change typically associated with
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the transition from M to the intermetallic LiaMb remains a challenge, as particle
fracturing and pulverization prompts dramatic capacity fade with cycling.[110, 111]
Na- and K-ion batteries have seen similar efforts.[112] These investigations have
primarily targeted Si[113, 114], Sn[115, 116], Ge[117], P[118], Bi[119, 120], and
Sb[121] as possible Na or K hosts but likewise tend to report issues related to par-
ticle expansion impeding long-term cyclability.[122] The field is not restricted to
monovalent working ions. Remarkably, a Sn anode was electrochemically alloyed
with Ca to enable the first rechargeable Ca-ion battery at room temperature with a
Ca(PF6)2 electrolyte in conventional carbonate solvents.[123, 124]

The bulk of work on alloy anodes for Mg batteries has focused on Bi and Sn.[96]
Bi has received a large amount of academic interest due to the fast kinetics and
excellent reversibility of Mg-Bi alloying.[125, 126] Nanostructured Bi has demon-
strated a capacity of 350 mAh g– 1 (88% theoretical) at a rate of 0.05C with a high
coulombic efficiency. Increasing the rate to 2C resulted in only a minor reduction in
the achieved capacity.[127] Though Bi is capable of high degrees of magensiation
with fast kinetics, Mg-Bi alloying occurs at relatively high potentials and with a
large charge/discharge voltage hysteresis, diminishing the power of a hypothetical
Bi-based cell. Moreover, Bi is quite bulky and relatively rare (0.0085 ppm in the
Earth’s crust), eliminating the advantages of increased storage capacity and high
material abundance promised by Mg-based systems.[93, 96] With a theoretical ca-
pacity of 903 mAh g– 1 and a crustal abundance of 9.8 ppm, Sn seeks to obviate
these issues.[12] Unfortunately, Sn shows poor conversion and reversibility at rele-
vant rates.[93, 94, 125, 128] Nevertheless, the desirable characteristics of Sn have
led researchers to attempt to improve Mg-Sn alloying kinetics. The primary avenue
for this improvement has been bi- or multi-element alloying with other metals which
show faster kinetics for Mg-M alloying.[129–132] The mechanism by which the
addition of a second or third metal phase improves the performance of the first is not
certain but is thought to be interfacial and thermodynamic. Upon initial magnesia-
tion/demagnesiation, certain multielement alloys undergo phase separation, which
leads to a decrease in particle size and an increase in surface area.[131, 133] This
phenomenon is illustrated in Figure D.1. Other researchers have suggested that the
weaker Sn-Sn bonding in SnM alloys enhances Mg2+ diffusion in the lattice and the
formation of Sn-Mg bonds.[132] Computational studies report that the introduction
of Bi into the Sn lattice promotes the Mg-Sn alloying reaction by lowering the defect
formation energy which in turn promotes Mg reactivity with Sn.[134]
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In this work, we expand scope of Mg alloying anodes to include a new material, Al.
In terms of storage and resource properties, Al is something of a holy grail. It is
the third most abundant element in the Earth’s crust (nearly 4x as common as Mg)
and has a theoretical volumetric energy density of 8636 Wh L– 1 when paired with a
hypothetical 3.75 V vs. Mg/Mg2+ cathode, higher than that of any Li-intercalation
or alloying anode or any other Mg-alloying anode.[96, 135] Mg-Al alloys and inter-
metallics have also shown reduced corrosion activity by H2O in aqueous solution
and in Mg-air batteries, suggesting that a cell based on Mg-Al alloying at the anode
may show greater resistance to passivation by atmospheric contaminants and a bet-
ter compatibility with conventional electrolyte formulations.[98, 136, 137] Despite
these desirable characteristics, electrochemical alloying of Mg and Al has not been
reported in nonaqueous systems. This study provides the first evidence for elec-
trochemical magnesiation of Al. We dramatically improve the kinetics of Mg-Al
alloying through bimetallic alloying of Al with Bi. Further, we show that the pre-
pared AB40 anode shows reduced passivation by H2O compared to anodes based on
Mg2+ reduction. These findings open the door to further exploration of the Mg-Al
system for sustainable, high capacity rechargeable batteries.

5.3 Results and discussion
Cyclic Voltammetry of Al with the APC electrolyte
We begin our investigation of Al as an alloy anode for Mg by performing a cyclic
voltammogram on an Al powder composite working electrode with the all-phenyl
complex (APC) electrolyte. The first, second, and seventy-fifth cycles are displayed
in Figure D.2 (a) with the inset (b) highlighting cycle 75. In all electrochemical
experiments, we use a separate Mg reference electrode, the potential of which we
assume to be near 0 V vs. Mg/Mg2+. All potentials listed hereafter are relative to
this reference. The first cycle features a reduction around 0.4 V, with a capacitive
current gradually increasing as the lower voltage cutoff approaches. The reverse
scan shows no Faradaic features. The lack of reversible redox in the first cycle may
be due to the presence some surface layer present on the as-prepared electrode, the
reduction of trace impurity species in the electrolyte, or a combination of the two.
Commercially available Al powders invariably feature an insulating surface layer
of Al2O3, which may be removed electrolytically.[138] The second cycle lacks the
reduction at 0.4 V and shows lower current density than the first, suggesting that
much of the current in cycle 1 is due to the removal of the surface oxide layer.
Faradaic peaks emerge and capacitive current continues to decrease with cycling,
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Figure 5.1: (a) XRD patterns of the ABX series, where X = wt% Bi along with
highlighted regions that showcase reflections associated with (b) Bi and (c) Al.

consistent with progressive removal of the native oxide and possible surface changes
taking place on the electrode. The seventy-fifth cycle shows a cathodic wave around
0.15 V coupled with an anodic wave at 0.3 V. This pair of features could be due to
some electrochemical activity of the Al powder; however, the low measured current
density (on the order of 0.01 mA/mg) indicates that it is not useful nor worth further
characterization.

Mechanical alloying of Al and Bi
We hypothesize that the sluggish kinetics of Mg diffusion in Al prohibits the alloying
reaction. Taking inspiration from the efforts to improve Mg-Sn alloying kinetics
through bimetallic alloying of Sn, we use mechanical alloying to alloy Al and Bi,
since Bi is the material with the fastest reported kinetics for Mg alloying.[96] Me-
chanical alloying is a solid state processing technique in which precursor powders
are combined with milling media and subjected to rapid, repeated, high energy col-
lisions. These collisions drive progressive fracturing and flattening of the precursor
particles and subsequent cold welding of these flattened particles. Depending on
the milling parameters and the properties of the precursors, this technique can be
used to prepare nanocomposites, supersaturated solid solutions, and equilibrium
and nonequilibrium amorphous and crystalline phases.[139]
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Although Bi is essentially insoluble in Al at room temperature, Uenishi and cowork-
ers used vibration milling to prepare alloys of the two, featuring Bi grains measuring
about 30 nm embedded in the Al matrix. By measuring the a lattice parameter of
Bi and using Vegard’s law, they reported an extended solubility of Al in Bi of 1.9%
in Al-30 at.% Bi.[140, 141] Following their example, we combine various ratios
of Al and Bi with ZrO2 media in a high energy ball mill and process them for 20
hours. The resulting materials are named ABX, where X ranges from 0-100 and
indicates the wt% of Bi. Figure 5.1(a) shows the XRD patterns for the series ABX
with the most prominent reflections for Bi and Al highlighted in Figure 5.1(b) and
(c). The pattern for AB80 retains the major Bi reflections at 27.4°, 38.0°, and 39.6°,
although several new reflections at 30.4°, 33.7°, 34.8°, and 50.1°appear, with these
new reflections likely corresponding to an impurity phase arising from media con-
tamination. The EDS spectra of the ABX alloy series are displayed in Figure D.3.
AB80 shows a major Zr impurity which trends inversely with Bi content in the ABX
series. The reason for this trend may be that, although the total ball-to-powder mass
ratio is constant at all compositions, the volume of metal powder varies significantly
due to the large difference in density between Al and Bi. This disparity results
in more ball-ball and ball-wall collisions in Bi-rich compositions relative to more
Al-rich ones, causing increased media contamination. The patterns for AB60 and
AB40 largely resemble that of Bi (X = 100). We do not observe distinct reflections
expected for Al at 38.5°or 44.7°, although these peaks may overlap with the nearby
reflections for Bi. The reflections highlighted in Figure 5.1(b) and (c) show a slight
shift to lower 2𝜃 at X = 80 and progressively move to higher angles at X = 60 and X =
40. These shifts are accompanied by a broadening of all reflections as x decreases on
100 ≥ x ≥ 40. These changes are consistent with the prior report of Al-Bi alloying
and the formation of a supersaturated solid solution.[141] EDS mapping shown in
Figure D.4 reveals a homogeneous distribution of Al and Bi on the micron scale
at all compositions. Figure D.5 displays Rietveld refinements of AB60 and AB40
refined to distinct Al and Bi phases. The goodness of fit indicates that Al and Bi
domains likely exist, although their size has been refined to below the micron scale.
Table C1 lists the lattice parameters calculated from these refinements. Consistent
with the previous report of Al-Bi mechanical alloying, the lattice parameters for
Bi contract as the Al content increases from AB60 to AB40, consistent with the
dissolution of the smaller Al atom into the Bi lattice. In turn, the Al lattice parameter
grows as Bi content increases from AB40 to AB60, supporting the dissolution of the
larger Bi atom in Al. For comparison, AB40 refined to a single Bi phase is shown
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in Figure D.6. The relatively poor fit, particularly near the expected angles for Al
reflections, further supports the existence of discrete Al and Bi phases in AB40.
Incorporation of additional Bi at X = 20 results in a dramatic loss of crystallinity
as all but the most prominent Bi reflections are suppressed. The remaining peaks
broaden significantly, reflecting the decrease in crystallinity of the Bi and Al lattices.
This loss of crystallinity is also consistent with extended solubility of Al in Bi at
higher values of x as additional Al prompts the collapse of the Bi lattice. These
observations taken together suggest the formation alloys of Al and Bi and distinct
domains of Al and Bi along with extended solid solubility of the two at values of x
greater than 40.

Electrochemistry of the Al-Bi alloys
Next, we investigate the effect of Al-Bi alloying on Mg-Al electrochemistry. Investi-
gating the electrochemical properties of an alloy is not always straightforward as the
components of the alloy may react individually to form distinct MgaM1b/MgcM2d
intermetallics or as a single active material to make a ternary phase of the form
MgaM1bM2c. Previous work in multimetallic alloy anodes for Mg tends to report
the former mechanism of phase separation followed by stepwise magnesiation,[129,
131, 134, 142] although the latter has also been reported.[143] As an initial probe
of the alloying mechanism for the ABX series, we perform cyclic voltammetry with
the APC electrolyte. Figure 5.2 (a) shows the seventy-fifth cyclic voltammogram of
ABX working electrodes at 1 mV s– 1. To facilitate comparison, the same curves are
displayed in Figure D.7 with all current densities normalized to the peak oxidative
current for a given scan. Cycles 1 - 100 are illustrated in Figure D.8. To get an idea
of the potentials at which Mg-Bi and Mg-Al alloying take place, we first examine
the pure phases: Bi (X = 100) and Al (X = 0). Bi reveals a single cathodic wave
which reaches a peak cathodic current density around 0.06 V. This cathodic wave
is coupled to an anodic wave on the positive scan, reaching a peak current density
around 0.52 V. This wide hysteresis between reduction and oxidation is typical of
Mg-Bi alloying/dealloying, with the cathodic wave representing the formation of
Mg3Bi2 and the reverse process happening on oxidation.[96] We use this result to
assign the region from roughly 0.4 to 0.6 V to Mg-Bi dealloying. Comparison of Bi
to Al on the same current density scale shows dramatically reduced activity for Mg
alloying in the latter. The normalized scan for Al in Figure D.7 features a cathodic
wave at 0.17 V which grows in intensity as the scan approaches the lower voltage
cutoff. The reverse scan reveals an anodic wave with a peak current at 0.37 V, which
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Figure 5.2: (a) Cyclic voltammograms of ABX (0 ≤ x ≤ 100) with the APC
electrolyte at 1 mV s– 1, (b) a highlight of the region from 0.1 V to 0.4 V.

we hypothesize corresponds to Mg-Al dealloying. From this result, we assign the
region from 0.2 V to 0.4 V to Mg-Al dealloying.

AB80 (X = 80) and AB60 (X = 60) show cathodic waves that largely overlap with
that of Bi as well as anodic waves shifted slightly negative relative to that of the
parent Bi phase. Figure 5.2(b) highlights the region between 0.1 V and 0.4 V. This
view reveals a small anodic current in AB80 which increases in intensity in AB60.
Since Bi shows essentially no anodic current at this potential and Mg-Al dealloying
occurs near this potential in Al, we assign these anodic waves to Mg-Al dealloying
in AB80 and AB60. The presence of Mg-Al dealloying implies that some portion
of the cathodic wave observed in these materials is due to Mg-Al alloying, despite
the absence of a new distinct reductive peak. The single, broad cathodic waves
suggest either that Mg-Bi and Mg-Al alloying take place in a concerted fashion in
the ABX alloy or that the reactions overlap sufficiently in potential so as to be unable
to resolve the two at this scan rate. Similar behavior has been observed in other
bimetallic Mg alloying anodes. In0.5Sn0.5 displays a single pair of broad reductive
and oxidative peaks, and Pb0.4Sn0.6 shows multiple cathodic waves followed by a
single broad anodic wave.[132]

AB40 (X = 40) continues the trends observed in AB80 and AB60. The Mg-Bi deal-
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Figure 5.3: (a) Selected cyclic voltammograms of AB40 at 0.1 mV s– 1 with the
APC electrolyte and (b) inset highlighting cycles 1 and 2.

loying peak current shifts further negative to 0.44 V with a distinct Mg-Al dealloying
peak appearing at 0.26 V. The cathodic region of the curve features a single broad
cathodic wave that reaches a peak around 0.12 V–between the cathodic waves ob-
served in the Bi and Al parent phases. AB20 (X = 20) displays a dramatically lower
current density than measured in the previous two alloy phases. The normalized
curve shows a cathodic peak around 0.14 V coupled with an anodic wave that nearly
overlaps with that of Al, suggesting that the alloying and dealloying currents in this
phase are primarily due to Mg-Al activity. The dramatic lowering of current density
in AB20 is concurrent with the drop in crystallinity in Figure 5.1. We hypothesize
that this loss of order impedes Mg transport within the phase, thereby curtailing the
degree of magnesiation and thus the measured current density.

We attempt to deconvolute the cathodic reactions by cycling AB40 at slower rates.
Selected cyclic voltammograms for AB40 at 0.1 mV s– 1 are illustrated in Figure
5.3. Cycle 1 shows a sharp cathodic wave at 0.16 V paired with an anodic wave at
0.33 V, with these features becoming more intense in cycle 2. In cycle 15, the sharp
cathodic wave present in cycle 1 has shifted positive to 0.18 V and is now followed
by a broad cathodic wave at 0.095 V. The emergence of this broad cathodic wave
is accompanied by two new anodic features: a small anodic wave at 0.22 V and a
larger, broader one at 0.40 V. The anodic wave at 0.33 V is preserved and becomes
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more intense. By cycle 20, the new features at 0.095 V and 0.40 V surpass the initial
ones in current as the one at 0.22 V continues to grow. By cycle 25, the cathodic
waves are nearly equal in intensity and become difficult to distinguish. The same
is true for the anodic waves as 0.33 V and 0.40 V, becoming a single broad feature
while the one at 0.22 V becomes more distinct.

To probe if the anodic features at 0.22 V and 0.40 V are coupled with the cathodic
wave at 0.095 V, we cycle AB40 at 1 mV s– 1 with a modified protocol. The potential
is swept from 0.75 V to 0 V for 5 cycles, from 0.75 V to 0.1 V for 75 cycles, and
finally from 0.75 to 0 V for 75 cycles. The resulting voltammograms are illustrated
in Figure D.9. In the initial window, we observe a cathodic wave at 0.16 V and
a corresponding anodic wave at 0.33 V. Upon restricting the reductive sweep, we
observe a slight decrease in intensity of the anodic wave relative to the previous
cycle. Continued cycling in the second window preserves these features but with
little change in intensity or position. Again extending the cutoff to 0 V results in
the growth of a cathodic shoulder negative of 0.10 V along with the emergence of
anodic waves at 0.25 V and 0.45 V. This result suggests that these two anodic waves
are indeed coupled with the cathodic wave at 0.095 V.

Similar scans for Bi are included for comparison. In the initial voltage window,
Bi shows a cathodic wave at 0.13 V paired with a broad anodic wave with a peak
at 0.40 V. This Bi pair undergoes a similar decrease in intensity and position upon
initially restricting the lower voltage cutoff, but continued cycling reveals that these
features progressively grow in intensity while the cathodic shoulder does not grow
in. From the similar potential to features in Bi, we assign the cathodic wave at
0.16 V and anodic wave at 0.33 V in AB40 in Figure 5.3 to Mg-Bi alloying. The
presence of a single pair of features for Mg-Bi alloying is expected, as Mg and Bi
form a single intermetallic: Mg3Bi2. We then assign the cathodic wave at 0.095 V
and anodic waves at 0.25 V and 0.45 V to Mg-Al alloying/dealloying. The presence
of two distinct anodic waves is consistent with the formation of the two Mg-Al
intermetallics: Mg2Al3 and Mg17Al12.

The progressive growth in current of Bi with cycling under a restricted voltage
window is in stark contrast to the behavior of AB40, which remains essentially
static in intensity. This observation suggests that only a portion of the Bi in the
as prepared AB40 alloy can be magnesiated independent of Al, as accessing the
Mg-Al region alloying region negative of 0.10 V is necessary for the continued
growth of Mg-Bi features. We hypothesize that cycling ABX to 0.10 V initially
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results in magnesiation of Bi domains near the particle surface. Current growth is
restricted when accessing only the Bi window because additional Bi in ABX lies
behind Al-rich domains. When these Al domains are magnesiated, Mg diffuses
further into the material, allowing for the continued growth of both Bi and Al
alloying/dealloying current. Structural changes with continued alloying/dealloying
likely allow for deeper penetration of Mg into the particle core. SEM micrographs
of an AB40 electrode as cast and following 75 CV cycles are displayed in Figure
D.11 along with the corresponding EDS maps for Al and Bi. Al/Bi segregation is
not evident at this scale, suggesting that Al and Bi clustering remains localized in
domains. Based on these observations, we propose the following mechanism for
alloying in the Al-Bi system:

2𝐵𝑖 + 3𝑀𝑔2+ + 6𝑒− → 𝑀𝑔3𝐵𝑖2 (5.1)

3𝐴𝑙 + 2𝑀𝑔2+ + 4𝑒− → 𝑀𝑔2𝐴𝑙3 (5.2)

4𝐴𝑙3𝑀𝑔2 + 9𝑀𝑔2+ + 18𝑒− → 𝑀𝑔17𝐴𝑙12 (5.3)

Stepwise formation of Mg3Bi2 followed by Mg2Al3 and finally Mg17Al12 is also
consistent with thermodynamic modeling of the Mg-AlBi system.[140]

The lack of clear resolution of the voltammetric features during extended cycling
makes quantifying distinct Mg-Bi and Mg-Al alloying/dealloying currents difficult.
Instead, we use the peak current density in the Mg-Bi dealloying region as a surrogate
for the Mg-Bi activity, though some of this current is likely due to Mg-Al dealloying.
We conservatively estimate Mg-Al activity by tracking the peak current of the
dealloying feature around 0.25 V in Figure 5.2 (b) as it can be easily distinguished
from the Mg-Bi current. Figure D.10 plots these peak dealloying currents as a
function of composition normalized to either total alloy or individual metal weight,
with the capacitive contribution to the current subtracted. When normalized to alloy
weight, Mg-Bi dealloying current generally trends with Bi content in compositions
where X > 20. AB80 is an outlier, displaying a lower current density than expected,
but this discrepancy is likely due to an overestimation of active loading due to the
significant ZrO2 impurity. When normalized to Bi weight, the Mg-Bi dealloying
currents for AB60 and AB40 are unexpectedly high relative to that of pure Bi. One
explanation for this elevated intensity is that a significant portion of the current
measured in the Mg-Bi dealloying range is in fact due to Mg-Al dealloying due to
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the apparent merger of the Mg-Bi dealloying peak at 0.33 V with the Mg-Al one at
0.40 V observed in Figure 5.3.

The Mg-Al current tells a different story. Moving from Al to AB20 results in a slight
increase in Mg-Al current density, despite the lowering of Al content. Continuing
to decrease Al content to AB40 then yields a two-order-of-magnitude increase in
Mg-Al current density. We rationalize this dramatic increase in current density as a
small concentration of Bi dissolved in Al acting to improve the kinetics of Mg-Al
alloying. This phenomenon is in line with previous studies using Bi or other metals
to improve the Mg-alloying kinetics of Sn and Sb.[91, 96, 130–132, 134, 142] A
further decrease in Al content to AB60 and AB80 shows a lowering of Mg-Al
current density, as expected for lowering Al content. From these results, we see
two distinct regimes in the Al-Bi system: the low Al (< 80%) higher crystallinity
regime and the high Al (≥ 80%) low crystallinity regime. Al current density in the
higher crystallinity regime shows a dramatic increase in Al current density relative
to pure Al and decreases with decreasing Al content. Al current density in the
lower crystallinity regime is higher than in pure Al despite lower Al content but is
significantly lower than in the more crystalline alloys.

We control for the effects of milling itself on these results in two ways: by examining
the surface area of the milled particles and by milling Al with a material that
itself shows poor kinetics for Mg alloying. Although milling tends to lower the
average particle size of most brittle materials, this trend is not always true for
ductile materials. Mechanical alloying relies on high energy collisions driving the
successive flattening, cold welding, and fracturing of distinct metal particles. The
average particle size of the milled alloy can thus be smaller or larger than those of
the precursor powders, depending on whether welding or fracturing predominates
when milling is stopped.[139, 144–146] We examine the size and morphology of our
milled particles compared to the precursor powders via SEM in Figure D.12. The
Al powder shown in Figure D.12 (a) is dominated by spheroid particles with a size
distribution on the order of 1’s - 10’s of microns. The Bi powder in Figure D.12 (b)
shows a wider size distribution, featuring more particles on the lower end of this same
range. The milled powders of AB20 and AB60, illustrated in Figure D.12 (c) and (d),
respectively, are dominated by much larger particles with a flat, flaky morphology,
some of which are on the order of 100’s of microns in scale. Comparing the average
particle size of Al, AB20, and AB60 and the current densities observed in Figure
5.2, we can see that the measured Mg-Al dealloying current density does not depend
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directly on particle size as one might expect but instead depends on the interplay of
relative Al and Bi content while maintaining a high degree of crystallinity. Since we
do not observe the expected correlation between smaller particle size and enhanced
kinetics, we hypothesize that Bi dissolved in Al acts to lower the thermodynamic
barrier for Mg-Al alloying. The activation of Al by Bi despite the increase in particle
size is in line with previous results which showed an analogous activation of Sn by
Bi dissolved in Sn despite larger particles.[134]

In addition to a decrease in particle size, another possible effect of milling is the
accumulation of defects in the Al lattice due to mechanical stress.[147] Prior work
has shown that an increase in crystallographic defects can lead to enhanced ionic
conductivity in certain systems.[148, 149] To control for this possibility, we mill Al
with a material whose intrinsic kinetics for Mg alloying are also poor: Sn. Figure
D.13 (a) shows the diffraction pattern of Al60Sn40 prepared in the same way as the
Al-Bi series. The reflections for Al and Sn remain distinct after milling, reflecting
separate Al and Sn phases. Figure D.13 (b) illustrates the first and tenth cyclic
voltammogram of Al60Sn40 with the APC electrolyte at 1 mV s– 1. Unlike the Al-
Bi materials, Al60Sn40 shows no Faradaic features throughout cycling, indicating
no enhanced alloying/dealloying kinetics in either Al or Sn as a result of milling.
Thus, the improvement of Mg-Al alloying activity observed in the Al-Bi series is not
due to either a particle size reduction via milling or from mechanical stress applied
to Al during milling.

To confirm the alloying/dealloying mechanism in AB40, we attempt a bulk con-
version by reducing AB40 at C/100 for 100 hours. We then extract the reduced
electrode, rinse it with THF, and measure its XRD pattern. The galvanostatic trace
of a reduced AB40 electrode is displayed in Figure 5.4 (a) with the corresponding
ex situ XRD pattern shown in Figure 5.4 (b). The pattern of a pristine electrode is
included for comparison. The galvanostatic trace reveals an initial sloping feature
with a small plateau at 0.12 V followed by a second plateau at -0.10 V which does not
deplete as the capacity reaches the theoretical value of 955 mAh/g, based on conver-
sion to Mg3Bi2 and Mg17Al12. Though plateaus are typically observed in constant
current conversions of alloy anodes to the magnesiated intermetallic, the potential
measured for the primary feature at -0.10 V is more negative than expected for Mg-
Al or Mg-Bi alloying.[96] Examining the XRD pattern of the reduced electrode, we
see the primary reflections for AB40 preserved at 27.3°, 38.5°, and 39.7°but at a
lower intensity than those in the pristine electrode, while no new reflections appear.
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Figure 5.4: (a) Galvanostatic trace of an AB40 electrode reduced at C/100 with the
APC electrolyte with inset highlighting initial region and (b) ex situ XRD patterns
of the reduced electrode presented with that of a pristine electrode for reference.
Reflection positions for Bi and Mg are indicated.(c) SEM micrograph and EDS
maps for (d) Mg and (e) Al for one site of the same electrode. (f) SEM micrograph
and EDS map for (g) Mg for a second site.

The apparent absence of new reflections is likely due to the low signal-to-noise
ratio. Any crystalline products may be in too low abundance to detect, particularly
if the reduction yields a distribution of Mg2Al3, Mg3Bi2, and Mg0 . Additionally,
the most prominent reflection for Mg2Al3, the first intermetallic product expected
to form for the alloying of Mg and Al, is found at 39.7°, which is not distinguishable
from the reflection for Bi found at the same 2𝜃.

Another explanation for the absence of new crystalline phases after reduction is the
formation of nano-sized amorphous MgaMb intermetallics. This latter phenomenon
has been observed in other systems. The galvanostatic magnesiation of InSb yields
crystalline Mg3Sb2 and amorphous MgIn products.[142] Likewise, In-Pb solid so-
lutions form crystalline Mg2Pb and amorphous MgIn when magnesiated.[150] The
full sodiation of SnSb results in amorphous products at room temperature but crys-
talline ones at an elevated temperature.[151] Based on these reports, the difference in
crystal symmetry between the starting materials and magnesiated intermetallics may
explain the drive to amorphization in our system. It has been hypothesized that the
reason that crystalline MgIn can be formed from reacting InBi and In electrodes with
Mg is that each phase belongs to a tetragonal space group (P4/mmm for MgIn and
P4/mmm and I4/mmm for InBi and In, respectively). By contrast, In-Sb and In-Pb
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have cubic structures. The greater structural rearrangement associated with forming
MgIn from a cubic starting material thus tends to result in amorphization.[150] In
this study, Al begins in the cubic Fm3m space group. Although the most magne-
siated phase Mg17Al12 is also cubic (I43m), the intermediate Mg3Al2 is tetragonal
(I4 1/amd). Similar to the case of In-Pb, the magnesiation of Al may thus result in
amorphous products due to this significant structural rearrangement. Amorphization
of Mg-Al intermetallics may be driven by possible nanostructuring of Al following
Mg-Bi alloying.

We use SEM and EDS to image the same reduced electrode to probe the products
of the reduction. Figure 5.4 (c) shows one site of the electrode surface along
with corresponding elemental maps for (d) Mg and (e) Al. Here, we see a porous
surface in which the active material is largely indistinguishable from the C matrix.
Elemental maps show an essentially homogeneous distribution of Al and Mg on
this surface. Figure D.14 (a) shows the full EDS spectrum. Here, we find Mg and
Al in essentially the same intensity, along with the expected Bi, C, F, and O. The
overlay of Al and Mg is consistent with the formation of an alloy phase. Elsewhere
on the electrode, we find a dramatically different surface structure and composition.
At site 2, imaged in Figure 5.3 (f) with the elemental map for Mg in panel (g),
we observe a flatter, partially fractured surface. The full EDS spectrum in Figure
D.14 (b) shows that this layer is composed nearly entirely of Mg and O, which
is likely due to air exposure prior to imaging. Mg isolated from other electrode
components and the negative potential suggest that Mg0 deposition is taking place
during reduction. Still, the presence of interspersed Al and Mg in highly porous
sections of the electrode suggests that alloying is occurring in particles on the smaller
extreme of the milled AB40 particle size distribution. These observations lead us
to hypothesize that both alloying and Mg0 deposition occur at C/100 in our system,
with the lower overpotential features likely corresponding to alloying reactions while
the very negative plateau is simply Mg0 deposition.

We vary the reduction rate to evaluate the effect of kinetics on alloying and product
distribution. Galvanostatic traces of AB40 reduced at rates of C/50, C/100, and
C/1000 are shown in Figure D.15 (a) along with the corresponding ex situ XRD
patterns in Figure D.15 (b). The C/50 trace quickly drops to -0.15 V and plateaus
for the duration of the experiment. In contrast to the C/100 experiment, we observe
the reflections for Mg0 expected at 32.6°, 34.9°, 37.1°, 48.5°, and 58.1°, revealing
that Mg0 plating is the primary process happening at this faster rate. The slowest
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rate shows a different electrochemical response. At C/1000, small plateaus appear
at 0.21 V and -0.05 V before an extended plateau at -0.11 V. We assign these two
more positive features to alloying reactions which are more prominent at this slower
rate. The extended plateau is likely Mg0 deposition as in the C/100 case. The
XRD pattern of the cell reduced at C/1000 shows an almost total suppression of
the reflections for AB40. The small peak at 25.1°is likely due to the formation
of Mg3Bi2. The presence of crystalline Mg3Bi2 is not surprising, as both Bi and
Mg3Bi2 belong to trigonal space groups (R3m and P3m1, respectively). Another
small reflection at 36.6°may indicate either the formation of Mg17Al12 (expected at
36.5°) or Mg0 (expected at 37.1°).

We control for cell configuration and reduction rate by reducing a Bi composite
electrode at C/100 and C/20. The resulting galvanostatic traces and ex situ XRD
patterns are displayed in Figure D.16. For C/100, the potential vs. capacity trace
plateaus around 0.17 V before gradually depleting as theoretical capacity is reached.
This behavior is consistent with prior reports of Bi anodes at similar rates.[91] The
corresponding ex situ XRD pattern shows that the three most prominent reflections
for Bi remain after reduction, but they appear less intense. In turn, several new
reflections appear at 22.3°, 24.2°, 25.1°, 38.7°, 46.3°, and 46.8°. These peaks can
be indexed to Mg3Bi2, the expected magnesiated phase. From this control, we
determine that the cell geometry, electrolyte choice, and casting procedure do not
impede the alloying of AB40 in Figure 5.4. The electrode reduced at a faster rate
shows a different electrochemical response. A small plateau appears at 0.10 V before
gradually declining and ending in another plateau at -0.11 V. The XRD pattern for
this electrode shows the reflections for Mg3Bi2, indicating that alloying remains the
primary reaction at this rate, despite the fact that the potential is below 0 V for
the majority of the reduction. The changes in the galvanostatic trace for Bi as we
increase the reduction rate from C/100 to C/20 are similar to those corresponding
to alloying reactions in AB40 as we go from C/1000 to C/100, as plateaus at more
positive potentials yield to an extended plateau at -0.11 V. However, this transition
occurs at much slower rates for our alloy phase than for the control Bi powder. We
hypothesize that this difference is caused by the difference in particle size between
the milled alloy and the precursor Bi. Figure D.12 shows that the milled alloy
powders have a significantly larger average particle size than does the precursor Bi
powder. Prior studies have shown that the rate capability and degree of conversion of
Bi depends strongly on particle size and that larger particles with with low surface-
area-to-volume ratios tend to alloy only in outer layers, leaving the core inaccessible
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.[127] Likewise, work on Sn indicates a strong dependence on size for Mg alloying
kinetics.[133] Further, in the study of In-Pb alloying anodes, the large particle size
of In-Pb powders produced by mechanical alloying resulted in minimal capacity in
galvanostatic experiments. Reducing the particle size by introducing C as a process
control agent dramatically increased alloying capacity.[150] Taking these ideas into
account, we hypothesize that the current observed in Figure 5.2 is indeed alloying and
dealloying of ABX but that the alloying is essentially restricted to smaller particles
or the surface of larger ones, leaving the bulk inaccessible due to relatively slow
metal diffusion in the large grains of our milled powder. The small plateau feature
at 0.12 V in Figure 5.3 (a) may reflect surface alloying which quickly yields to Mg0

deposition as the surface "shell" fully alloys. Areas of homogeneous Al and Mg
distribution found on the electrode surface likely reflect the alloying of minute AB40
particles. As observed in InSb alloying anodes, Mg-Al alloying products may be
amorphous when formed under galvanostatic conditions, making identifying them
difficult with XRD. These interpretations rationalize the dependence of peak current
density on alloy composition in Figure D.10 with the lack of bulk alloying in Figure
5.3.

Resistance of AB40 to passivation by H2O
Now, we evaluate the resistance of AB40 to passivation by H2O. To illustrate the
effect of H2O on the deposition and stripping behavior of Mg metal, we evaluate Mg0

reduction and oxidation on a Pt wire electrode using the MACC electrolyte. Selected
cyclic voltammograms are illustrated in Figure 5.5 (a). The well known conditioning
process is observed[39] and by cycle 50, the electrolyte supports highly reversible
Mg deposition and stripping behavior. Then, water is added to a concentration of 10
mM in the electrolyte. The subsequent CV shows dramatically different behavior
with minimal oxidation current and no definable Mg deposition current. Upon
cycling, the Mg deposition behavior is retained but the Coulombic efficiency is
very low (6.4%). The increased intensity of the reduction coupled with the lower
Coulombic efficiency relative to those of the neat MACC electrolyte suggest that
the bulk of this reducing current is due to irreversible passivating reactions, rather
than the desired Mg2+ reduction and oxidation reactions.

We evaluate the vulnerability of AB40 to passivation by H2O with a modified cycling
procedure. We begin from open circuit and scan to -0.25 V at 1 mV s– 1. Upon
reaching the lower voltage cutoff, the cell rests at open circuit for 60s. Following this
rest, an electrochemical impedance spectrum is measured. The scan then continues
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Figure 5.5: (a) Selected cyclic voltammograms of a Pt working electrode with the
MACC electrolyte at 5 mV s– 1 with and without 10 mM H2O. MACC shows
reversible Mg2+ plating and stripping. Adding 10 mM H2O results in irreversible
reductions on cycle 1. (b) RCT values measured as a function of cyclic voltammo-
gram cycle number for AB40 in MACC +/- 10 mM H2O and Mg and Pt in MACC
+ 10 mM H2O. Mg and Pt working electrodes show increased RCT with cycling.
AB40 is cycled from -0.25 to 0.75 V, Mg is cycled from -0.25 to 0.25 V, and Pt is
cycled from -0.75 to 0.75 V

from the lower voltage cutoff, proceeds to the upper voltage cutoff, and repeats the
protocol. We choose this procedure because prior investigation into the reaction of
deposited Mg0 with H2O has found that passivation largely occurs after deposition
rather than continuously during the scan.[70] Selected EIS spectra are displayed
in Figure D.17 with selected voltammograms plotted in Figure D.18. Taking the
x-intercept of the impedance spectrum as a proxy for the charge transfer resistance
Rct, we extract these values from the spectra in Figure D.17 and plot them against
cyclic voltammogram cycle index in Figure 5.5 (b). Also included are the same
values for a bulk Mg0 working electrode. So as not to convolute the properties of
the deposited surface layers with those of underlying bulk Mg0, we set the upper
voltage cutoff for the Mg cell to 0.25 V, where the trace in Figure 5.5 (a) for a Pt
working electrode in MACC + 10 mM H2O at cycle 50 rapidly decreases in current.
A glance at the EIS spectra and extracted Rct values in Figure 5.5 (b) for AB40
in MACC shows little increase in impedance with cycling. The addition of H2O
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Figure 5.6: Cyclic polarization of (a) Mg, (b) AB40, (c) Al, and (d)Bi with and
without 10 mM H2O. Nobility trends Bi, Al, AB40, and then Mg. AB40 shows the
lowest overall corrosion current.

results in a modest linear increase in Rct with cycling, suggesting that AB40 is not
totally immune to reaction by H2O. Nevertheless, the impedance of the Mg cell
seems to grow geometrically as a function of cycle number, beginning to outpace
those of the AB40 around cycle 5. At cycle 15, Rct for the Mg cell reaches 28.5
kΩ, while that for AB40 with 10 mM H2O is 5.2 kΩ. To control for the effect of the
extended voltage window on the anodic sweep, we also repeat this experiment with a
Pt working electrode. In this case, however, we must extend the lower voltage cutoff
to -0.75 V due to the increased overpotential for Mg2+ deposition on Pt relative to
Mg. Nevertheless, Figure 5.5 (b) shows that Rct evolution the Pt electrode largely
resembles that of the Mg electrode. Overall, the discrepancy between the results for
AB40 and Mg and Pt suggests that Mg is significantly more prone to irreversible
passivating reactions with H2O than AB40.

Next, we explore the kinetic contribution to the resistance of AB40 to passivation
by H2O. To this end, we perform cyclic polarization of AB40, Al, Bi, and Mg in
MACC with and without 10 mM H2O from 500 mV positive of OCV to 500 mV
negative of OCV. The absolute value of the measured current is plotted on a log scale
against the potential in Figure 5.6. Values are averaged for three replicate cells for
each working electrode and electrolyte. Thermodynamically, Bi is the most noble
working electrode, followed by Al, AB40, and finally Mg. AB40 has the lowest
overall reactivity with H2O, followed closely by Al. This slow rate of corrosion
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relative to that of Mg is in line with previous measurements of Al-based phases in
aqueous media.[98, 136] Perplexingly, the MACC control curves show increased
current density with Mg and AB40 working electrodes relative to the curves for
MACC + 10 mM H2O for the same working electrodes. Considering the error bars
of the cathodic branches, we observe that Mg is the only working electrode under
investigation in which the error bars of the curves do not overlap, suggesting that
only Mg is significantly affected by the presence of added H2O. We hypothesize
that Mg shows a higher current density without added H2O because the dominant
reaction in this case is Mg2+ reduction to Mg0, which is impeded by the formation
of an essentially inert Mg(OH)2/MgO phase when added H2O is present. This same
phenomenon may not occur at rates fast enough to make a measurable difference in
AB40, Al, and Bi. This discrepancy between Mg and the other working electrodes
is in line with the data present in Figure 5.5, in which AB40 is only minorly affected
by added H2O.

5.4 Conclusions
This study demonstrates electrochemical alloying of Mg and Al in a nonaqueous
electrolyte, which is an attractive material for Mg-based energy storage. We im-
prove the inherently sluggish kinetics of this alloying by preparing alloys of Al
and Bi. This approach enhances the Mg-Al dealloying current by two orders of
magnitude in AB40, despite an increase in average particle size. Due to the large
size of the alloy particles, we hypothesize that the beneficial effect of Bi on Mg-Al
alloying is primarily thermodynamic in nature. However, we believe that this same
increase in particle size limits the bulk alloying of our material at relevant rates.
Galvanostatic experiments coupled with ex situ XRD and SEM/EDS measurements
demonstrate the interplay between reduction rate and alloying/Mg0 deposition ratio,
the latter of which is favored at faster rates. We posit that bulk conversion may be
achieved through further milling to reduce the average particle size below those of
the precursor powders. Cyclic voltammetry coupled with EIS measurements shows
that AB40 exhibits significantly slower growth in impedance relative to Mg and
Pt controls in the presence of added H2O. Cyclic polarization experiments further
show that AB40 has as lower corrosion current than Mg electrodes with added H2O
and that only Mg electrodes were significantly impacted by the addition of H2O. In
all, this study opens the door to the exploration of Al as an abundant, high capacity,
water-resistant anode for Mg-based energy storage.
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C h a p t e r 6

CONCLUSIONS AND OUTLOOK

Magnesium has a litany of attractive qualities that motivate the development of
Mg-based batteries to supplement the global energy storage portfolio. A poor
understanding of the physical properties that enable materials and interfaces to
reversibly conduct Mg2+ hinders the progress of Mg-based chemistries. In particular,
the tendency of the Mg metal anode to passivate in contact with conventional
electrolyte materials and atmospheric contaminants and the sluggish transport of
the divalent Mg2+ cation through solid phases represent major roadblocks. This
thesis draws on lessons learned in prior studies to explore several material families
which are attractive for deployment in MIBs. Our studies aim to elucidate the
material properties which prevent irreversible passivation and promote facile Mg2+

conduction with high efficiency.

Chapter 2 capitalizes on the positive effect of Cl– on the Mg metal anode to pair
transition metal chlorides based on Earth-abundant metals with a Mg anode and
electrolyte. We demonstrate reversible cycling but observe dramatic capacity fade
due to active material dissolution and shuttle. Electrolyte modification is then
explored as a viable method to moderate capacity fade. As dissolution remains the
fatal flaw of Mg|MClx battery chemistries, future forays into this field may consider
a class of electrolyte which has no capacity to dissolve the active material: solid-
state electrolytes. Though the sluggish transport of Mg2+ in solid phases makes
developing solid-state Mg electrolytes difficult, MgSc2Se4 has been demonstrated
to support Mg conduction with high efficiencies, making it a viable candidate to
support the anodic reaction.[152] The cathodic reaction, by contrast, depends on
the transport of Cl– into the electrolyte during discharge. An alternative charge
compensation mechanism, however, can be considered. Rather than reducing the
MClx to M, one can imagine inserting Mg2+ into the cathode, resulting in some
compound of the form MgyMClx. An analogous mechanism has been demonstrated
in Li|FeCl3 cells, which suggests that Mg intercalation may also be viable although
it may be significantly slower than Li+ insertion.[153] A solid Cl– conductor can
also be considered, but a full cell may be limited by the sluggish conversion of Mg
to MgCl2 in the solid state.
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Chapter 3 explores the fundamental electrochemistry of a class of Mg electrolytes
based on a bulky, weakly coordinating silicate anion. This family displays outstand-
ing electrochemical performance in ideal conditions due to the weakly coordinating
nature and outstanding anodic stability of the anion. Overcoming this obstacle
likely requires the use of an in situ water scavenger, either in the form of an additive
compound which reacts with H2O to remove it from solution or as a cosolvent which
preferentially coordinates H2O to prevent it from reacting with Mg. The reductive
stability of this electrolyte, however, must be examined. Though anion decomposi-
tion is not evident during cyclic voltammetry experiments, the presence of Si and
O deposits on used Pt electrodes suggests that the anion does indeed react with Mg
but at a rate significantly slower than Mg2+ deposition so as not to be observed
in dynamic experiments. This reactivity should be probed by depositing Mg onto
a clean substrate and then allowing the deposited metal to rest in the electrolyte
solution. Surface techniques such as SEM/EDS, XPS, and XRD should then be
used to probe the speciation of any surface layers that may have formed.

Chapter 4 details electrochemical studies of another family of weakly coordinating
anions. These compounds display remarkably low reductive overpotentials but rel-
atively low anodic stabilities. They do provide compelling insight, however, into
increasing the bulk of the anion as a means of improving the kinetic performance of
the electrolyte. Further study should examine speciation in solution, specifically the
relationship between anion-cation and solvent-cation coordination and rate perfor-
mance. Techniques like Raman spectroscopy and solution-phase NMR are viable
for this investigation. This electrolyte system may be viable to pair with low voltage
Mg cathodes, such as Mo6S8.

Finally, Chapter 5 deploys Al as an alloying anode for Mg-based batteries for
the first time. Although the native kinetics for Mg alloying in pure Al are too
sluggish for practical applications, we mechanically alloy Al with Bi and observe
a two-order-of-magnitude increase in alloying kinetics. A large particle size limits
the alloying capacity of the prepared materials, but smaller particles may exhibit
higher capacities. Future studies may use extended high energy milling or high
energy milling coupled with cryomilling to reduce the average particle size. Smaller
particles with higher alloying capacity will enable researchers to confirm the Mg-
Al-Bi alloying/dealloying mechanism with bulk techniques such as XRD. Although
Bi promotes Mg-Al alloying electrochemistry very well, Bi is itself quite rare and
low capacity. Future studies in this field may then consider mechanically alloying
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Al with more abundant, higher capacity metals such as In or Pb. An Al-based anode
capable of alloying with Mg at fast rates and with high capacity may be compatible
with a variety of simple salt Mg electrolytes and be resistant to passivation by H2O.
Such a systems represents a viable platform to investigate high voltage Mg cathodes.

Though rechargeable Mg-based batteries with high energy densities, high efficiency,
good capacity retention, and based on materials which can be manufactured at an
industrial scale remain hypothetical, this thesis details studies to understand these
systems on a fundamental level. By carefully considering various candidate cathode,
anode, and electrolyte materials, we uncover material and system properties that are
important to enable reversible Mg electrochemistry in different operating scenarios.
Accumulating knowledge and experience from these and similar studies will inform
future studies and establish the design principles that will yield a commercialized
Mg battery.
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A p p e n d i x A

SUPPLEMENTARY INFORMATION FOR INVESTIGATING
CAPACITY FADE MECHANISMS IN MG-MCL𝑥 BATTERIES

Appendix A contains supplementary information for Chapter 2: Investigating ca-
pacity fade mechanisms in Mg-MCl𝑥 batteries. Included in this appendix are a
cell schematic, cyclic voltammetry of MClx active materials, partial galvanostatic
cycling with electrode replacement, ex situ XRD characterizations, GITT of var-
ious active materials, and chronopotentiometry of Mg|Mg symmetric cells with
electrolyte saturated with dissolved active material.

Figure A.1: Cell schematic featuring Mo current collectors, PTFE body components,
a Mg anode, GFD separator, and a MClx cathode.
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Figure A.2: First and second cyclic voltammagrams of (a) AgCl, (b) CuCl, (c)
CuCl2, (d) FeCl2, and (d) FeCl3 with a Mg counter/reference electrode and the APC
electrolyte.

Figure A.3: First five galvanostatic cycles at 0.12C for an (a) AgCl cathode and a
(b) CuCl2 cathode. Cells were disassembled after five cycles, and one electrode was
replaced. Subsequent discharge curves are shown for (c) AgCl and (d) CuCl2.
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Figure A.4: Ex situ pXRD patterns of (a) AgCl and (b) CuCl2 cathodes at various
states of charge.

Figure A.5: GITT curves at 0.12C of (left) AgCl and (right) CuCl2 cathodes with
various processing techniques: (a) and (b) AgCl synthesized in the presence of C;
(c) and (d) CuCl2 processed in a planetary mill; (e) and (f) AgCl and (g) and (h)
CuCl2 processed in a high energy ball mill; and (i) and (j) AgCl and (k) and (l)
CuCl2 ground by hand.
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Figure A.6: Chronopotentiometry traces of Mg|Mg symmetric cells with the APC
electrolyte. The Mg foils have been soaked for 7 days in (a) APC + saturated AgCl,
(b) APC + saturated CuCl2, and (c) APC.
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A p p e n d i x B

SUPPLEMENTARY INFORMATION FOR
ELECTROCHEMICAL AND ANALYTICAL

CHARACTERIZATION OF A HIGHLY STABLE, HALIDE FREE
MG ELECTROLYTE BASED ON WEAKLY COORDINATING

SILICATE ANIONS

Appendix B contains supplementary information for Chapter 3: Electrochemical
and analytical characterization of a highly stable, halide free Mg electrolyte based
on weakly coordinating silicate anions. It includes cyclic volammetry of 0.25
M Mg[MeSiF24]2 with various additive concentrations, Coulombic efficiency as a
function of cycle index for the same, Chronopotentiometry of Mg|Mg symmetric
cells at various current densities, SEM micrographs of deposited Mg from 0.25
M Mg[MeSiF24]2, Coulombic efficiencies as a function of cycle index for 0.25 M
Mg[MeSiF24]2 with a 3MPA cosolvent, cyclic voltammetry of a structural variant
featuring a Ph axial ligand, structures of electrolyte variants, voltammetry showing
the effect of working electrode reuse, SEM/EDS of a used and cleaned Pt working
electrode, voltammetry with increasing additive levels to achieve reproducible elec-
trochemical results, and finally voltammetry comparing results in different glovebox
atmospheres.
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Figure B.1: Selected cyclic voltammograms of 0.25 M Mg[MeSiF24]2 electrolyte
with (a) 10 mM, (b) 5 mM, (c) 2 mM, and (d) 0.5 mM Me2Mg additive. WE: Pt,
CE: Mg, RE: Mg, 25 mV/s.

Figure B.2: Coulombic efficiency as a function of cycle number for the cyclic
voltammograms illustrated in S1.
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Figure B.3: Chronopotentiometry traces of symmetric Mg|0.25 M Mg[MeSiF24]2 +
10 mM Me2Mg|Mg at (a) 0.1 mA cm– 2 and (b) 5 mA cm– 2.

Figure B.4: Chronopotentiometry traces of symmetric Mg|0.25 M Mg[MeSiF24]2 +
20 mM Bu2Mg|Mg during hours (a) 5 - 15 and (b) 1490 - 1500.
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Figure B.5: SEM micrograph of deposition at -0.5 mA cm– 2 from 0.25 M
Mg[MeSiF24]2 + 20 mM Bu2Mg for 5 hours on Pt.

Figure B.6: Coulombic efficiency as a function of cycle index for 0.25 M
Mg[MeSiF24]2 dissolved in 3MPA, DME, and DME:3MPA 1:10 vol:vol.
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Figure B.7: Selected cyclic voltammograms of 0.25 M Mg[PhSiF24]2 dissolved in
DME + 15 mM Me2Mg (a), in DME:3MPA 1:10 (b), and (c) their corresponding
Coulombic efficiencies.

Figure B.8: Structure of Mg[PhSiF24]2
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Figure B.9: Cyclic voltammograms of 0.25 M Mg[MeSiF24]2 dissolved in DME + 10
mM Me2Mg on a (a) new Pt working electrode and a (b) used Pt working electrode.

Figure B.10: (a) SEM micrograph of a used Pt working electrode post treatment
with nitric acid and H2 flame and corresponding EDS maps for (b) Si and (c) O.
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Figure B.11: Selected cyclic voltammograms of 0.25 M Mg[MeSiF24]2 dissolved in
DME with variable concentrations of Me2Mg: (a) 15 mM, (b) 25 mM, (c) 50 mM,
(d) 100 mM. WE: Pt, CE: Mg, RE: Mg. 25 mV s– 1.

Figure B.12: Selected cyclic voltammograms of 0.25 M Mg[MeSiF24]2 dissolved
in DME + 10 mM Me2Mg in (a) a "standard" battery lab glovebox purged for 45
minutes and (b) a vacant glovebox purged for 15 minutes. WE: Pt, CE: Mg, RE:
Mg. 25 mV s– 1.
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A p p e n d i x C

SUPPLEMENTARY INFORMATION FOR
ELECTROCHEMICAL AND ANALYTICAL

CHARACTERIZATION OF A MG ELECTROLYTE

Appendix C contains supplementary information for Chapter 4: Electrochemical and
analytical characterization of a Mg electrolyte. It includes Coulombic efficiency as
function of cycle number for various electrolyte concentrations for WCA-1 in DME,
an EDS sum spectrum for Mg deposits from WCA-1, Coulombic efficiency as a
function of cycle number for WCA-2 in DME, and an EDS sum spectrum for Mg
deposits from WCA-2.

Figure C.1: Coulombic efficiency as a function of cycle number for the cyclic
voltammograms shown in Figure 4.1.
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Figure C.2: EDS sum spectrum for the deposition shown in Figure 4.3.

Figure C.3: Coulombic efficiency as a function of cycle number for the cyclic
voltammograms shown in Figure 4.5.
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Figure C.4: EDS sum spectrum for the deposition shown in Figure 4.6.
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A p p e n d i x D

SUPPLEMENTARY INFORMATION FOR REALIZING AL AS A
WATER-RESISTANT MG HOST FOR ENERGY STORAGE

Appendix D presents supplementary information for Chapter 5: Realizing Al as a
water-resistant Mg host for energy storage. It includes lattice parameters calculated
from Rietveld refinements of alloy phases; cyclic voltammetry of an Al powder
composite electrode; EDS sum spectra of the ABX alloy series; SEM/EDS maps of
ABX alloys; fitted XRD patterns for certain ABX alloys; normalized CV curves for
the ABX alloy series; full cycling data for the ABX alloy series, cyclic voltammetry
of AB40 with a modified cycling protocol; SEM micrographs showing AB40 comp-
site electrodes after cycling; SEM micrographs of certain ABX alloys compared to
the starting materials; XRD and CV data of milled Al60Sn40; EDS spectra of sites
from a reduced AB40 electrode; galvanostatic reduction curves and corresponding
XRD patterns of AB40 and Bi; EIS spectra for AB40, Mg, and Pt with and without
added H2O; and finally Tafel plots for the same electrodes with and without water.

Table D.1: Calculated lattice parameters from Rietveld refinements in Figure C4

a (Å) c (Å)

AB60 Al 4.071 -
Bi 4.543 11.851

AB40 Al 4.063 -
Bi 4.536 11.841

Figure D.1: Cartoon illustrating phase segregation of an "AB" alloy into distinct
MgxAy and MgwBv intermetallics upon magnesiation
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Figure D.2: First, second, and seventy-fifth cyclic voltammograms of an Al powder
composite electrode with the APC electrolyte. CE: Mg, RE: Mg. 1 mV s– 1 No
Faradaic features are observed on cycles 1 or 2. After several cycles, a reduction
occurs around 0.11 V. This feature is paired with an oxidation around 0.375 V. These
features show very low current densities.

Figure D.3: EDS spectra for the ABX (20 ≤ x ≤ 100) alloy series. (a) Bi, (b) AB80,
(c) AB60, (d) AB40, (e) AB20. The Zr impurity trends with Bi concentration in
milled alloys.
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Figure D.4: SEM micrographs and corresponding Al and Bi EDS maps for (a, b, c)
AB60, (d, e, f) AB40, and (g, h, i) AB80. All compositions show a homogenous
distribution of Al and Bi on the micron scale.

Figure D.5: Rietveld refinements for (a) AB40 and (b) AB60 fitting to distinct Al
and Bi phases with reflections for Al and Bi indicated.
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Figure D.6: Rietveld refinements for AB40 fitting to a single Bi phase with reflec-
tions for Al and Bi indicated.

Figure D.7: (a) Cyclic voltammograms of ABX (0 ≤ x ≤ 100) with the APC
electrolyte at 1 mV s– 1 with current densities normalized to peak oxidative current
(b) the same curves highlighting the cathodic region.
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Figure D.8: Cyclic voltammograms of ABX (0 ≤ x ≤ 100) with the APC electrolyte
at 1 mV s– 1 showing cycles 1 - 100.

Figure D.9: (a) Selected cyclic voltammograms of AB40 and (b) Bi at 1 mV s– 1

with the APC electrolyte and varied lower voltage cutoffs: cycles 1-5: 0 V - 0.75 V;
cycles 6-75: 0.1 V - 0.75 V; and cycles 76-150: 0 V - 0.75 V.
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Figure D.10: Peak current densities for (a) Mg-Bi and (b) Mg-Al dealloying. Values
of x ≥ 40 display enhanced activity in the Mg-Al region. Mg-Bi current density
varies directly with Bi content.

Figure D.11: SEM micrographs and corresponding EDS maps for Al and Bi of
AB40 (a - c) as cast and (d - f) after 75 CV cycles. Phase separation is not evident
on the micron scale.
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Figure D.12: SEM micrographs of (a) Al as received, (b) Bi as received, (c) AB20
milled 20 hours, and (d) AB60 milled 20 hours. The precursor metal powders have
a lower average surface area than the milled alloys.

Figure D.13: (a) XRD pattern of Al60Sn40 milled 20 hours with reflections for Al
and Sn indicated and (b) first and tenth cyclic voltammograms of Al60Sn40 with
the APC electrolyte at 1 mV s– 1. No Faradaic features are observed throughout
cycling.
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Figure D.14: EDS spectra for (a) site 1 and (b) site 2 of an AB40 electrode reduced
at C/100 for 100 hours.

Figure D.15: (a) Galvanostatic traces of AB40 reduced at various rates and (b)
corresponding ex situ XRD patterns of the same electrodes with reflections for Bi
and Mg indicated.
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Figure D.16: (a) Chronopotentiometry trace of a Bi electrode reduced at C/100
and C/20 with the APC electrolyte and (b) ex situ XRD patterns of the reduced
electrodes presented with that of the as prepared electrode for reference. Reflection
positions for Bi and Mg3Bi2 are indicated.

Figure D.17: Selected EIS spectra measured following a 60s OCV rest after the
working electrode potential is swept to the lower voltage cutoff for (a) an AB40
working electrode in MACC and (b) AB40, (c) Mg, and (d) Pt working electrodes
in MACC + 10 mM H2O. Following EIS, the potential is swept positive to 0.75 V,
and the process is repeated.
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Figure D.18: Selected cyclic voltammograms for (a) an AB40 working electrode in
MACC and (b) AB40, (c) Mg, and (d) Pt working electrodes in MACC + 10 mM
H2O.


