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Abstract

Magnesium batteries are emerging as attractive candidates for energy storage in
terms of safety, energy density, and scalability because Mg metal has ideal properties as a
battery anode: high volumetric capacity, low redox potential, dendrite-free plating, and
earth-abundant resources. One persistent challenge is the lack of high-performance
cathodes, since Mg”" ingression and diffusion within cathodes are kinetically sluggish.
The main objective of this dissertation is to demonstrate new research approaches that
could effectively overcome these barriers and eventually lead to high-performance Mg
batteries.

In this dissertation, I proposed two strategies to achieve this goal, including Mg-Na
hybrid batteries and Mg-organic batteries. First, I developed an Mg-Na hybrid battery,
which can circumvents the intercalation of Mg*" by using a Na-insertion cathode in a
Na'/Mg®" hybrid electrolyte. However, as a matter of fact that the cathode and anode
employed different charge carriers, the cell energy was limited by the concentration of
Na' in the electrolyte.

The second strategy was to utilize organic compounds as Mg battery cathodes. I first
revealed that previously reported organic cathodes all operated on an MgCl-storage
chemistry sustained by a large amount of electrolyte that significantly reduced cell
energy. I then demonstrated Mg batteries featuring an Mg -storage chemistry using
chloride-free electrolytes. The observed specific energy (243 Wh kg'), and cycling
stability (87%@2500 cycles) of Mg-storage cells consolidated polymers as promising

cathodes for Mg batteries.

viii



Finally, I reported a quinone molecule, pyrene-4,5,9,10-tetraone (PTO), that can
circumvent sluggish Mg*" diffusion through a dissolution-precipitation reaction, and its
intrinsic ion-coordination charge storage mechanism does not involve bond-breaking and
bond-formation, therefore demonstrating potential to achieve high power. By coupling
PTO cathode with a high-performance electrolyte, Mg(CB,;H)2), in DME/G2, I created
an Mg battery with a specific energy of 566 Wh kg and an ultra-high power of 30 kW
kg, which surpassed all previously reported Mg batteries.

I hope that the work described in this dissertation provides an in-depth
understanding of the technical challenges of Mg batteries and effective solutions to

address them.
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Chapter 1 Introduction

1.1 Lithium-Ion Batteries

As one of the most prominent technologies in human history, Li-ion batteries (LIBs)
have significantly reshaped our lives since their initial commercialization by Sony in
1991. Especially, this technology shows great promise as power sources that can lead us
to the electric vehicle revolution.

Graphite-LiCoO;, becomes the representative Li-ion battery system that powers
most of the portable electronic devices, such as cell phone, laptops, etc. Figure 1.1
illustrates the working mechanism of a typical Li-ion battery based on graphite anode and
LiCoO, cathode.! The main reactions are reversible Li-ion intercalation and de-
intercalation between two layered compounds. During charge process, Li-ions are
extracted from the cathode, and are inserted into the anode. Meanwhile, the electrons
flow through the external circuit from the cathode to anode side. During discharge

process, the whole process is reversed.
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Figure 1.1 A schematic presentation of the most commonly used Li-ion batteries based on

graphite anodes and LiCoO, cathodes. Reprinted with permission from Ref. 1.
© 2016 Elsevier.




The cathode reaction is
LiCoO, < 0.5Li" + 0.5¢” +Li¢5C00s. (1-1)
The anode reaction is
Ce+ Li" +e” © LiCs. (1-2)
To ensure the anodic stability of both the cathodes and electrolytes, the upper cut-
off of the delithiation of LiCoO; is limited to 4.2 V vs. Li'/Li, corresponding to half of its
theoretical capacity of 140 mAh g > Graphite intercalates reversibly with Li-ion to form
LiCs as the final product according (1-2), corresponding to a theoretical capacity of 372
mAh g'. Another key issue related to the operation of LIBs is the choice of electrolyte
solutions. About 20 years ago, alkyl carbonates were found to be the best and most
suitable solvents for LIBs. Figure 1.2 shows several structural formulae of relevant alkyl
carbonates.” A major discovery was the selection of binary solvent mixtures such as
ethylene carbonate (EC) and either dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC) or diethyl carbonate (DEC), and the Li salt, lithium hexa-fluorophosphate (LiPFj),
as the basic standard electrolyte solutions for LIBs.
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Figure 1.2 The family of alkyl carbonate solvents and Li salt for Li-ion batteries.
Reprinted with permission from Ref. 3. © 2017 MDPIL.



Lithium-ion batteries now surpass all previously competitive battery chemistries
(for example, lead-acid and nickel metal hydride) but still require extensive further
improvement in energy density to, in particular, extend the operation hours of portable
electronic devices and the driving mileages of electric vehicles.*

1.2 Magnesium-Ion Batteries

Currently, lithium-ion batteries (LIBs) as a primary energy system have been
widely used in our daily life and modern industry, however, it can no longer satisfy the
application needs because of their low energy densities. For example, in pursuit of
superior electric vehicles, the development of battery systems with enhanced energy and

power densities, and improved device safety has gained substantial interest.

Figure 1.3 Cross-sectional SEM images of Mg-metal anode. Reprinted with permission
from Ref. 8. © 2015 American Chemical Society.

Development of beyond lithium-ion batteries with higher energy density is
considered to be a promising pathway to achieve above goals.” Generally, PLIBs require
the substitution of low-capacity lithitaed graphite anode (372 mAh g') with pure metal
anode. Lithium metal is considered to be a good candidate as an anode to match a high
capacity cathode in batteries such as Lithium-air and Li-sulfur due to its high specific

capacity of 3862 mAh g and very negative reduction potential of -3.04 V vs SHE.””’



Unfortunately, at this time, metallic Li cannot be used as anode due to dendrite formation
during the cycling.® Dendritic growth is associated with the short circuiting, leading to
thermal runaway due to exothermic chemical reactions involving battery components.
One alternative approach is to use Mg metal instead of lithium, since it is well
known that Mg-metal anode is resistant to dendrite formation due to the unique plating

behavior that Mg favors planar hexagonal growth (Figure 1.3).”"

Figure 1.4 shows the
working mechanism of Mg batteries, which are similar with that of Li-ion batteries."”
Mg”" goes from the anode to the cathode during discharge and vice versa. The only
difference from Li-ion batteries is that a plating/stripping reaction occurs at Mg metal

anode side instead of an intercalation/de-intercalation process in a layered compound

anode.

Figure 1.4 Representative schematic of a discharging Mg battery utilizing an Mg anode,
electrolyte, and an intercalation cathode. Reprinted with permission from Ref.
12. © 2017 American Chemical Society.

Theoretically, Mg battery has an absolute advantage over current Li-ion battery in
terms of cost, safety, and energy, however, its development has been severely hindered

due to the lack of appropriate cathodes and practical electrolytes.''*> As shown in Figure



1.5, two major factors limit the development of Mg cathodes. First, as MgCl-complex is
the major electroactive species in typical chloride-containing electrolytes, the Mg-Cl
bond needs to be broken to free up the intercalating Mg”" species, which process requires
a high activation energy of at least 3 eV.'*'® Second, most Mg-ion cathodes studied so
far suffer from sluggish Mg®" diffusion due to the extremely high-energy barrier for

migration in host materials.'”* Although great progress has been made in cathodes (TiS,,

20, 25-30 31-36

S, polymers) and electrolytes (non-nucleophilic and chloride-free electrolytes)™ ™,
Mg battery based on MogSg cathode still represents the benchmark Mg battery in terms of
energy and cycling stability since it was demonstrated by Aurbach et al. 20 years ago.’
To realize high-energy and high-power Mg batteries, above two challenges have to be

addressed.
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Figure 1.5 Energy diagrams for the intercalation and diffusion of Mg*", involving
scission of MgCl" ions into Mg*" and CI". Reprinted with permission from
Ref. 16. © 2017 Springer Nature.



1.3 Research Objective

The dissertation can be divided into two sections. First, I clarified the definition, key
strengths, as well as common misconceptions of Mg batteries. Second, I identified and
demonstrated two new research directions that can effectively overcome major barriers
for development of Mg cathodes and eventually lead to high energy and high power Mg

batteries.
1.4 Dissertation Organization

In Chapter Two, I reviewed the literature related to Mg batteries and other
multivalent metal-ion batteries. [ clarified the definition, key strengths, as well as
common misconceptions of multivalent metal-based batteries. I then discussed methods
for scrutinizing the morphology of metal anodes, electrolyte solutions efficiency, and
possible chemistries of positive electrodes, with which unambiguous results may be
obtained. Finally, I critically reviewed existing cathode materials and proposed strategies
to enable genuine multivalent metal-ion storage materials with competitive performance.

In Chapter Three, I reported a high performance Mg-Na hybrid battery utilizing an
Mg-Na dual-salt electrolyte, an Mg anode, and a Berlin green cathode. The cell delivered
an average discharge voltage of 2.2 V and a reversible capacity of 143 mAh g I also
demonstrated the cell with a specific energy of 135 Wh kg™ and a high specific power of
up to 1.67 kW kg™

In Chapter Four, I revealed that previous organic cathodes all operate on an MgCl-
storage chemistry sustained by a large amount of electrolyte that significantly reduces
cell energy. I then demonstrated Mg batteries featuring an Mg®'-storage chemistry using

quinone polymer cathodes, chloride-free electrolytes, and Mg metal anode. Under lean



electrolyte conditions, the Mg*"-storing organic cathodes deliver the same energy while
using ~10% of the amount of electrolyte needed for the MgCl-based counterparts. The
observed specific energy (up to 243 Wh kg'), power (up to 3.4 kW kg'), and cycling
stability (up to 87%@2500 cycles) of Mg-storage cells consolidate organic polymers as
promising cathodes for high-energy Mg batteries.

In Chapter Five, I reported a quinone molecule, pyrene-4,5,9,10-tetraone (PTO),
which can circumvent sluggish solid-state Mg®" diffusion through a liquid-solid two-
phase reaction pathway, and its intrinsic ion-coordination charge-storage mechanism does
not involve bond-breaking and bond-formation, giving it potential to achieve high power.
Meanwhile, I reported a highly functioning Mg electrolyte, Mg(CB;1Hi2), (MMC) in
DME/G2, which has unprecedented and extraordinary ability to cycle Mg at ultrahigh
current densities in the order of 50 mA cm™ with dendrite-free morphology. By coupling
PTO cathode with MMC in DME/G2, I created an Mg battery with a specific energy of
566 Wh kg™ and an ultra-high power of 30 kW kg™

In Chapter Six, I described the principle and practice of useful methods and tools for
research. At the end, in Chapter Seven, I summarized all my work and discussed future

research directions for Mg batteries.



Chapter 2 Literature Review of State-of-the-Art Mg Batteries and

Other Multivalent Metal-Ion Batteries

Even with lithium-ion batteries being under widespread evaluation as one of the
energy storage solutions for grid applications and as major power sources for
transportation, alternative battery technologies that use more abundant elements and may
offer higher energy density and better safety features remain highly desirable. The top
candidates for this purpose are multivalent metal-ion batteries: batteries where the charge
carrier multivalent metal cations shuttle back and forth between the cathode and anode
during the discharging and charging parts of a cycle without causing a net change in the
electrolyte solution composition. Due to their close resemblance, much of the
fundamental understandings and manufacturing experiences accumulated for lithium-ion
batteries may be exploited for swift industry adaptation of multivalent metal-ion batteries
technologies. Any advantage of a multivalent metal-ion battery would depend on whether
the replacement of monovalent lithium with divalent magnesium, calcium, zinc, or
trivalent aluminium brings about improvements in materials availability, system cost,
energy density, and safety features.

While the reserve availability and potential price spike of lithium are under constant
debate, magnesium, calcium, and aluminium are among the top ten most abundant
elements in the Earth’s crust. Zinc has a reserve that is similar to that of lithium (3.5 vs
2.3 x 10" mol) but was produced 30 times more in 2017. Provided that other elements
used in a multivalent metal-ion battery are no rarer than those used in lithium-ion
batteries, the advantage of multivalent metals in availability, and in materials’ cost, is

obvious.



The energy density of multivalent metal-ion batteries needs some clarification. Even
though multivalent metals transfer two or three electrons per atom as opposed to just one
for lithium, they do not quite compete with lithium in terms of gravimetric capacity due
to their higher atomic weights (Figure 2.1a). Still, a common assessment is that they
would excel in volumetric capacity thanks to their higher densities than that of lithium.
Concerning the anode side, multivalent metal-based batteries may have a great advantage
over lithium-ion batteries because in the latter case the use of active metal (lithium) is too
dangerous and problematic in terms of reversibility, what forces the use of lithium-carbon
anodes, giving up more than 90% of anode specific capacity (372 mAh g' for lithiated
graphite LiCs compared to > 3700 mAh g' for metallic lithium). Hence, for a cell that
uses a multivalent metal anode (the typical configuration for multivalent metal-ion
batteries), the volume of the anode is much smaller than the LiCq anodes used in lithium-
ion batteries. Anyway, the energy density of rechargeable batteries as well as their
volume, weight, and voltage are governed by both the anode and cathode sides. At this
stage it is hard to provide a fully realistic comparison between multivalent metal-ion
batteries and lithium-ion batteries that should be considered as benchmark systems,
because optimal cathodes for multivalent metal-ion batteries are not available yet and
require further extensive research and development work. We can however provide a
virtual comparison, using important representative cathode materials available for
practical lithium-ion batteries, assuming that they would react reversibly with multivalent
metal ions in a similar manner as they react reversibly with lithium ions. Here we
compare the theoretical energy content of metal-ion batteries considering two cathodes

(Figure 2.1b): (1) the high-voltage, moderate-capacity Mn,O4 spinel which is an



established intercalation cathode material for lithium-ion batteries and has been also
studied for intercalation of multivalent metal ions experimentally and/or theoretically,’’
and (2) the low-voltage, ultrahigh-capacity sulfur (conversion reaction) cathode material

which has been experimentally paired with several multivalent metal anodes.®
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Figure 2.1 Electrochemical characteristics comparison. (Data available in Table 2.1).
Graphite, the standard anode material for lithium-ion batteries, is included herein as
a benchmark. With a Mn,04 cathode (if would interact reversibly with the metals ions),
battery systems with multivalent metal anodes may deliver to the best similar gravimetric
and up to 10% higher volumetric energy densities compared to that of LiCs—MnyO4
battery systems. Lithium metal-Mn,O4 is the clear winner by both energy density
metrics. With a sulfur cathode, most multivalent metals easily beat LiCs as anodes and, in
terms of volumetric energy density, M-S (M = metal or LiCs) batteries with multivalent
metal anodes may approach that of lithium-sulfur systems. Batteries with aluminium and
zinc metal anodes, which exhibit the highest volumetric specific capacities, should be
inferior in terms of energy density compared to lithium-ion battery systems, due to their
lower operating voltage (their red-ox potentials are 1.2 and 2.2 V higher compared to that

of lithium metal, respectively).
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The analysis above shows that multivalent metal-ion batteries may provide
competitive, but not outright higher, energy densities compared with those of lithium-
based batteries. Two questions have to be addressed:

Are there other motivations to move from lithium to multivalent metals in designing
and producing advanced rechargeable batteries?

What is the feasibility to develop practical rechargeable battery systems based on
multivalent metal anodes? Do we have suitable electrolyte systems and cathodes for
them?

Table 2.1 Electrochemical parameters for Figure 2.1. “Formula weight. °Volume
considered as the sum of cathode and anode materials at the charged state.

Anode Potential gﬁiﬁ;e tric Gravimeitric energy Volumelttgic energy
Fw“ Density (V vs . (Whkg) (WhL™)

M) SHE) capacnly 1

Ah kg- AhL" M—Ml’l204 M-S M—Ml’l204 M-S
LiCs 79.0 225 ~-29 339 764 413 684 1355 1517
Li 6.94 053 -3.04 3861 2062 693 2991 1948 3313
Mg 243 174 -236 2205 3833 418 1791 1585 3426
Ca 40.1 155 -2.87 1337 2073 428 1779 1511 3103
Zn 654 714 -0.76 820 5853 195 431 862 1705
Al 27.0 270  -1.68 2980 8046 308 1289 1240 2913

For the calculation of energy densities, the following parameters are assumed. The
specific capacities of Mn,O4 and sulfur are 154 (1-electron per formula) and 1672 mAh g
! (2-electron per S), respectively. Theoretically predicted voltage values are used for
multivalent M— Mn,04: 2.9 (Mg), 3.1 (Ca), 1.5 (Zn), 2.1 (Al). Typical experimental
voltage values are used for Li systems: 4.0 (Li), 3.9 (LiC¢). The voltage values of
M-—sulfur is derived as the difference in standard reduction potentials between M and
sulfur (—0.476 V vs SHE). The only exception is Zn—sulfur, for which an alkaline cell is

considered and the potential of the Zn anode is —1.26 V vs SHE. The densities of Mn,O4
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and sulfur are 4.14 and 2.07 g cm™, respectively. The gravimetric energy density Egrav 18
calculated as

Egay = (C' + G X (Ee - Ea), (2-1)
where C, and C, are the specific capacity of the cathode and anode materials,
respectively, and E_ and E, are the standard reduction potential of the cathode and anode,
respectively. The volumetric energy density E, is calculated as

Evoi = [(Ce  p)" +(Ca p)'T" x (Ee — Eu), (2-2)
where p. and p, are the density of the cathode and anode materials, respectively.

2.1 Multivalent Metal Anodes: Where Both Promises and Uncertainties Lie

One of the most quoted advantages of multivalent metal-ion batteries is the
possibility to use the highly capacity-dense metals as the anode material. The reputation
was mainly earned by magnesium which has been widely reported to show dendrite-free
plating, compared to the almost always dendritic/mossy morphologies of lithium that
have caused safety concerns and short cycle life. For more than a decade following the
first report on a highly reversible prototype, magnesium-ion battery had been the only
multivalent metal-ion batteries that attracted research interests.” The recent urge for
alternatives to lithium-ion chemistries has sparked rapid growth of activities on calcium,
zinc, and aluminium, but the suitability of these metals as anodes for rechargeable
batteries has not been equally scrutinized as magnesium. Plating morphology is a
particularly important metric that deserves a critical review.

In most of the electrolyte solutions in which magnesium anodes behave reversibly,
magnesium deposition was found to form densely packed crystals (Figure 2.2a).>"*

Compact crystalline plating morphology is very favorable for rechargeable battery

12



applications as it is least likely to puncture separators or cause particles detachment upon
cycling. Also, such a morphology leads to a relatively low anodes’ specific surface area,
what means minimum side reactions if any. This behavior holds true for both main
categories of magnesium electrolyte solutions: chloride-free ones where magnesium ions
are solvated by the ethereal molecules of the solvent and only partially associated to
anion, and chloride-containing ones where the solvation shell of the magnesium ions
includes both the ethereal solvent molecules and CI” ions. The active cation species in the
latter case are MgCl"™ or Mg,Cly' complex ions which undergo a two-step
chemical-electrochemical deposition mechanism.*' Magnesium dendrites are only
reported in electrolyte solutions that show poor or unknown reversibility, and the
dendritic deposits are characterized by complicated surface composition instead of being

*2 1t thus seems that the dendrite-free plating behavior is intrinsic to

pure magnesium.
the formation of magnesium deposits (probably via nucleation, clusters formation, and
their growth to magnesium crystallites) rather than to the exact composition and structure
of the electrolyte solution (provided that the magnesium metal substrate and the
magnesium deposits are fully bare and free of surface films). The possible mechanisms of
magnesium deposition were explored over the years. These mechanisms are affected by
the dependence of the magnesium deposition over-potential on the electrolyte solution
concentration,” the large energy differences between crystals with different phase/shape,

4445 and fast

what give an advantage to certain morphologies of compact crystalline form,
ad-atoms self-diffusion on the deposited nuclei/crystals surfaces, which promote a fast

rearrangement of the deposits in crystalline forms.*
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Calcium has been found to be reversibly plated/stripped in only two electrolyte

. 47-48
solutions,”’

in both calcium can be deposited in dense and thick morphologies. If such
favorable morphology stays the same in more stable electrolyte solutions that have to be

developed in the future, calcium metal will be another attractive anode material for

rechargeable batteries.
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Magnesium, calcium, Zinc (alkaline), aluminium Zinc (neutral), aluminium Zinc (nonaqueous), Aluminium
aluminium aluminium

Figure 2.2 Typical plating morphologies of multivalent metal-ion metals. (a) Compact
crystals. (b) Tree-like dendrite. (c) Connected platelets. (d) Random fibers.
(e) Connected spheres.

Zinc notoriously plates into tree-like dendrites (Figure 2.2b) in alkaline aqueous
electrolyte solutions, which are partially responsible for the short cycle life of alkaline
rechargeable zinc batteries. Neutral electrolyte solutions give rise to interconnected
platelets (Figure 2.2¢),” a less detrimental morphology, but coulombic efficiency
remains a major concern.”’ In nonaqueous electrolyte solutions, random fiber-like
structures (Figure 2.2d) are formed.> Similar structures are also observed for lithium and
referred to as “mossy lithium” or simply dendrites.”® Lithium anodes with these deposits
structures suffer from aggressive side reactions (due to the high surface area) and
electrolyte solution decomposition and consumption, leading to a very low coulombic
efficiency and severe safety problems. Interestingly, zinc shows high coulombic

efficiencies of >99% despite such structures, probably due to its much higher red-ox

potential and hence low tendency to react with the electrolyte solutions.
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Aluminium metal anodes can be cycled in Al,Cl;-based ionic liquids with high
coulombic efficiency, but its morphology seems to be highly dependent on the electrolyte
solution composition and plating condition. Morphologies of tree-like dendrites,
interconnected platelets/spheres (Figure 2.2e), random fibers, and even dense crystals
have all been reported with largely similar electrolyte solutions. The coulombic
efficiency reported was generally high (>98%) regardless of morphology, probably due to
the absence of side reactions of aluminium metal in any relevant ionic liquid-based
electrolyte solutions in which aluminium plating/stripping is reversible.

The large variety of plating morphologies of multivalent metals calls for cautions
when considering them as anode materials. The Young’s moduli of these metals range
from 20 (Ca) to 108 GPa (Zn), all significantly higher than lithium’s 4.9 GPa. If the
electrolyte solutions allow dendrites to form, most approaches proven effective for
physical suppression of lithium dendrites may not work well for multivalent metallic
deposits. Detailed characterization of the plating morphology under relevant test
conditions is therefore indispensable for verifying the viability of suitable
metal-electrolyte solution systems. High resolution, very reliable surface morphology
imaging is possible today thanks to new microscopic techniques that enable operando
measurements,”>>’ but cross-sectional observation is equally important because the real
deposits could be hidden underneath surface films, as was observed for aluminium
dendrites covered by a smooth oxide top layer.”® The possible operation of multivalent
metal anodes for rechargeable batteries depends mostly on the availability of unique

electrolyte solutions that enable their reversible behavior.
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2.2 Non-Passivating Electrolyte Solutions: The Necessary Evil

Mg System
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Figure 2.3 Schematic depicting a simplified image of metal-electrolyte interfaces for Mg
and Li metals. Reprinted with permission from Ref. 63. © 2014 Mohtadi and
Mizuno; licensee Beilstein-Institut.

Magnesium, calcium, and aluminium are all active metals which, very similarly to
lithium, react easily with atmospheric components like oxygen, trace water, CO,, and
also with many polar solvents (e.g., esters, alkyl carbonates, nitriles) and salt anions (e.g.,
PFs, ClO4, BF4) to form surface species that passivate the active metal and form

3961 11 the case of lithium metal, Li-C, and Li-Si anodes,

ionically blocking surface films.
the surface films thus formed comprise ionic lithium compounds which behave like solid
electrolyte interphase (the famous SEI model),”* which avoid continuous side reactions
but allow an easy migration of lithium ions through them. Hence, all lithium-based
anodes can reach full and effective passivation, while allowing fully reversible lithium
plating or lithium-ion intercalation to occur beneath the surface films (Figure 2.3).°% In

contrast, surface films formed on multivalent metal anodes, which always comprise ionic

multivalent metal compounds, fully block any possible transport of multivalent metal
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ions through them (Figure 2.3). Thereby, it is essential for multivalent metal-ion batteries
to use only electrolyte solutions in which the metal anodes are bare and passivation-free
with no tolerance to any side reactions that may form surface films.

A variety of complex electrolyte solutions in which multivalent metal anodes
behave fully reversibly have been developed and explored during the last two decades.
They are composed of solvents and electrolytes that have relatively low electrophilic
tendency, like ethers. Some of them further contain chloride ions which help to dissolve
passivating species by forming complex ions with multivalent metal ions. All reversible
magnesium electrolyte solutions are based on ethers like tetrahydrofuran and glymes
(polyethers) since they are the only polar aprotic solvents in which magnesium metal is

36, 64-69 . .
’ Viable counter ions

fully stable (no surface reactions, no passive films formation).
include weakly coordinating anions such as carborane anions and bulky borates and
aluminates.”® * Simple anions, notably bis(trifluoromethane)sulfonimide (TFSI'), may
also be used provided that the electrolyte solutions contain also chloride ions.”””" All of
them have complex structures that are now reasonably well understood and the
coulombic efficiency for magnesium plating/stripping in them could approach 100%.%**®
6495 Calcium is also deposited/stripped in ethereal solutions with high efficiency,
although the anion is so far limited to borohydride which is oxidized at moderate
potentials.*® Aluminium is highly reversible in AlCl;-containing ionic liquids with
apparently little dependence on electrolyte solution composition. Zinc has the highest

tolerance to electrolyte solution components, with common polar organic solvents like

acetonitrile and carbonate and common anions like TFSI, triflate, and PF¢ all being
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viable,”* probably a result of its high redox potential and low tendency of passivation film
formation.

While ethereal solvents and chloride ions are so suitable for most multivalent metal
anodes, they have also brought about insurmountable limitations that could preclude most
attractive high-voltage/-capacity cathodes for high-energy batteries. Both ethereal
solvents and chloride ions bind strongly to multivalent metal ions, causing a large energy

7273 Ethereal solvents have

penalty desolvation/dissociation during intercalation reactions.
limited cathodic stability, being oxidized as early as 3.4 V vs Mg*"/Mg on planar current
collectors.” Chloride ions are also susceptible to oxidation, but their main limitation on
electrochemical window of electrolyte solutions is through corrosion of most relevant
current collectors at moderate to low potentials.”* New electrolyte solutions are therefore
still under intensive development for practical applications.

It is important to note that for rechargeable batteries, the cycling efficiency of the
electrodes have to approach 100% with no compromise. Thereby, the development of
new battery systems has to include rigorous studies of the electrodes surface chemistry,
fully understanding possible side reactions and their completed mitigation. The
electrochemical characteristics of a multivalent metal—electrolyte solutions system can be
assessed by established methods, which will be discussed in section 6.2.3.

2.3 Cathode Storage Chemistry: The Devil is in the Details

Opposed to some early expectations that shifting from the monovalent lithium-ion
to multivalent metal ions as the intercalants could lead to a higher number of electrons
transferred per transition metal in intercalation-type cathode materials, intercalation hosts

show largely the same valence change for storage of both monovalent and multivalent
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metal ions.”” Although the expectable specific capacities of intercalation hosts remain
unchanged, multivalent metal ions do have the advantage that a fewer number of ions are
required to balance the same valence change of the host, thus apparently giving rise to
smaller volume change during cycling and, by extension, longer cycle life. For example,
the unit cell volume of MogSs increases by 11.2, 8.5, and 2.5% after intercalation of
lithium, magnesium, and aluminium, respectively.”” Likewise, lithiation and
magnesiation of sulfur incurs 80 and 33-71% (depending on the formed MgS phase) of
volume expansion, respectively.”’

Although the concept of replacing lithium with multivalent metal ions in cathode
hosts appears straightforward, the development of multivalent metal-ion cathodes has
been difficult. The dilemma originates from the high charge density of multivalent
cations’. Their strong interactions with the electrolyte solution species (e.g., tight
solvation of Mg”" ions by ether molecules) and the cathode materials make dissociation
(de-solvation) and solid-state diffusion, the two essential events in an intercalation
reaction, kinetically unfavorable. As a result, low current densities and elevated
temperatures are employed in many studies (e.g., in order to facilitate intercalation of
Mg”" ions into hosts like TiS,),”* under which conditions parasitic side reactions can
contribute significantly to the observed capacities. The situation is further complicated by
the complex composition and in some cases instability of any relevant metallic current
collectors in multivalent metal-ion electrolyte solutions. Results from different studies
were often inconsistent, as noted in a recent review article.'? Characterizations were often
not sufficiently rigorous for unambiguous conclusions. In this section, we highlight the

latest understandings of alternative reaction pathways and side reactions in multivalent
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metal-ion cathodes, based on which we have identified practices that could facilitate
truthful cathode study.

The reaction at a multivalent metal-ion cathode is often more complicated than
straightforward storage of the cations themselves. Transition metal oxides constitute a
considerable body of literature on multivalent metal-ion cathodes, but recent studies
revealed that proton intercalation was the dominant/sole reaction in many of these

materials,* 785

The presence of H,O in the electrolyte solutions and in some cathodes’
crystals structure is naturally responsible for such reactions, but even in systems

involving anhydrous cathodes and thoroughly dried solvents, proton can still be generated

via electrolyte solution decomposition.”
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Figure 2.4 (a) Schematic of the Al/graphite cell. Reprinted with permission from Ref. 81.
© 2015 Springer Nature. (b) Intercalation of MgCl" cation. Reprinted with
permission from Ref. 16. © 2017 Springer Nature.

For cells with chloride-containing electrolyte solutions, intercalation of M"" would
require cleavage of strong M" —Cl" solution interactions. This step is bypassed by some

layered compounds such as transition metal sulfides and graphite and organic carbonyl
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compounds such as small molecules and polymers through direct storage of the complex
ions (MgClI", AICI,", AICly, etc.) that intercalate smoothly instead of the bare M™" ions
(Figure 2.4).'%3% %1 Besides M—Cl bond cleavage, desolvation in strongly coordinating
solvents is also energy-intensive.”” Solvated ions sometimes can be inserted without
stripping off the solvent molecules given that the cathode host can adapt to these large
intercalants.”

Due to the large variety of storage (ions insertion) chemistries, the proper evaluation
of suitable cathodes for multivalent metal ion battery systems cannot be possible unless
the reaction mechanisms have been unambiguously identified. Quantification of the
elemental composition of possible discharged products is of utmost importance.
Inductively coupled plasma spectroscopies provide such insight into the bulk material.
Caution should be used where multivalent metal ions do not insert into the host but still

form byproducts at the cathode and obscure bulk analysis.*" *°

Therefore, composition
analysis often needs to be complimented by distributional observations at an adequate
spatial resolution, such as elemental mapping by energy-dispersive X-ray spectroscopy
and electron energy loss spectroscopy in conjunction with scanning electron microscopy
and transmission electron microscopy (TEM). Such mapping should also be quantitative,
and the content of all relevant elements should be reported so as to be conclusive. Storage
of complex ions and solvated ions is usually accompanied by considerable change in the
cathode lattice spacing, which can be monitored by X-ray diffraction and high-resolution

TEM. In addition to direct identification of discharged products, running control cells

with no multivalent metal ions in the electrolyte solutions was proposed to rule out proton
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reactions.>>™

However, accurately measuring and reproducing the pH in such reference
experiments with the relevant non-aqueous solutions could be a great challenge.

The possibility to operate rechargeable batteries in which the metal anode releases
upon discharge multivalent metal ions (M"" cations) while the cathode host inserts
complex species such as tightly solvated M"™" cations or M™,Cl'y species complicates the
situation in these systems compared to the lithium-ion batteries. In the latter systems,
bare lithium ions are moving between the electrodes, while the solution concentration
remains invariant (in the absence of side reactions). This situation enables to use a very
small amount of electrolyte solution in the batteries that serves only as a lithium ions
transfer medium. In contrast, rechargeable batteries based on multi-valent metal anodes
may suffer from material imbalance during charging—discharging which alters the
electrolyte solution concentration, pH value, ion species, efc. in solution, due to the
difference between the ions produced upon discharge in the anode and the complex ions
which are inserted into the cathode, as explained above. In a practical cell where the
amount of electrolyte solution is limited, these changes could impact electrodes’ reaction

30-%¢ Depending on the extent of electrolyte

mechanisms, cell stability, and energy density.
solution composition change, some of these batteries may no longer qualify as
multivalent metal-ion batteries concerned herein, even though they may still be referred
as multivalent metal batteries as long as a multivalent metal anode is involved. The
characterization methodologies described above are important for identifying cathode

materials capable of genuine reversible multivalent metal-ion storage, based on which the

energy density estimates provided herein were made.
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2.4 Cathode Material Development: Thinking Outside the Box

Among so many materials that can interact reversibly as cathode hosts with lithium
ions, only a few cathode materials have shown potent performance in reversible
multivalent metal-ions storage. For magnesium-ion batteries, Chevrel phase MosSs
(theoretical values: 1.15 V vs Mg® /Mg, 129 mAh g") remains the cathode material to
beat since 2000 when it marked the beginning of modern multivalent metal-ion battery

studies (Figure 2.5).”
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Figure 2.5 Typical electrochemical performances of MoeSg at room temperature.
Reprinted with permission from Ref. 9. © 2000 Springer Nature.

Only a handful of materials, such as spinel Ti;S; (1.2 V vs Mg> /Mg, 192 mAh g)
(Figure 2.6a), sulfur (1.1 V vs Mg> /Mg, 1247 mAh g") (Figure 2.6b), and poly(1,4-
anthraquinone) (1.37 V vs Mg> /Mg, 193 mAh g'), have shown higher energy densities

252639 Zinc-ion reversible

than that of Mo¢Ss, but they still fall short of stability.
intercalates into high-potential spinels ZnAl,Co,.,04 (1.8 V vs Zn*'/Zn, 120 mAh g™') and
ZnNi,Mn,Co,2,04 (~1.65 V vs Zn*"/Zn, 180 mAh g"), representing a rare example of

multivalent metal-ion storage in oxide hosts with evidenced naked cation storage,
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relevant energy density, and decent cycling stability.””*® Calcium- and aluminium-ion
cathodes are most problematic, characterized by ill-shaped voltage profile, large
polarization, and low energy. It has become evident that traditional cathodes design

strategies for lithium ion are not readily transferable to multivalent technologies.
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Figure 2.6 (a) Voltage profiles of Mg/Ti,S4 cell. Reprinted with permission from Ref. 25.
© 2016 Royal Society of Chemistry. (b) Voltage profiles of Mg/sulfur cell.

Reprinted with permission from Ref. 26. © 2017 Royal Society of Chemistry.
Valuable lessons have been learned from the success of Chevrel phases MosXz (X =
S, Se), which uniquely deliver nearly theoretical capacity when storing all multivalent
metal ions discussed herein except for Ca>", the size of which might be too close to the

upper critical guest size for the host.**”!

First, the surface atoms of MosSs could catalyze
cation dissociation from electrolyte species: the energy cost to break Mg—Cl is calculated
to decrease from ~3 eV to 0.2-0.8 eV via concerted S coordination to Mg and Mo
attraction to CI (Figure 2.7a—d)."” Second, the anions S* and especially Se* are highly
polarizable/soft and form relatively covalent bonds with the intercalated cations.”” Such

bonding helps to stabilize the intermediate states during cation diffusion between

coordination sites (Figure 2.7e-h) and is believed to be partly responsible for the
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superionic conductivity of a-Agl and lithium thiophosphates.”” Third, the Mog cluster
quickly delocalizes injected charges, accommodating up to four electrons by modifying
the Mo—Mo distance and transitioning between metal and semiconductor states.”* These
features specifically address the dissociation and solid-state diffusion of multivalent
metal ions. Although hardly necessary for lithium-ion storage, they may be put front and
center when designing a multivalent metal-ion cathode. The unique behavior of Chevrel
phase cathodes with multivalent cations that was studied very thoroughly”*® may

promote an intensive study of cluster compounds as cathode materials for these

systems.97

@ Mg
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Figure 2.7 Mechanisms to enable multivalent metal-ion cathodes.

The option of facilitated de-solvation/de-complexation of magnesium ions by
catalytic dissociation aided by the surface structure of the host material has been so far
demonstrated only for Mo¢Ss, but many other materials may share this function. For
example, two-dimensional transition metal disulfides are known to catalyze a wide range

of reactions initiated with surface adsorption on exposed metal atoms.”® With more
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theoretical insights and proper structure engineering, the exact same catalytic dissociation
as seen for MosSs could be expected for layered chalcogenides. Many more oxides have
active surface sites for anion adsorption, though surface O may not be as strong a
coordinating agent as S to multivalent metal ions. Metal-free materials such as organic
compounds, chalcogens, and halogens have electron-rich anions to coordinate to
multivalent metal ions, even though they may lack the metal centers to adsorb anions.
Construction of ion diffusion-friendly frameworks is reflected in a number of
successful cathode designs. Spinel and layered Ti,S4, for instance, have polarizable/soft

anionic frameworks similar to that of MO6Sg.20’ 2

Layered chalcogenides, being
semiconducting or metallic depending on the doping state, are also highly capable in
charge delocalization. The challenge for these chalcogenides-based frameworks is the
generally low redox potentials. Organic compounds with conjugated/delocalized building
blocks may have similar functionalities.”® Their relatively soft structures can also help to
stabilize diffusion transition states following similar mechanisms in polymer electrolytes.
A highly important advantage of organic cathode materials may be their softness. So,
they can accommodate complex multivalent cations (either strongly solvated or
coordinated with anions such as chloride moieties) that can be smoothly inserted into the
soft structure upon compensating the negative charge which is accumulating during the
discharge process.””'”! Some oxide hosts allow multivalent metal-ion diffusion despite
the less polarizable frameworks, probably due to water molecules within the structures

shielding the cations.'**'"

Due to the potential extraction by the intercalants from the
host, the presence of water molecules as shielding agents in cathode materials may not be

tolerable since the adverse effect of even trace amount of water contamination on the
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negative electrodes (active metals like magnesium, calcium react with trace water and
become fully passivated and blocked for any ions transport). However, there might be
other polar-aprotic agents that can serve as charge shielding agents within rigid hosts
(like oxides) that facilitate insertion of multivalent cations, without having adverse effect
on the active metal anodes. This option is open for a further innovative research.

An alternative way to tackle solid-state ion diffusion is to bypass it altogether.
Conversion-type cathode materials, notably sulfur, selenium, and iodine, undergo
dissolution—precipitation reactions that do not involve solid-state ion transport (Figure
2.7i-k).* 119 Magnesium-sulfur batteries have delivered reversible specific capacities
of up to 1200 mAh geun ' at 1.1-1.4 V vs Mg /Mg with decent cycling stability (~100
cycles).?® The capacity decay of these batteries has been attributed to the dissolution of
polysulfides, but it remains unanswered why they show inferior stability compared to
lithium—sulfur despite the relatively low solubility of magnesium polysulfides.'” The
reversibility of multivalent metal anodes in the presence of dissolved cathode species
seems to vary from one system to another. The presence of even trace amounts of
polysulfide species in the ethereal solutions used for magnesium batteries leads to
precipitation of insoluble Mg-S species that fully block magnesium anodes.'”’” Such
passivation may explain the low voltaic efficiency observed for all multivalent

metal—sulfur batteries.'*®

Thereby, it seems that development of magnesium-sulfur
batteries should include means to avoid infiltration of polysulfide moieties from the
cathode to the solution phase. On the other hand, dissolved iodine was reported to reduce
the magnesium deposition-stripping overpotential via surface film formation, although

109

coulombic efficiency of the modified anode was not known. ™~ Validation of the
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practicality of conversion cathodes for multivalent metal-ion batteries would require
detailed characterization of the metal anode in these cathode-contaminated electrolyte
solutions. The 3 types of electrochemical measurements described schematically in
section 6.2.3 allow a quick and effective assessment of electrolyte solutions that can be
relevant for secondary battery systems based on various metal anodes. Screening tests
can reveal easily which solutions are suitable via the most important parameter, namely,
the cycling efficiency. Another critically important parameter that can be easily assessed
is the anodic stability of each solution, which determines which cathodes can be paired to

the metal anode under study.
2.5 Conclusions and Outlook

Multivalent metal-ion batteries may share the successful “rocking-chair” operating
mechanism with lithium-based batteries but use much more abundant and affordable
elements as ionic charge carriers. Early evidence suggests plausibility to directly use at
least some multivalent metals as safe anodes due to their dendrite-free plating behavior.
With metal anodes, calculations show that these batteries will deliver competitive energy
densities even when compared to rechargeable lithium batteries with lithium metal anode,
technologies that may enable affordable electric vehicles.''® As the metals of interest are
quickly expanding from just magnesium to also calcium, zinc, and aluminium, factors
that established magnesium-ion batteries as promising systems, notably compact plating
and near-unity coulombic efficiency of the anode activity, will have to be validated for
the new members using proven testing procedures. Cathodes development remains a
major universal challenge for all multivalent metal-ions battery systems. Due to the

strong cation—anion/solvent/host interactions and the resulted difficult ion dissociation,
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intercalation, and solid-state diffusion, a considerable portion of reported cathodes store
in fact complex ions and protons instead of the desired naked cations. Most cells based on
these unintended alternative storage chemistries, namely the cases where the intercalating
multivalent cations have complex structure (e.g., tight solvation shells) may not qualify
as the multivalent metal-ion batteries defined herein. Although they may give nice results
in lab cells in which there is no limitation of the electrolyte solutions, in practical
batteries these systems may require too high amounts of electrolyte solution, in order to
accommodate the changes in the solution composition during discharge/charge processes,
what may limit their energy density and stability. Researchers would have to go the extra
mile and make nontrivial characterization efforts to fully specify the mechanisms of ions
insertion and the nature of the stored ion species in any cathode material of interest.
Genuine multivalent metal-ion storage cathode materials, though still rare, do exist, from
which useful design principles have been learned. Creative use of these tools combined
with mechanisms scrutinization, would be the key for finding out successful cathodes.
Realization of competitive multivalent metal-ion batteries requires first of all the
capability of using fully reversible multivalent metal anodes in very thin foils format.
Here is the major advantage of these systems over any type of lithium metal or lithium-
ion batteries. The possible operation of multivalent metal foils as fully reversible anodes
depends on judicious selection/development of electrolyte solutions in which passivation
of active multi-valent metals is fully avoided, which also possess wide enough
electrochemical window (high anodic stability). Fortunately, this challenge has been
fulfilled for multivalent metal anodes to varying extent. The major challenge remained

for all of these systems the cathode side — availability of high voltage/high specific
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capacity electro-active materials that can interact reversibly with the multivalent metal
ions while being fully compatible with the electrolyte solutions in which the metal anodes
are fully reversible. Electrolyte solutions plays a central role in this context: its
composition subtly influences the morphology and coulombic efficiency of the metal
anodes, and their anions and solvent species determine the electrochemical stability
window and the ions dissociation energy which in turn limit the choice of cathode
materials. Ethereal solvents, chloride, and borohydride anions are all essential ingredients
for efficient multivalent metal-ion electrolyte solutions, but they are also associated with
sluggish dissociation and limited anodic stability. Therefore, either cathode materials
development should be directed to moderate-potential high-capacity types with strong
dissociation capability, or electrolyte solutions with compositions vastly different from
what we have today should be invented without compromising the metallic anodes
performance. Besides fundamental chemical/electrochemical questions there are yet
unexplored engineering challenges on the way to develop fully practical multivalent
metal ions batteries. These include electrodes/cell design topics such as electrodes with
high mass loading and optimal composite structure, cathode—anode mass balance, and
optimization of the electrolyte solutions composition and content. Multivalent metal-ion
batteries, as a whole, are at an early stage of development and there are a lot of
roadblocks to clear, but the increasing interests from the energy community and the

encouraging progress already made are forging a clear path towards a future success.
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Chapter 3 Magnesium-Sodium Hybrid Batteries with High
Operating Voltage

3.1 Introduction

The rapid growth of renewable energy from solar and wind power has created a
strong demand for low-cost, safe, high-energy density energy storage systems to enable
the integration of renewable energy into grid and peak shifting in energy demand. To
meet the cost target of less than $100 per kWh, earth-abundant materials have been
actively explored for beyond-lithium-ion batteries. For example, Prussian blue analogues
(PBAs) have attracted significant attention due to their unique open framework structures

112-114

for Na and K ion storage in aqueous''' and non-aqueous batteries. Recently, Lu et

"> The large

al. developed long cycle life Na-ion batteries using PBAs as the cathode.
interstitial space in the framework allows rapid Na-ion diffusion. However, the full cell
rate performance is limited by the choices of anode. It is well known that metallic sodium
could not function as a practical anode due to the dendritic growth behavior.*” Hard

carbon is the most studied Na-ion anode.''

However, the voltage profile of hard carbon
is too close to 0 V vs Na/Na', making Na deposition possible during fast charging and
could lead to battery shorting.'"’

Magnesium metal has recently attracted considerable attention as a safe anode due
to that fact Mg has a low standard potential (-2.37 V vs. SHE), fast deposition-stripping
kinetics, and planar hexagonal crystal growth instead of dendritic growth.” However the
challenge is the lack of stable high-voltage cathode material due to the slow solid-state

diffusion of highly polarizing Mg®" ions in host.'” The concept of an Mg-Li hybrid

battery combining an Mg anode, a Li-insertion cathode, and a hybrid electrolyte is
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attractive since the hybrid cell combines the safety and low cost feature of Mg anode and

the fast kinetics and high voltage feature of Li-insertion cathode.''®"'?’

However, there
has been very little study on a low-cost Mg-Na hybrid cell. Only one recent report from
Kovalenko group used pyrite (FeS,;) as a cathode, Mg as an anode, and a hybrid

electrolyte made of Mg(BH,), and NaBH, in diglyme.'*'

The electrolyte has low anodic
stability that limits the selection of high-voltage cathode. The cell showed a sloping
voltage profile from 0.4 to 1.6 V vs. Mg with the average discharge potential of 1.1 V. It
is therefore important to find a compatible cathode and hybrid electrolyte combination to
demonstrate a stable high-voltage Mg—Na-ion battery.

In this work, we report such a hybrid battery combining a Berlin green (BG,
FeFe(CN)g) cathode, an Mg metal anode, and a hybrid Mg—Na-ion electrolyte. Inspired
by the remarkable activity of the recently reported dimagnesiumdichloro dimer complex
cation electrolyte,”’ we prepared 0.2 M [Mga(u-C1)2]J[AICL]; in dimethoxythane (DME),
and then dissolved 0.4 M NaAlICly in the electrolyte to form a clear and transparent
solution. The hybrid electrolyte has high anodic stability (3.2 V vs. Mg*'/Mg). The BG
cathode shows reversible capacity of 143 mAh g and stable cycling for 50 cycles.

3.2 Experimental Procedures

3.2.1 Synthesis of FeFe(CN)g Nanoparticles

I used co-precipitation method to synthesize the Berlin green following reference.''
Briefly, 50 mL of the 0.01 M FeCl; (Sigma-Aldrich, 97%) solution was added dropwise
into 100 mL of the 0.005 M K3Fe(CN)s (Alfa Aesar, 98+%) under stirring in 2 hours.
After the addition step was complete, the mixed solution was aged for another 6 hours at

60 °C. The mixed solution was cooled down naturally and then filtered. The obtained
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dark green precipitate was washed with distilled water several times and dried in vacuum
at 120 °C overnight.
3.2.2 Preparation of Electrolyte

The electrolyte synthesis was carried out inside an Ar filled glove box. In a typical
synthesis of 20 ml 0.2M [Mg,ClL,][AlCl4]o./DME electrolyte, 1.07 g AICl; powder (Sigma
Aldrich, 99.99%) was added slowly (exothermic reaction) to a suspension of MgCl, (Alfa
Aesar, 99.999%, 0.76 g in 20 ml DME) in a 25 ml glass vial. The mixture was stirred at
60°C using a sand bath for 6 hours and was cooled to room temperature. A clear solution
was obtained with no precipitants. The hybrid-ion electrolyte was prepared by dissolving
appropriate amount of NaAICls (Alfa Aesar) into the above electrolyte. 1M NaPF¢ in
ethylene carbonate/diethyl carbonate (EC/DEC, 50:50% vol) was used as the electrolyte
in Na-ion battery.
3.2.3 Electrochemical and Material Characterizations

Tubular sealed three-electrode cells or two-electrode Swagelok cells were fabricated
inside an Ar-filled glovebox (M-Braun Co.) for electrochemical characterizations. The
slurry of active material (75 wt %), Super-P carbon (15 wt %), and
polytetrafluoroethylene (10 wt %) was spread on a piece of Mo foil (0.8 cm?) and dried
as the working electrode. The active material mass loading was 4 mg cm™. Freshly
polished magnesium foils (0.2 mm thick, 99.95%, GalliumSource, LLC, Scotts Valley,
CA) were used as both the counter and reference electrodes. For Swagelok cells, a glass
fiber separator (0.68 mm thick, GF/D grade) was placed between a cathode and an Mg
anode. 0.4 ml of hybrid Mg”/Na" electrolyte was added in the glass fiber.

Electrochemical characterizations were conducted using a potentiostat (VMP-3, Bio-
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Logic Co., Claix, France). The X-ray diffraction (XRD) spectra of the pristine BG
nanoparticles were measured using a Rigaku diffractometer with Cu Ka radiation (1.5405
A). Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX)
spectroscopy measurements were conducted using a JEOL JSM 6400 SEM and an EDAX
with Octane Silicon Drift Detector (SDD). For the scanning electron microscopy (SEM)
and energy-dispersive X-ray (EDX) spectroscopy characterizations, the Mg anode and
BG cathode were taken out from the cell in the Ar-filled glove box. Afterwards, the
electrodes were dipped in fresh anhydrous DME for 10 mins, and this procedure was
repeated for three times. The washed electrodes were then dried in evacuated
antechamber of Ar-filled glove box for 2 hours before further characterizations.
Thermogravimetric analysis (TGA) test was performed using thermogravimetric analyzer
of TA Instruments Q50.

X-ray absorption near edge structure (XANES) of the Fe K-edge (7112 eV) was
measured in the transmission mode on the bending-magnet beamline of the Advanced
Photon Source (APS, 20-BM-B). The incident beam was monochromatized using a Si
(111) fixed-exit, double-crystal monochromator. Ex-situ samples at different states of
charge were sealed in a Kapton tube. XANES data were processed following standard
methods using the ATHENA software package. The HEXRD measurements were carried
out at Beamline 11-ID-C at APS. The X-ray wavelength was 0.1174 A (105.1 keV). The
XRD patterns were collected using a Perkin-Elmer 2D X-ray detector. 2D images were
converted into a 1D plot of 2q versus intensity using the FIT2D program calibrated

against a CeO, standard.
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3.3 Working Mechanism of the Mg-Na Hybrid Battery

Figure 3.1 shows the working mechanism of the proposed hybrid magnesium-
sodium-ion battery. The electrolyte has complicated equilibrium among four electroactive
species: charged species of [Mg,Cl,]*" and AICly, and less dominant neutral species of
MgCl, and AICLs.*® The cell is assembled in the charged state. During the discharge,
metallic Mg reacts with AICly to form [Mg,Cl,]*" dimer cations since AICly is easier
than MgCl" to lose CI. Therefore no NaCl will form due to no free Cl- available.
Electrons are transferred through the external circuit from the Mg anode to the BG
cathode, where a reduction reaction results in Na-ion insertion into the BG framework.
During the charge, Na-ions are deinserted from the NayFeFe(CN)s into electrolyte, and in
the meantime [Mg,Cl,]*" dimer cations are reversibly reduced and deposited as Mg on

the anode.
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Figure 3.1 Schematic of the working mechanism of an Mg-Na hybrid battery.

Because the thermodynamic redox potential of Mg>*/Mg is 0.36 V higher than that
of Na'/Na, reversible Mg deposition-dissolution should occur at the anode side before Na
deposition-dissolution could take place. The following equations describe the reactions in

the cell.
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The positive electrode reaction is

FeFe(CN)s + 2Na' + 2¢” < Na,FeFe(CN). (3-1)
The negative electrode reaction is

Mg + AICly < 1/2[Mg,CL]*" + AICI; + 2¢. (3-2)
The overall reaction is

FeFe(CN)s + Mg + 2NaAICly <> NayFeFe(CN)s + 1/2[Mg,CL][AICL], + AICL;.  (3-3)
3.4 Electrochemical Performance of the Mg-Na Hybrid Battery

PBAs are used as the cathode material, which have the general formula
AMI;M2,(CN), and an open framework (Figure 3.2) that facilitates reversible
intercalation processes for alkali and alkaline earth ions (Ax). The PBA capacity is
determined by the available A-sites in the compounds into which the alkali and alkaline
earth ions can be intercalated reversibly in a range of working voltages. From the electric
neutrality perspective, the valences and vacancies of M1 and M2 mainly contribute to the
amount of the available A-sites. We used co-precipitation method to synthesize the BG

nanoparticles.' >
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Figure 3.2 Framework of A\AM1,M2,,(CN),.
Figure 3.3 shows its X-ray diffraction (XRD) pattern, which can be indexed to a
face-centered cubic structure (FCC, space group Fm3m). Scanning electron microscopy

(SEM) shows the cubic nanoparticles with average size of 400 nm.
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Combining thermogravimetric analysis (TGA) (Figure 3.4) and Energy-dispersive
X-ray (EDX) measurement, we obtained the chemical formula of our BG sample as

K0.07FG[FC(CN)6]0_95 -0.6 IHZO.
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Figure 3.3 (a) XRD and SEM of BG nanoparticles. (b) Cyclic voltammogram of the
hybrid electrolyte. (¢) Chronopotentiometry of an asymmetric cell. (d) EDS
and SEM of an Mg anode after 30 cycles of plating/stripping.

The hybrid electrolyte is the key to enable high capacity and stable cycling. As
mentioned earlier, we used 0.2 M [Mgy(p-Cl),][AICL], and 0.4 M NaAICly in DME as
the hybrid electrolyte due to the promise of high anodic stability. Figure 3.3b shows the
cyclic voltammetry (CV) from -0.5 V to 3.2 V vs Mg/Mg”" using a three-electrode setup.
Molybdenum (Mo) foil is used as the current collector in a Swagelok cell due to its anti-
corrosion property.'”> A halogen-free magnesium monocarborane based electrolyte
would be ideal for coin cells.”

The overpotential for the magnesium deposition is 0.16 V and the Coulombic
efficiency is ~87%. The electrolyte is stable up to 3.2 V, agreeing with the previous

study. The Mg deposition and stripping behavior was further assessed via

chronopotentiometry in a coin cell containing a stainless steel positive electrode and an
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Mg negative electrode (Figure 3.3c). The Coulombic efficiency is 70% in the first cycle
and increases to over 87% in following cycles. The Mg electrode was investigated after
30 cycles using EDX spectroscopy and SEM (Figure 3.3d). It is noteworthy that no Na
deposition is observed, confirming the Mg-only deposition mechanism at the Mg
electrode. The inset shows the SEM image of the electrode surface with an average Mg

grain size of about 0.2 um.
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Figure 3.4 TGA profile of BG nanoparticles shows 4% weight loss due to crystalline
H,0.

Figure 3.5a shows the galvanostatic voltage profiles of BG cathodes in three cell
configurations: (1) FeFe(CN)s[Na'[Na with 1M NaPF¢/EC/DEC electrolyte; (2)
FeFe(CN)6|Mg2+|Mg with 0.2M [Mg(u-Cl):][AICL]/DME electrolyte; and (3)
FeFe(CN)sMg*" ,Na'|Mg with 0.2M [Mgy(n-Cl),][AICL4]o/DME and 0.4 M NaAlCl,
electrolyte. In cell configuration 1, the BG electrode exhibits two distinguishable plateaus
during the discharge (2.9 and 3.5 V vs Na/Na") and the charge (3.0 and 3.7 V vs Na/Na"),
consistent with the results obtained by Lu et al.''* According to previous study,'" the
higher voltage plateau is attributed to the low-spin Fe'"/Fe"" bonded to the C atom of
C=N" and the lower voltage plateau to the high-spin Fe'"/Fe"" bonded to the N atoms of

C=N'. The specific capacity of BG cathode reaches 145 mAh g, higher than the previous
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reported value of 120 mAh g obtained by Wu et al.'”> In cell configuration 2, BG
delivers very low capacity around 10 mAh g™'. For the cell configuration 3, we observed
similar voltage profile and comparable capacity as those seen in configuration 1. The
voltage difference of 0.8 V between configuration 1 and 3 is attributed to thermodynamic
potential difference between Mg/Mg*" and Na/Na" considering the electrolyte activity.
This similarity in profile confirms the intercalation of Na” into BG as the dominant
cathode reaction. This conclusion is also supported by EDX shown in Figure 3.5b. The
intensity of Mg peak in the discharged sample is very small. This is not surprising given
the observation of minimum Mg insertion in cell configuration 2. From the EDX spectra,
we calculated the sodiated BG sample has 1.52 Na per formula of Fe[Fe(CN)g], which

agrees with the observed capacity of 143 mAh g™
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Figure 3.5 Electrochemical performances of Mg/Na hybrid batteries.
Figure 3.5c¢ presents the galvanostatic voltage profiles of a FeFe(CN)sMg*",
Na'|Mg hybrid cell at the 1%, 2™, 20™ and 50" cycles at a current density of 140 mA g™

The BG electrode shows two plateaus during the discharge (2.6 and 2.1 V vs Mg/Mg*")
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and the charge (2.9 and 2.2 V vs Mg/Mg*"). The 1st discharge and charge capacity reach
135 and 137 mAh g, respectively, corresponding to an initial coulombic efficiency of
98.5%. The cell shows stable cycling for 50 cycles (Figure 3.5d) with 87% capacity
retention of initial capacity. The Coulombic efficiency maintains a high level over 99%

due to the high anodic stability of the hybrid electrolyte.
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Figure 3.6 Rate performances for Mg/Na hybrid cells.

Figure 3.6a shows the discharge voltage profiles of the hybrid cell measured from
0.25C to 20C. The discharge capacity of the BG electrode decreases from 143 to 110
mAh g when the current density increases from 0.25C (35 mA g™') to 10C (1400 mA g
1. Even at 20C, more than 85 mAh g™’ can be retained. Note the capacity reported here is
based on the mass of cathode active materials. Figure 3.6b shows the rate capability plot
in comparison with hybrid cells reported in literatures. Black symbols indicate the

121
1

reported Na-Mg hybrid cell'?' and blue symbols indicate reported Li-Mg hybrid cells.*

123124 The excellent rate capability in this work compares favourably with previously
reported hybrid cells. Such high power capability stems from the unique open framework

structure of BG and agrees with previous reports on their fast rate capability. Since the

salt in electrolyte participates the overall reaction, we calculated the theoretical specific
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capacity for this battery reaction as 79 mAh g and theoretical specific energy density as
174 Wh kg considering 2.2 V as the average discharge voltage. Experimentally, we
demonstrated the energy density of 135 Wh kg and power density of 1.67 kW kg™ at
20C (see supplementary information of reference 148 for the specific energy and power

calculations).
3.5 Chemical Environment and Structural Change of FeFe(CN)¢ Cathode
During Battery Cycling

To shed light on the chemical environment and structural change of BG during the
Na insertion/deinsertion process, we carried out synchrotron radiation based X-ray
absorption near edge structure (XANES) and high-energy X-ray diffraction (HEXRD)
measurements. XANES is a powerful technique for detecting the average oxidization

state of elements.
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Figure 3.7 (a) Fe K-edge XANES and (b) HEXRD spectra of pristine, discharged, and
recharged BG cathodes. (* indicates the diffraction peak from the PTFE
binder)

Figure 3.7a shows XANES spectra for pristine, discharged, and recharged BG

samples at the Fe K-edge. The pristine sample shows the main absorption peak at 7130

eV as the result of dipole-allowed Fe ls to 4p transition.''* The pre-edge features
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typically seen in most transition metal oxides are not discernible. With Na-ion insertion,
the Fe K-edge showed a clear shift to lower energy of 7127 eV caused by the reduction of
the oxidation state of Fe. A small hump around 7118 eV is also observed and could be
explained by the ligand to metal charge transfer.'” Since the LS-Fe(IIl) was reduced to
LS-Fe(Il), its ty, orbitals were filled up. Therefore charges in CN molecular orbitals may
be transferred to the empty E, orbital of LS-Fe(II). The reduced symmetry of the sodiated
BG framework may also be associated with the K-edge peak shift. As Na' ions are
removed from the BG electrode, the K-edge absorption peak returned to the pristine peak
position at 7130 eV.

Ex-situ HEXRD experiments were conducted for the same set of samples. The
pristine BG sample has an FCC structure with the unit cell size of 10.215 A calculated
from its XRD pattern in Figure 3.7b. The shift of all peaks positions to smaller angle in
the XRD patterns of Na;s,FeFe(CN)s is indicative of an insertion mechanism.
Calculation shows the increase of unit cell size to 10.394 A, corresponding to ~5.3 %
larger unit cell volume than that of the pristine compound due to Na-ion insertion. We
also observed that the full width at half maximum (FWHM) for (220), (420), (422),
(440), and (620) peaks reversibly increases during discharge and decreases during charge,
while the FWHM of (200), (400), (600) peaks remains unchanged during the same
processes. We ascribe such a phenomenon to the slight non-uniform structural distortion
of BG in the b and ¢ direction. Na insertion into BG framework can lead to a cooperative
rotation of the FeNy and FeCs octahedral that retains straight CN™ anions and stabilizes

the displacement of the Na™ along the (111) axis towards the more negative FeNg site.!'*
P g g

115, 126
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3.6 Conclusions

In summary, we have demonstrated a low-cost high-power Mg/Na hybrid battery
enabled by high-voltage Mg-Na dual salt electrolyte (3.2 V vs Mg/Mg®"), open
framework cathode, and the fast-kinetic Mg metal anode. The full cell delivers an
average discharge voltage of 2.2 V and stable cycling for 50 cycles. We obtained the high
power density of 1.67 kW kg'. The unit cell of BG has only 5.3 % volume increases than
the pristine compound and slight non-uniform structural distortion when 1.52 Na inserts
into the framework. XANES study shows a clear reversible shift of Fe K-edge to lower
energy and a small hump around 7118 eV. At the anode side, EDX and SEM confirm fast
and reversible Mg-only deposition mechanism. Therefore this work opens the door to
many Na-ion cathode materials for high voltage Mg-Na hybrid batteries that could

become a viable candidate for stationary energy storage high.
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Chapter 4 High-Energy Mg Batteries using Polymer Cathodes

4.1 Introduction

Magnesium metal has the high capacity (2205 mAh g and 3833 mAh cm™), low
redox potential (-2.37 V vs NHE), resource abundance, and non-dendritic deposition
behavior to be qualified as an ideal anode for high-energy batteries.'” A major challenge
for realizing viable Mg batteries is the hunt for high-performance cathode materials that
are chemically compatible with electrolytes in which highly reversible Mg

12-13

deposition/stripping occur. Magnesium ion has the radius of a Li ion but double the

positive charge, hence strong electrostatic interaction with anionic species in both

%35 Both cleavage of Mg”" from solvated species such

electrolytes and cathode materials.
as MgxCl, " before intercalation and solid-state Mg*" diffusion through negatively charged
intercalation sites involve high energy barriers as a result.'®'® '*’ Intercalation-type Mg-
storage materials Chevrel phase MogSg and cubic Ti,S4 (c-Ti,S4) deliver state-of-the-art
specific energies of 140 and 212 Wh kg™ at elevated temperatures, respectively, but those

values reduce to the less attractive 105 and 123 Wh kg’ at room temperature,

respectively (Figure 4.1). > '*® Other intercalation- and conversion-type compounds

9 29, 104

with high potential/specific capacity such as V,0s'* and sulfur may become
interesting candidates if compatibility with Mg anode and a practical cell design becomes
available."”” Recently, multiple groups, including ours, have reported efficient Mg
storage with organic electrode materials in both aqueous and non-aqueous electrolytes.'*""
0L 30133 gome organic electrode materials, such as poly(1,4-anthraquinone) (P14AQ)

and 2,5-dimethoxy-1,4-benzoquinone (DMBQ), deliver specific energies that match or

exceed those by the best intercalation compounds even at room temperature in similar
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Mg.Cl, -based electrolytes.'®" *° Such unique performance prompted us to scrutinize the
Mg storage chemistry and, more importantly, the practicality of organic carbonyl

compounds as cathode materials for Mg batteries.

500
= c-Ti,S,, 60 °C \\EN\iBQ, RT
2 200 | T R
s v T
. N : o~ P14AQ, RT
& 1004 c-Ti,Sy, RT ;
c ] Mo,Sg, 50 °C
0]
9 |
9 50
& ] Mo,Sg, RT
20 Ty T LA | T LR | T
10 100 1000

Specific power (W kg™)
Figure 4.1 Ragone plot of representative Mg batteries.

Herein we report the Mg storage behavior of selected organic carbonyl compounds
using a range of Mg metal-compatible electrolytes, based on which we propose a
pathway towards high-energy organic Mg batteries. A vast library of organic carbonyl
electrode materials are available thanks to active research on organic Li batteries, >*'*®
among which three compounds are selected as model compounds: the small-molecule
quinone DMBQ which boasts high Li-storage specific capacity'*” and the highest specific

energy for an Mg-storing organic cathode;'">°

the polymeric quinone P14AQ which shows
relatively high specific energy and great cycling stability as both organic Li'* and Mg'"!
cathodes, and the conjugated redox polymer poly[N,N’-bis(2-octyldodecyl)-1,4,5,8-
naphthalenedicarboximide-2,6-diyl]-alt-5,5’-(2,2’-bithiophene) (P(NDI20D-T2)) which

is a particularly fast and stable organic cathode for Li storage."*' Quantitative elemental

analysis reveals that regardless of molecular structure or molecular weight, all three
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compounds predominantly store MgCl” instead of the previously assumed Mg*~ when
tested in Mg,Cl, -based electrolytes. Since the electrolyte is the sole supply of Cl, the
MgCl-storage chemistry turns the electrolyte into an additional charge storage component
alongside the cathode and anode. As such, this chemistry is not likely to allow for a lean-
electrolyte cell design which is crucial for a high-energy cell. However, we manage to

enable a Mg-storage chemistry by electing chloride-free electrolytes with weakly

142 33-34

coordinating bis(trifluoromethane)sulfonimide (TFSI) ™ and closo-carborane anions,
in which little or no anion co-storage with Mg*" is observed in our model polymers. The
change from MgCl- to Mg-storage chemistry increases cell-level specific energy by
multiple times, as explained theoretically by calculation and experimentally by cells
using a limited amount of electrolyte (“lean electrolyte” conditions). Finally, through
optimal combination of organic carbonyl polymer cathodes and Mg-storage-enabling
electrolytes we are able to demonstrate high specific energy, power, and cycling stability
that are rarely seen in Mg batteries.

4.2 Experimental Procedures

4.2.1 Fabrication of Organic Electrodes

Electrode compositions and preparation methods followed previous reports for
DMBQ,"” P14AQ,"" and P(NDI20OD-T2)'*' for fair comparison. For lean electrolyte
tests, we increased the ratio of the active material to avoid unnecessary electrolyte take-
up by inactive components. The preparation of P(NDI20D-T2) electrodes followed
previous binder-free procedure for the same polymer.'*' P(NDI2OD-T2) and Super-P
carbon were hand-ground with pestle and mortar at a mass ratio of 6:4 with the aid of 1,2-

dichorobenzene without the use of binder. The resulted slurry was spread onto stainless
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steel foil current collectors. The preparation of P14AQ and DMBQ electrodes followed a
binder assisted procedure for quinone electrodes.””' P14AQ, Super-P carbon, and
polytetrafluoroethylene (PTFE) binder were mixed in a 4:5:1 ratio with the aid of ethanol
and pressed into stainless steel mesh. DMBQ, Super-P carbon, and PTFE binder were
mixed in a 5:4:1 ratio with the aid of ethanol and pressed on a molybdenum (Mo) foil.
Mo foils were used due to its anti-corrosion property at high charging potentials. The
areal mass loading of active materials is 1 mg cm™ in this work unless otherwise
indicated. For the experiment on the effect of the electrolyte amount on the capacity,
P14AQ, Super-P carbon, and PTFE binder were mixed in a 6:3:1 ratio and the areal mass
loading of P14AQ in the electrode is 5 mg cm™. All electrodes were dried at 100 °C
under vacuum for 6 hours and used without being calendared.
4.2.2 Electrochemical and Material Characterizations

Tubular hermetically sealed three-electrode cells® were used for all electrochemical
characterizations except for lean electrolyte tests, for which two-electrode coin cells were
used. The three-electrode cells require such a large amount of electrolyte (testing setup
shown in Ref. 8) that we decided to use the affordable Mg(TFSI),/diglyme as a model
electrolyte for the chloride-free scenario. Practical batteries are expected to be, instead,
fabricated using two-electrode cells where a small amount of electrolyte is needed and
the use of the optimal Mg(CBH»)./tetraglyme electrolyte, in which the overpotential
for Mg plating/stripping is small,”> becomes economically viable. The two electrolytes
share high-efficiency Mg plating/stripping and chloride-free electrolyte with the only
difference being the anode overpotential. All cells were assembled in an Ar-filled

glovebox (M-Braun Co., Garching, Germany), and electrochemical characterizations
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were conducted using a potentiostat (VMP-3, Bio-Logic Co., Claix, France). For three-
electrode set-up, the electrodes of interest were used as working electrodes. Freshly
polished magnesium foils (50 wm thick, 99.95%, GalliumSource, LLC, Scotts Valley,
CA) were used as both counter and reference electrodes. The capacity of the Mg anode is
greater than that of cathode. A trilayer polypropylene/polyethylene/polypropylene
(PP/PE/PP) separator (25 wm thick, Celgard 2325, Celgard, LLC) was used in coin cells.
The electrodes at different discharge and charge states were characterized by XPS
(Physical Electronics Model 5700), ICP-OES (Agilent Technologies, Model 725), and
EDS. Energy-dispersive X-ray (EDX) spectroscopy measurement was conducted using a
JEOL JSM 6400 SEM and an EDAX with Octane Silicon Drift Detector (SDD). The
electrodes were taken out from disassembled cells in an Ar-filled glove box. The
electrodes were dipped in anhydrous DME or THF for 3 min, and this procedure was
repeated 3 times. The washed electrodes were then vacuum-dried at room temperature for
2 h before characterizations.
4.2.3 Specific Energy Calculations
For cells using chloride-containing electrolytes, the calculation is based on the
following reaction equations:
CsHgO4 (DMBQ) + Mg + MgCl, <= (MgCl),-CsHgO4 and (4-1)
(C14Hg0,), (P14AQ) + nMg + nMgCl, <= [(MgCl),-C14HsO2],. (4-2)
The cell specific energy (Es) is calculated as
E,=E x (CS'+¢, '+ h, (4-3)
where E is the average discharge voltage, C. is cathode specific capacity; C, is anode

specific capacity; C. is the apparent specific capacity of the electrolyte defined as
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Ce=zxFx (Myxc'),

where M,, is the molecular weight of the solute that participates in the reaction (MgCl,
here), z is the mole number of electrons transferred with the consumption of one mole of
electrolyte solute molecule (z = 2 for both reactions), F is the Faraday constant, and c is
the weight percentage of the solute (MgCl,) in the electrolyte. For cells using chloride-

free electrolytes, C. is taken out of the equation, so the E is calculated as

(4-4)

E,=E x (C,'+c,. Y (4-5)
Table 4.1 Performance parameters of bells based on MgCl-storage chemistry.
Cathode Electrolyte C. Ca C. E(V) Specific
(mAh (mAh (wt%) (mAh energy
g) g g) (Whkg™)
DMBQ MgCl,- 225 2205 253  1.63 36
Mg(TFSI), in
DME
P14AQ MgCl,- 146 2205 58.1  1.30 53
Mg(HMDS),
in THF
Table 4.2 Performance parameters cells based on Mg-storage chemistry.
Cathode Electrolyte ~ Temp. C.(mAh C,(mAh E Specific
(°C) g ") g) (V)  energy
(Whkg )
MoeSs (tert- RT 100 2205 1.10 105
BuOMgCl)e- 50 129 2205 1.15 140
AICl3 in THF
c-Ti,S4 PhMgCl- RT 130 2205 1.00 123
AICl3 in THF
60 192 2205 1.20 212
P(NDI2OD- Mg(TFSI),in  RT 54 2205  1.44 76
T2) diglyme
P14AQ Mg(TFSI), in ~ RT 193 2205 1.37 243
diglyme

The values of E were taken from the corresponding reports which were typically

obtained in two-electrode cells. For polymer cells based on Mg-storage chemistry, the £

49



values were taken from three-electrode cells. The use of cathode discharge potential
obtained from three-electrode cells as discharge voltage omits the stripping overpotential
of Mg metal; the latter is sufficiently small (e.g., 49 mV at 0.1 mA cm™) compared with
the polymer cathode potential. The performance parameters of cells based on MgCl- and
Mg-storage chemistries are summarized in Table 4.1 and 4.2, respectively.
4.2.4 Synthesis of Organic Electrode Materials

P(NDI2OD-T2) was obtained from Polyera Corp. as reported.'* P14AQ was
synthesized as reported.'”’ DMBQ was purchased from TCI America and used without
further purification.
4.2.5 Preparation of Electrolyte

Mg(TFSI), was dried under vacuum for 24 h at 250 °C. Solvents were pretreated
with molecular sieves (Aldrich, 3 A beads, 4-8 mesh) for two days before use unless
otherwise specified.

Preparation of 0.25 M Mg(TFSI), and 0.5 M MgCl, in DME electrolyte:

The electrolyte synthesis was carried out inside an Ar-filled glove box (M-Braun).
In a typical synthesis of 5 ml 0.25 M Mg(TFSI), and 0.5 M MgCl, electrolyte, 0.73 g
Mg(TFSI), powder (Solvionic, 99.5%) was added to a suspension of MgCl, (Alfa Aesar,
99.999%, 0.24 g in 5 ml DME) in a 10 ml glass vial. The mixture was stirred at 70 °C for

6 h in a sand bath and then cooled down to room temperature to afford a clear solution.
Preparation of 0.2 M Mg(TFSI); in diglyme electrolyte:

In a typical synthesis of 5 ml 0.2 M Mg(TFSI), electrolyte, 0.58 g Mg(TFSI),
powder (Solvionic, 99.5%) was added to 5 ml diglyme in a 10 ml glass vial under stirring

at room temperature for 2 h to afford a clear solution.
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Preparation of 0.3 M Mg(HMDS); and 1.2 M MgCl, in THF electrolyte:

In a typical synthesis of 5 ml 0.3 M Mg(HMDS), and 1.2 M MgCl, electrolyte, 0.52
g Mg(HMDS), powder (Sigma-Aldrich, 97%) was added to a suspension of MgCl, (Alfa
Aesar, 99.999%, 0.57 g in 5 ml THF) in a 10 ml glass vial. The mixture was stirred at

room temperature for 48 h to afford a clear solution.

Preparation of 0.3 M Mg(CByH)5), in tetraglyme and 0.5 mol kg"' Mg(CB;,H,), in

DOL/DME (1:1, w/w) electrolytes:

[Mg(DME);](CB1H)2), was synthesized as reported.'** In a typical synthesis of 0.3
M Mg(CBjH),), in tetraglyme, [Mg(DME);](CB;Hi2), (279.7 mg) was dissolved in
anhydrous tetraglyme (1.542 ml, dried as reported®) with stirring and the resulting clear
solution was vigorously stirred under vacuum for 15 mins to remove DME solvent. In a
typical synthesis of 1.5 ml 0.5 mol kg’l Mg(CB;1H2), in DOL/DME (1:1, w/w),
[Mg(DME);](CB11Hi2)2 (379.5 mg) was added to 542.5 mg of DME and 717.8 mg of

DOL and stirred at room temperature to afford a clear solution.

4.3 Charge Storage Mechanism of Organic Electrodes in Chloride-
Containing Electrolytes

Since a large variety of electrolytes are involved in this work, we performed cathode
evaluation in three-electrode cells so that their voltage profiles were not obscured by any
difference in the overpotential for Mg plating/stripping in different electrolytes. We first
studied the charge storage mechanism of carbonyl compounds DMBQ, P14AQ, and
P(NDI2OD-T2), the molecular structures of which are shown in Figure 4.2, in typical

chloride-containing electrolytes.'* '** DMBQ was originally reported in Mg(ClOy),-
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butyrolactone and Mg(TFSA);-sulfone electrolytes where DMBQ showed low potentials
of ~1.1 V vs Mg/Mg”>".”” The low potentials were interpreted as the result of the two
chloride-free electrolytes being incompatible with Mg metal. A recent reinvestigation of
the molecule in Mg(TFSI),-2MgCl, in dimethoxyethane (DME), an electrolyte capable
of Mg metal plating/stripping,” revealed a clear discharge plateau at ~2 V vs Mg/Mg*"
with specific capacity slightly above 100 mAh g followed by a slope with another 100
mAh g'."*" Here we investigated the material in the same electrolyte for a fair
comparison but used the inert Mo foil instead of stainless steel as the current collector for
cleaner chemistry.'” Figure 4.2a shows well-defined plateaus for both charge and
discharge with similar specific capacity (200 mAh g™) to reported values. The DMBQ
electrodes composed of DMBQ, conductive carbon, and polytetrafluoroethylene (PTFE)
at pristine, discharged, and charged states were subjected to energy dispersive X-ray
spectroscopy (EDS) analysis. Strong Mg and Cl signals arose upon discharge, then both
vanished when charged (Figure 4.2d). The simultaneous appearance and disappearance of
both signals indicates co-storage of the two elements. The presence or absence of TFSI”
in the discharged sample cannot be confirmed due to the F signal arising from PTFE, but
the possible TFSI storage can be ruled out as to be discussed later. The atomic ratio of
Mg to Cl is 1:0.60 (with an error bar of £4.1%), i.e., a split of ca. 2:3 between Mg>" and
MgCl". Therefore, the DMBQ | Mg(TFSI),-2MgCl, | Mg battery is a hybrid-ion battery
dominated by MgCl-ion storage rather than a Mg-ion battery.

Compared with molecular organic compounds, organic polymers are more popular
cathode candidates due to their lower solubility in organic electrolytes. Therefore, we

also studied P14AQ as a representative polymer cathode. Another Mg metal-compatible
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electrolyte, Mg(HMDS),-4MgCl, (HMDS = hexamethyldisilazide) in tetrahydrofuran

(THF), was used following a previous report.'*®

The polymer showed a sloping plateau
during both charge and discharge with a specific capacity of 155 mAh g™ at an average of
~1.36 V vs Mg/Mg”>" (Figure 4.2b), agreeing well with previous report.'”" Both Mg and

ClI signals were again observed in the discharged electrode, with the atomic ratio of

Mg:Cl being 1:0.97 (with an error bar of +4.3%), indicating almost exclusive MgCl"

storage (Figure 4.2¢).
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Figure 4.2 Charge storage mechanism of organic electrodes in chloride-containing
electrolytes. (a and d) DMBAQ. (b and e) P14AQ. (c and f) P(NDI2OD-T2).

The S-containing carbonyl polymer P(NDI20OD-T2) provides more insight into the
electrode reaction. According to previous studies of the polymer for Li batteries, each
repeating NDI2OD-T2 unit reversibly stores two electrons, corresponding to a theoretical
capacity of 54.2 mAh g.'*" As shown in Figure 4.2¢, the polymer showed flat plateaus
for both charge and discharge with a small overpotential of 133 mV. The observed
specific capacity of 52.8 mAh g corresponds to 97% of its theoretical capacity. Such

high level of material utilization is a major improvement from the previous reports
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(<70%)'” and implies that there is no fundamental limitation for an organic electrode
material to achieve designed capacity. Binder-free electrodes composed of P(NDI2OD-
T2) and conductive carbon were tested in a Mg(TFSI),-2MgCl, electrolyte (same as that
for DMBQ) and analyzed with EDS (Figure 4.2f). When half-discharged, the atomic ratio
of Mg:CIL:S was 1:0.96:1.97 (with an error bar of +4.3%), i.e., each electron injected into
the polymer is balanced by a MgCl" ion. As discharge completed, both Mg and Cl
amount doubled, and the ratio became 1:0.96:0.99 (with an error bar of +3.2%). Upon
charge, both Mg and Cl signal disappeared, leaving only S of the bithiophene moiety. No
F signal was detected throughout the cycle even though there are TFSI ions in the
electrolyte. We conclude that both polymers underwent MgCl" storage regardless of the
redox active cores (quinone vs. imide), solvent (THF vs. DME) and the anion species
(HMDS- vs. TFSI). On the basis of the fact that all previously reported organic Mg
batteries use quinone and imide molecule/polymer cathodes and chloride-containing
ethereal electrolytes, we believe what were assumed organic “Mg-ion” cathodes and

batteries all involve MgCl-storage chemistry.

4.4 Charge Storage Mechanism of Organic Electrodes in Chloride-Free
Electrolytes

A hybrid-ion cell design where the cathode and anode store different ions (MgCl"
and Mg”" in this case) offers plenty of flexibility in choice of electrode chemistry and has

enabled many interesting types of batteries.”" ! 1477143

However, the reliance on extra
electrolytes dedicated to ion storage, as will be demonstrated later, makes such design

unlikely to compete as a high-energy battery. We have therefore explored the plausibility

of true organic Mg-ion batteries by using chloride-free Mg metal-compatible electrolytes.
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Figure 4.3 Charge storage mechanism of P(NDI20OD-T2) in chloride-free electrolytes. (a)

Voltage profiles. (b) EDS of P(NDI2OD-T2) at different states of charge. (c)
XPS of discharged P(NDI2OD-T2).

Figure 4.3a shows such an example using a P(NDI20OD-T2) cathode and an
Mg(TFSI),/diglyme electrolyte. This very simple electrolyte, when dried thoroughly,
allows reversible Mg plating/stripping with a surprisingly decent coulombic efficiency of
98.8% albeit a large overpotential for stripping (Figure 4.4). It makes for an economic
model electrolyte for our three-electrode cells where a large amount of electrolyte is
required and the anode overpotential does not obscure cathode profile. P(NDI2OD-T2)
again showed flat plateaus with small polarization (91 mV) and 99.8% material
utilization (54.1 mAh g). EDS analysis showed Mg:S ratios of 1:3.81 (with an error bar
of +4.4%) and 1:2.01 (with an error bar of +3.1%) for the half-discharged and fully
discharged states, respectively, and no F signal throughout the cycle (Figure 4.3b). The
results indicate no anion co-storage, and each Mg”" balances two negative charges. X-ray
photoelectron spectroscopy analysis of the discharged sample also confirmed the absence
of F (689 eV) in Figure 4.3c.

Another example involved P(NDI20OD-T2) cathode and a Mg(CB;;H »)./tetraglyme
electrolyte which showed efficient Mg plating/stripping.”> The monocarborane anion
CBjH), is non-corrosive, chemically inert, and, most importantly, weakly coordinating.

P(NDI2OD-T2) shows slightly larger polarization (151 mV) and lower specific capacity
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(50.5 mAh g) in this electrolyte, most likely due to the high viscosity of tetraglyme

(Figure 4.5).

Current density (mA cm ™)

Figure 4.4 Cyclic voltammogram (5" cycle) for Mg metal plating/stripping in 0.2 M
Mg(TFSI), in Diglyme.

Vig)

|

Figure 4.5 The voltage profiles of P(NDI20OD-T2) and Mg in 0.3 M Mg(CB;H),), in
tetraglyme.

The discharged electrode had a Mg:B:S ratio of 1:2.21:1.93 according to inductively
coupled plasma (ICP) spectroscopy. The atomic ratio does not allow us to mathematically
determine whether the B existed as the hybrid ion Mg(CB; H}2)" or residual solute
Mg(CB,H2),. If all B entered the polymer as Mg(CB''H,»)", the ratio of Mg®" and
Mg(CB,H,2)" would be ca. 4:1, i.e., Mg”" being the dominant storage species. However,

considering the fact that the more strongly coordinating TFSI™ anions did not enter the
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polymer as Mg(TFSI)", the possibility of Mg(CBHy,)™ is less likely.'* '* Instead,
residual Mg(CBj1H2), is the more likely source of B due to the difficulty for thoroughly
washing the very viscous electrolyte from the polymer electrode. The above two
examples indicate the plausibility to have an Mg*'-storing organic cathode in an Mg
metal-compatible electrolyte.

4.5 Impact of MgCl- and Mg-Storage Chemistries on Cell Specific Energy

The ion storage chemistry has an immense impact on the specific energy of a
battery. Figure 4.6a and b compare the reaction and mass flux in Mg batteries based on
MgCl- and Mg-storage chemistries, respectively. During the discharge of an MgCl-
storage cell, an Mg atom in the Mg metal anode loses two electrons and enters the
electrolyte as Mg*". Mg then accepts a Cl” from the MgCl, in the electrolyte and forms
MgCl", which enter the cathode as monovalent cations. Since the cathode stores both
Mg*" and CI” but the anode stores only Mg, the electrolyte has to double as a CI” reservoir
(in addition to ion conduction), and the amount of CI" in the electrolyte must at least
match the capacity of the cathode. The Mg-storage scenario is a much simpler rocking-
chair mechanism where a flux of Mg®" goes from the anode to the cathode during
discharge and vice versa. Minimal electrolyte is needed to provide ionic conduction

between the two electrodes.
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Figure 4.6 Working mechanism of organic cathodes in (a) Cl-containing and (b) Cl-free

electrolytes. (c) Breakdown of weight of each component. (d) The effect of
the amount of electrolyte on cell capacity.

One way to visualize the impact of the storage chemistry on cell energy is to look at
the weight of materials needed to achieve a given energy. Figure 4.6¢ breaks down the
weight of cathode material, anode material, and electrolyte (both solute and solvent) per
watt hour for some representative Mg battery chemistries. The weight of anode material,
i.e., Mg metal, is marginal in all cases due to its high specific capacity. Thiospinel Ti,S4
operated at 60 °C takes less than 5 grams of electrode materials to achieve 1 Wh.
Previously reported organic cathodes P14AQ and DMBQ, when considering a solely
MgCl-storage mechanism, suffer significantly from the massive weight of electrolyte.

The situation is worse for DMBQ than for P14AQ due to a less concentrated MgCl,
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being used for the former (0.5 vs 1.2 M). While it is possible to reduce the electrolyte
amount by increasing the MgCl, concentration, the limited solubility of MgCl, would
eventually become the limiting factor. Similar discussions on the energy limitation by
electrolyte had been made for hybrid-ion battery chemistries such as Mg —Li"/Na”
hybrid batteries'*’ and AICl,-based Al batteries.*® These batteries could theoretically use
much more concentrated electrolytes, but the weight of electrolyte was still found to be
the main limit on practical cell energy. Moving from MgCl- to Mg-storage chemistry
trims the electrolyte from energy storage components, enabling P14AQ-Mg one of the

highest-energy Mg batteries.
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Figure 4.7 (a) CV for Mg metal plating/stripping in 0.5 mol kg"' Mg(CB;,H,), in DOL-
DME. (B) Electrochemical performances of an Mg/Cu asymmetric cell in 0.5
mol kg™ Mg(CB,,H,), in DOL-DME.

The above analysis assumes the cell operation is sustained as long as the MgCl-
storage chemistry is stoichiometrically satisfied. In practice, all CI' stored in the
electrolyte cannot be consumed before the cell fails because an appropriate concentration
of CI" is necessary to keep up the reversibility of Mg plating/stripping.””' To develop a

more realistic understanding of the impact of the hybrid-ion chemistry on cell energy, we

have compared P14AQ-Mg cells in electrolytes containing MgCl" and Mg”" under “lean
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electrolyte” conditions (Figure 4.6d). Electrodes with high areal loading (5 mg cm™) were
used to better reflect a real-world application scenario. The Mg(HMDS),-4MgCl, with a
relatively high MgCl, concentration was used for the MgCl™ cell. The Mg®" cell
employed a low-viscosity monocarborane electrolyte by replacing tetraglyme with a
mixture of 1,3-dioxolane (DOL) and DME (Figure 4.7).

The polymer delivered the same maximum capacity of ~180 mAh gp4pq” in both
electrolytes when the electrolyte is abundant. As we reduced the electrolyte—capacity
ratio (E/C ratio, in g A h™") by decreasing the amount of electrolyte, the capacities of
both cells dropped. To deliver 90% and 50% of the maximum capacity, the MgCl" cell
required 620 and 142 g A h™' of electrolyte, respectively, while the Mg®" cell 41 and 20
g A ', respectively. That is, the Mg”" cell needs about one order of magnitude less
electrolyte to deliver the same capacity. To put it into context, a Li-S cell with an
electrolyte—sulfur ratio (E/S ratio, in g g”') of 12, a common lean electrolyte condition,
has a E/C ratio of 15 g A™ h™' considering a specific capacity of 800 mAh g'."** To the
best of our knowledge, this is the first report on an Mg battery operated with a limited
amount of electrolyte. We expect higher capacity at lower E/C ratio when dedicated
efforts are made to optimize electrode and cell fabrication.

4.6 Electrochemical Performance of Organic Mg-lon Batteries

We have studied the rate capability and cycling performance of P(NDI20OD-T2) and
P14AQ in greater detail. P(NDI20OD-T2) showed excellent fast charge—discharge
performance with well-defined plateaus and 70% of theoretical specific capacity
maintained at 50C (1C = 54 mA g') (Figure 4.8a). P14AQ showed two plateaus as

opposed to one as observed in chloride-containing electrolytes; the polymer also showed
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one plateau for Li" storage, therefore, the difference in plateau number may be intrinsic to
the valence of ions stored. The performance of PI4AQ is more sensitive to current

density, but the maximum specific power of 553 W kg™ is still appreciable especially

considering this result is obtained at room temperature (Figure 4.8b).
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Figure 4.8 (a and b) Rate performances for P(NDI2OD-T2) and P14AQ. (c) Ragone plot
of organic Mg batteries with different ion-storage mechanisms. (d) Cycling
stability of P(NDI20OD-T2) and P14AQ.

Figure 4.8c compares the energy and power of cells operated on the two storage
chemistries. When the specific capacities of cells obtained from electrolytes containing
MgCl" are calculated based on the weight of the electrode materials, the specific energies
of the DMBQ-“Mg*" and P14AQ-“Mg*™ cells both appear pretty high (light blue).
Once the MgCl-storage mechanism and the weight of the theoretically required amount
of electrolyte are considered, the specific energies of DMBQ-MgCl and P14AQ-MgCl
(deep blue) drop well below those achieved by inorganic intercalation compounds. The
specific energies of the Mg-storage P(NDI20OD-T2)-Mg”" and P14AQ-Mg" cells are not
discounted by electrolytes (red). The P14AQ-Mg*" cells show specific energies of up to

243 Wh kg', while the P(NDI20D-T2)-Mg*" cells show specific powers of up to 3.4 kW
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kg'. Both P(NDI2OD-T2) and P14AQ showed stable cycling performance. As shown in
Figure 4.8d, P(NDI20D-T2) maintained 87% of its initial capacity after 2500 deep cycles
(> 700 hr; current density of 300 mA g'), representing one of the most stable cycling
performance for a non-aqueous Mg battery. As shown in Figure 4.8e, P14AQ stabilized
at ~130 mAh g after decay in the initial ~10 cycles at a current density of 130 mA g’
After 10 cycles, the average coulombic efficiency is slightly beyond unity at 100.5%
which we ascribe to shuttle effect due to the slight dissolution of P14AQ.

4.7 Conclusions

In summary, we have evaluated the suitability of organic compounds as cathode
materials for high-energy Mg batteries. We have identified that in typical chloride-
containing electrolytes, storage of MgCl" is dominant in probably all organic electrode
materials, hence previously assumed organic “Mg-ion” electrodes/batteries are indeed
hybrid-ion ones. The negative impact of the hybrid-ion-storage chemistry on the cell
specific energy was elucidated through theoretical analysis and cell tests with controlled
amount of electrolyte. We further showed that with the right combination of organic
cathodes and chloride-free electrolytes, storage of Mg in organic electrodes is possible
without compromising the reversibility of Mg metal plating/stripping and the energy and
power of the cell. Preliminary results from lean electrolyte cells indicate the plausibility
for organic Mg batteries to be designed as practical high-energy storage devices. With the
help of the Mg-storage chemistry, organic polymers have delivered some of the highest
specific energy, power, and cycling stability for Mg batteries. Going forward, designing

electrodes with higher mass loading, higher active material ratio, and lower electrolyte
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demand would be just as important as developing better cathode materials for achieving

truly high practical cell specific energy.
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Chapter 5 High Power Mg-Organic Batteries

5.1 Introduction

Magnesium batteries are receiving increasing attention, since dendrite-free Mg
metal can be directly used as anode.'’ Although Mg dendrite was reported recently, this
structure was only observed in the electrolytes with poor or unknown performances.*
Non-dendritic plating behavior has been widely reported in efficient Mg electrolyte.®
Theoretically Mg battery has an absolute advantage over current Li-ion battery in terms
of cost, safety, and energy, however, its development has been severely hindered due to
the lack of appropriate cathodes and practical electrolytes.'? It is impossible to deny that
in recent years great progress has been made in cathodes (TiS,, S, polymers)* 2% 100
and electrolytes (non-nucleophilic and chloride-free electrolytes),*>* '** however, Mg
battery based on MoeSg cathode still represents the benchmark Mg battery in terms of
energy and cycling stability since it was demonstrated by Aurbach et al. 20 years ago.’

At the early stage, it was generally believed that the only hurdle for developing Mg
cathode is the clumsy Mg”" intercalation due to the sluggish solid-state diffusion of
divalent Mg”", but recently people gradually realized that how to overcome the high
dissociation energy at the interphase between electrode and electrolyte is equally
challenging.'®"” The dissociation energy includes the bond-breaking energy of MgCl-
complex and desolvation energy. Firstly, in most chloride-containing Mg electrolytes, CI’
forms strong ionic bonds with Mg, and the Mg-Cl bond is hard to break before
intercalation. Wan et al. estimated the Mg-Cl bond strength can easily exceed 3 eV."

Secondly, even in chloride-free electrolytes, a high desolvation energy of 1 eV need to

overcome.”” The magic of MoSs lies in its surface catalysis capability to decrease the
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dissociation energy to 0.1 eV, enabling Mg”" ions to get rid of CI ions and solvent easily.
Most intercalation-type materials do not have this ability, resulting in failure of their
application for Mg batteries. Besides, sluggish diffusion is definitely a serious problem,
which cannot afford to overlook. Even representative MosSg, s-Ti2S4and V,0s can only

9:23.25 Tg tackle above two

operate well at elevated temperature and small current density.
challenges, two reliable approaches were proposed recently. The first alternative way is
to use conversion materials, such as sulfur, which undergo dissolution-precipitation
reactions that do not involve solid-state ion transport.”® % Although Mg-S batteries
typically can release an ultrahigh energy at the first cycle, however, they decay very fast
with cycling. The performance decay of these batteries has been attributed to the
dissolution of polysulfides and formation of MgS passivation layer on Mg anode.'”’
Moreover, the process of bond breaking during the reduction of sulfur leads all Mg-S
even Li-S batteries to deliver a low capacity at high current density.">* Secondly, instead
of dealing with the problematic dissociation, intercalating solvated Mg,Cly-ions in certain
hosts can bypass the most challenging step. This approach has been realized in
intercalation compounds with open interstitial space and organic polymers.'® > This
method seems to solve the problem, however, it actually sacrifices the cell energy, which
is limited by the concentration of MgCl, in the electrolyte.* With the right combination
of organic cathodes and chloride-free electrolytes, such as Mg(CB;Hj2), (MMC) in
tetraglyme (G4), storage of Mg®" in organic electrodes is possible.”® Some organic
polymers deliver specific energies that exceed those by the best intercalation compounds

30, 101, 145

even at room temperature. Nevertheless, Mg organic batteries are still at the early

stage of the development, and the energy and power need to be further improved.
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The advancements in Mg electrolytes have been remarkable in the most recent
years, yielding a variety of new systems aim at overcoming the issues previously
associated with classical Mg electrolytes, typically composed of complex chloride-
containing solutions formed by combining a strong organic reducing agent and a strong
Lewis acid.” > Among them, anions based on boron clusters stand out as they combine
high reductive and oxidative stability and weakly coordinating nature arising from the
negative charge delocalization within the electron-deficient cluster framework.” Such
distinct features, combined with a benign nature (non nucleophilic, non electrophilic),
prompted our study of Mg(CB;1Hi2), (MMC) as electrolyte for Mg batteries, which was
later considered the third breakthrough in Mg battery electrolytes. In our previous work,
we showed that a solution of MMC in tetraglyme (G4) is capable of Mg deposition and
stripping with high coulombic efficiency, along with an extraordinary oxidative stability
only limited by that of the solvent.”> However, currently all MMC solvates were shown to
dissolve in triglyme (G3) and tetraglyme (G4) beyond 0.5 M, and MMC ether solvates
salts were found to be practically insoluble at room temperature in tetrahydrofuran
(THF), dimethoxyethane (DME) or diglyme (G2). Despite the safety benefits reaped
from the high flash point of long-chain glymes above G3, their increased viscosity and
stronger coordination to Mg®" may hinder ion mobility and render high
solvation/desolvation barriers, respectively.'” Ultimately, these may lead to increased
overpotentials and lower battery rate capabilities. Therefore, the ability of the MMC salt
to function in a less coordinating system, such as THF, DME, and G2, is highly desirable

to enable much improved battery performance.'”
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Herein, I report an Mg battery based on a molecule quinone, pyrene-4,5,9,10-
tetraone (PTO), with a theoretical specific capacity of 408 mAh g™ and a high voltage of
2.1 V. Compared with intercalation-type materials, PTO can bypass the solid-state ion
diffusion through dissolution-precipitation reaction. Compared with conversion-type
materials, PTO does not involve bond-formation and —breaking in the process of
coordination reaction. These two unique characteristics enable PTO to work under ultra-
high current densities. Meanwhile, I report a solution that overcomes the solubility
challenge of MMC in less coordinating ethers and produces a highly functioning Mg
electrolyte, which is MMC in DME/G2. This electrolyte offers a path to discover an
unexplored dimension of Mg metal behavior that further motivates research of Mg based
energy storage devices. This has been manifested by unprecedented and extraordinary
ability to cycle Mg at ultrahigh current densities in the order of 50 mA cm™ with
dendrite-free morphology. Finally, by coupling PTO with MMC in DME/G2, we
demonstrate a high-performance Mg-organic battery with a specific energy of 566 Wh
kg and an ultra-high specific power of 30 kW kg™

5.2 Experimental Procedures

5.2.1 Fabrication of Electrodes

PTO was synthesized as reported.””! PTO, Ketjenblack carbon (KB), and
polytetrafluoroethylene (PTFE) binder were mixed in a 3:5:2 ratio with the aid of ethanol
and pressed to form freestanding electrodes with the areal mass loading being 2.5 mg cm’
2. For the experiment of Mg anode study, sXAS, XPS, ICP, FTIR measurements, and the

electrochemical test of high mass loading PTO electrodes, PTO, KB, and PTFE binder
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were mixed in a 6:3:1 ratio and the areal mass loading of PTO in the electrode was 5 mg
cm™. All electrodes were dried at 85 °C under vacuum for 24 hours.

P14AQ was synthesized as reported.'”’ P14AQ, KB, and PTFE binder were mixed
in a 6:3:1 ratio and the areal mass loading of P14AQ in the electrode was 5 mg cm™. All
electrodes were dried at 100 °C under vacuum for 6 hours.

Sulfur was purchased from Sigma-Aldrich and used without further purification. KB
and sulfur were mixed in a 6:3 ratio and ground together in a mortar, and heated at 155
°C for 24h in a sealed tube furance filled with Argon. After the calcination process, the
sulfur loss was almost negligible. Later, S-KB composite and PTFE were mixed together
at a weight ratio of 9:1 with the aid of ethanol and pressed to form freestanding electrodes
with the areal mass loading being 5 mg cm™. The electrodes were dried at 50 °C under
vacuum for 6 hours.

5.2.2 Preparation of Mg(CBH,)» Based Electrolytes

[Mg(DME);](CB1H2), was synthesized as reported.'* In a typical synthesis of
Mg(CB;H2), in tetraglyme, [Mg(DME);](CB;Hi2), was dissolved in anhydrous
tetraglyme with stirring and the resulting clear solution was vigorously stirred under
vacuum for 15 mins to remove DME solvent. In a typical synthesis of 0.5 mol kg™
Mg(CB;H2), in DME/G2 (1:1, w/w), a weighed amount of [Mg(DME);](CB;1H12)2
solvate was added to tared 2 ml vial containing a stir bar and the vial was capped with a
septum-lined cap. A weighed amount of DME was added with a syringe and the mixture
was stirred for about 10 seconds. G2 was then added dropwise with a syringe while
stirring until dissolution. All Mg(CB;;H2), based electrolytes were prepared in Toyota

North America.
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5.2.3 Preparation of 0.5M Mg(TFSI), in DME Electrolyte

In a typical synthesis of 5 ml 0.5 M Mg(TFSI), electrolyte, 1.46 g Mg(TFSI),
powder (Solvionic, 99.5%) was added to 5 ml DME in a 10 ml glass vial under stirring at
room temperature for 24 h to afford a clear solution. This electrolyte was used for
solvent-storage mechanism study.
5.2.4 Electrochemical and Material Characterizations

All experiments were conducted at 25 °C, using a potentiostat (VMP-3, Bio-Logic
Co., Claix, France) or a battery tester (LAND CT-2001A). All cells were assembled and
tested in an argon-filled glovebox (M-Braun Co., Garching, Germany, <0.5 ppm of water
and oxygen). Mg foil (50 um thick, 99.95%, GalliumSource, LLC, Scotts Valley, CA)
was polished prior to use and Cu foil was washed with acetone prior to use. Two-
electrode Swagelok cells (molybdenum rods as the current collectors) and glass fiber
separators (170 um thick, GF/D grade) were used for all batteries. For Mg|Mg symmetric
cells, two Mg metal electrodes were used. For Mg|Cu asymmetric cells, Mg foil was used
as counter electrode, and Cu foil served as the substrate for Mg metal deposition. The Cu
substrate was preconditioned with 10 times Mg plating/stripping at a current density of
0.5 mA cm™ (30 minutes per cycle). Afterwards, Mg was deposited on Cu for another 15
minutes, and then cycling was continued for another 13 times with a fixed
stripping/plating time (6 minutes per cycle) before a final complete stripping. The last
half-cycle was galvanostatic oxidation with a cutoff voltage of 1.5 V. The coulombic
efficiencies for the first 10 cycles are defined by the ratio of stripping capacity and
plating capacity. The average coulombic efficiency is calculated by dividing the final

stripping capacity by the first plating capacity. For full cells, Mg foil was used as anode,
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and PTO or S or P14AQ electrode was used as cathode. All full cells using MMC/G4
electrolytes were tested under constant current/constant voltage charge and constant
current discharge modes; the constant voltage charge process was initiated when the
charge voltage reached the cut-off and terminated until the charge current density
decayed to 0.2C (81.6 mA g™). All full cells using MMC in DME/G2 electrolytes were
tested under constant current/constant voltage charge and constant current discharge
modes; the constant voltage charge process was initiated when the charge voltage reached
the cut-off and terminated until the charge current density decayed to 0.5C (204 mA g™).
For GO-membrane-incorporated Mg/PTO cells, freestanding GO or GO/GN membrane
was sandwiched between PTO electrode and a glass fiber separator. For the study of Mg
plating/stripping behavior in MMC/G4 containing polysulfide and Mg;PTO, we
discharged a PTO or S electrodes with MMC/G4 in a Swagelok cell. After the PTO or S
discharged to a fresh electrolyte, we replaced PTO electrode with a Cu electrode. We
then conducted galvanostatic measurements using this two-electrode Mg|Cu asymmetric
cells with polysulfide- or Mg, PTO-containing solution. Cyclic voltammetric experiment
of Mg electrolytes was conducted at a scan rate of 35 mV s™' in a three-electrode cell
using a Pt disk as the working electrode, and Mg ribbons as reference and counter
electrodes. Cyclic voltammetric experiments of 0.5 mM S or PTO in acetonitrile
containing 0.1M tetra-n-butylammonium perchlorate at different scan rates were
conducted in a three-electrode cell using a glassy carbon (GC) as the working electrode, a
Pt wire as the pseudo-reference electrode and a Pt disk as the counter electrode. Prior to
the measurements, the equivalent serial resistance of the test circuit was determined by

EIS measurement in acetonitrile containing 0.1M tetra-n-butylammonium perchlorate. A
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pretribulation of 7 mV was applied at the frequencies ranging from 1 MHz to 0.01 Hz.
The first intersection with real axis was determined as the equivalent serial resistance.
The iR drop in the CV test was then compensated. We used the redox potential of the
ferrocene/ferricinium couple as an internal potential reference. We separately performed
cyclic voltammetric experiments of 0.5 mM S or PTO with 2 mM ferrocene in
acetonitrile containing 0.1 M tetra-n-butylammonium perchlorate so that the cyclic
voltammograms for PTO or S were not obscured by ferrocene.
5.2.5 Preparation of GO and GO/GN Membranes

The GO film was prepared by dispersing 6 mg graphene oxide powder in 20 ml
ethanol by a sonifier (450 Digital Sonifier, Branson) for 30 min. The suspension was
filtrated through the Celgard separator to obtain a freestanding film and dried under
vacuum at 80 °C overnight. The GO/GN film was prepared by first dispersing 2 mg
graphene nano-plates (XG Science, Inc.) in 20 ml ethanol by a sonifier (450 Digital
Sonifier, Branson) for 30 min. Then, 4 mg graphene oxide powder (ACS Material, LLC)
was added into the suspension and ultrasonicated for another 30 mins. The suspension
was filtrated through the Celgard separator to obtain a freestanding film and dried under
vacuum at 80 °C overnight. The areal loading for both films was estimated to be 0.4 mg
cm™,
5.2.6 Characterizations

The discharged and recharged PTO electrodes were characterized by XPS (Physical
Electronics Model 5700), ICP-OES (Agilent Technologies, Model 725), sXAS and ATR-
FTIR. sXAS was performed at Advanced Light Source in Lawrence Berkeley National

Laboratory. IR spectra were performed as single reflection attenuated total reflectance
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measurements with powder samples using a Thermo Scientific Nicolet iS 5 instrument
and iD 5 ATR accessory. All electrodes were taken out from disassembled cells in an Ar-
filled glove box, and ground in an agate mortar with pestle to avoid only surface of the
electrodes being measured. The electrodes were dipped in anhydrous DME for 3 minutes,
and this procedure was repeated 3 times. The washed electrodes were then vacuum-dried
at room temperature for 30 min before characterizations. GO membrane and Cu substrate
(with deposited Mg) were characterized by SEM (Gemini LEO 1525 microscopy). Before
analysis, Cu electrode was first rinsed with DME solvent three times to remove residual
electrolytes and vacuum-dried at room temperature. The cross-section of Cu electrode
(with Mg deposition) was prepared by vertically cutting the electrode with a scissor,
which led to a detachment of deposited Mg from Cu substrate, resulting in a gap between

Mg and Cu.

5.3 Electrochemical Performance of Mg-PTO Batteries in Mg(CB;,H,,),/G4

Although conversion materials, such as sulfur, can bypass the issue of sluggish
solid-state ion diffusion, it is well known that there are so many problems for Mg-S
batteries. One of the greatest problems associate with the process of the bond-formation
and -breaking during the reduction of Sg.">* Although the reduced sulfur, such as S,>, can
be re-oxidized, the process is considered as electrochemically irreversible, resulting in the
limited rate capability. The cyclic voltammograms of Sg are shown in Figure 5.1a. The
first set of peaks is attributed to the reduction of Sg to Sg>,"*® and this step is considered
irreversible, since at the scan rate of 100 mV s™, the peak separation width (AE,) was 259

mV, which was significantly larger than 29.5 mV (for an electrochemical reversible

process, AE, should be less than 59/n, n=2 here), and the peak potentials were scan-rate
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17 At more negative potentials, another 2-electron reduction step occured (Sg*

dependent.
to 284%)"*°. The peak separation width (AE,) was 83.2 mV, also indicating an irreversible
redox process. Therefore, the intrinsic irreversible redox process of Sg enables Mg-S
batteries to have poor performances at high current densities. In comparison, a high
power-rate performance is expected for an organic material, because its intrinsic ion-
coordination charge storage mechanism does not contain any bond-formation and —
breaking, and hence the reaction process is expected to be very rapid.””® PTO molecule
theoretically undergoes a four-electron transfer that corresponds to a specific capacity of
408 mAh g, and therefore four pairs of peaks are observed in Figure 5.1b. At the scan
rate of 100 mV s™, the values of AE, (78.4 mV), AE, (54.9 mV), and AE.(71.7 mV), were
lower than 79 mV, which are indicative of reversible redox processes for the first three
mono-electronic couples.'”” The value of AEd (92 mV) is indicative of a quasi-reversible
process for the last redox step.'” Besides, the potentials of all peaks were independent
with the scan-rate. The (quasi)-reversible electrochemically reversibility of PTO

demonstrates that its ion-coordination redox process is sufficiently fast, and which can

potentially be used as high power-rate electrode-active materials.
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Figure 5.1 Cyclic voltammograms of 0.5 mM (a) sulfur and (b) PTO in acetonitrile
containing 0.1 M tetra-n-butylammonium perchlorate.
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The electrochemical performances of PTO were evaluated in MMC/G4 first. The
typical galvanostatic charge-discharge profiles of Mg-PTO cell are shown in Figure 5.2a,
which exhibited a specific capacity of 315 mAh g, and an average discharge voltage of
2.0 V. Two well-defined plateaus were observed during discharge process, corresponding
to solid-liquid and liquid-solid phase transitions. A series of characterizations were
conducted to understand the reaction mechanism of the Mg/PTO battery. As shown in the
inset of Figure 5.2a, the PTO electrodes were taken out from the cells at different states
of discharge and were washed in DME. The pristine PTO electrode slightly dissolved into
the electrolyte, leading to the color of the DME solution turned into light yellow. The
transparent DME solution quickly changed to purple once PTO electrode taken out from
the half-discharged cell at 2.0 V was put in, indicating the intermediate is soluble in the
electrolyte. Whereas the electrode taken out from the fully discharged cell at 0.9 V has

negligible solubility in electrolyte and the DME solution maintained transparent.
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Figure 5.2 (a) Voltage profiles of PTO. Inset: liquid-solid two-phase reaction pathways of
PTO. (b) UV-vis absorption spectra of electrolytes taken from the cells at
different states of discharge.

To examine how many intermediates dissolved in the electrolyte during discharging,

ultraviolet-visible spectroscopy (UV-vis) was used to monitor the change of electrolyte

composition (Figure 5.2b). The samples were collected by immersing the PTO electrodes
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and the separators at different discharged states in DME solutions. Apparently, the
absorption spectra of the electrolyte from the half-discharged cell was the same as that of
electrolyte from the fully discharged cell, however, was different from that of the
electrolyte from the cell before discharge. This result indicates that only one soluble
intermediate formed during discharge. Based on these observations, we proposed the
following reaction pathways during the reduction of PTO:

Stage 1: A solid-liquid two-phase reduction from PTO to Mg,PTO, which shows the
first upper voltage plateau. In this region, PTO is partially reduced and forms a soluble
intermediate, Mg, PTO, through a coordination of one Mg>" with two carbonyl groups at
the same side of PTO. The reaction is
PTO+Mg* +2¢ &>Mg PTO (1™ plateau). (5-1)

Stage2: A liquid-solid two-phase reduction from the soluble Mg,;PTO to insoluble
Mg,PTO through a coordination of 2" Mg*" with two carbonyl groups at the other side

of PTO. This region forms the second lower voltage plateau. The reaction is

Mg, PTO+Mg*'+2¢" & Mg,PTO (2™ plateau). (5-2)
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Figure 5.3 Cycling performance of Mg-PTO cell without GO membrane at a current
density of 81.6 mA g (0.2 mA cm™; 0.2C).
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Soluble intermediate, Mg,;PTO, led to the capacity decay (Figure 5.3). Therefore,
we proposed a unique Mg-PTO battery configuration with an ultrathin graphene oxide
(GO) membrane for high cycling stability (Figure 5.4a). It was reported that the carboxyl
groups on the GO membrane acted as ion-hopping sites of positively charged species
(Mg®") and rejected the transportation of negatively charged species due to the
electrostatic interactions.'® Hence, the GO membrane is expected to be permeable for
Mg*" ions but reject negatively charged species (PTO”), and which are expected to be
confined at the cathode side. Moreover, the typical 2D structure of a GO flake can reduce

the loading amount to form an effective shield layer.
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Figure 5.4 (a) Schematic of a GO-membrane-incorporated Mg-PTO cell. (b) Cycling
performance of a GO-membrane-incorporated Mg-PTO cell.

As shown in Figure 5.5, the thickness of the freestanding GO membrane is only 2
um with a light weight of 0.4 mg cm™, so the volume and weight of this thin layer are
negligible compared to a commercial separator with 25 um thickness and 2 mg cm™
weight. The use of the GO membrane is of great significance in improving the cycling
stability (Figure 5b). The capacity underwent a drop-then-climb phenomenon in first 200
cycles, which could be ascribed to the delayed electrolyte penetration into the
electrode.'®" After this activation process, the reversible capacity increased to 310 mAh g’

! and was stabilized therein for another 500 cycles with a high-capacity retention of 84%.
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The contribution from carbon, PTFE, and GO membrane to the cell capacity was
negligible. Such stable cycle performance for Mg batteries has rarely been reported. After
first several cycles, the average coulombic efficiency is slightly beyond unity at 106.5%,
which we ascribe to shuttle effect, since it is inevitable to have Mg;PTO loss during
discharge/charge and the GO membrane cannot fully block soluble Mg,PTO at cathode
side. The optimization of GO membrane in future could further improve the cycling

stability, coulombic efficiency and voltage hysteresis.

Figure 5.5 (a and b) Cross section morphology of graphene oxide (GO) and graphene
oxide/graphene nanoparticle (GO/GN) hybrid membranes. (¢ and d) Surface
morphology of GO and GO/GN membranes.

5.4 Characterizations of PTO Cathode and Mg Anode

Recent report showed that soluble discharged product could strongly affect the
behavior of the Mg anode. For example, because of the high solubility of polysulfide (PS)
and polyiodide, the inevitable shuttle effect can lead to the passivation of the Mg
anode.'” ' We found the Mg plating/stripping behavior was significantly affected in
PS-containing MMC/G4. As shown in Figure 5.6a and Figure 5.6d, the coulombic
efficiencies for Mg plating/stripping in PS-containing electrolyte were lower than that in

pristine one, and meanwhile, a very large, spike-like, overpotential developed during
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cycling. This observation is in accordance with Aurbach’s results,'”” which has been
attributed to the reduction of polysulfide species on the Mg anode surface, resulting in the
formation of an insoluble passivation layer consisting of MgS. This layer possesses
extremely low ionic and electronic conductivity. Similar with the soluble polysulfides,
intermediate Mg, PTO could also affect the behavior of the anode side.

To illustrate the effect of Mg, PTO on Mg anode, we discharged a PTO electrode
with MMC/G4 in a Swagelok cell. After the PTO discharged to a fresh electrolyte, we
replaced PTO electrode with a Cu electrode. We then conducted galvanostatic

measurement using this two-electrode asymmetric cell with Mg;PTO-containing solution.
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Figure 5.6 (a and b) Electrochemical performances of Mg|Cu asymmetric cells in
MMC/G4 containing polysulfide and Mg, PTO. (c) XPS for Mg anode (Mg-

PTO cell). (d) Coulombic efficiencies of above two cells.
As shown in Figure 5.6b and Figure 5.6d, the coulombic efficiencies and

overpotentials for Mg plating/stripping in MMC/G4 containing Mg;PTO were the same

as those in pristine one. Mg anode later was taken out and investigated by high resolution
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X-ray photoelectron spectroscopy (XPS), where the peak at 293 eV corresponding to m-
n* interaction was observed, which indicates that intermediate Mg;PTO was further
reduced and finally precipitated on Mg anode (Figure 5.6c). Even with an organic layer
formed on Mg anode, the plating/stripping behavior was not affected. The addition of
organic molecules in the electrolyte or on Mg anode is always regarded as an efficient

way to enhance the reversibility of Mg plating/stripping.'®
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Figure 5.7 (a) O K-edge sXAS of pristine, discharged and recharged PTO electrodes. (b)
XPS of Bls and Mg2p for discharged PTO electrode.

To shed light on the chemical environment change of PTO during Mg
coordination/de-coordination process, we carried out synchrotron radiation based soft X-
ray absorption spectroscopy (sXAS) measurement. Figure 5.7a shows sXAS for pristine,
discharged, and recharged PTO electrodes at the O K-edge. The pristine sample showed
the main absorption peak at 530.5 eV as the result of O 1s (C=0) —=n*c-o transition.'®
With Mg*" coordination, the main peak showed a clear shift to higher energy caused by
the reduction of carbonyl groups of PTO. The O 1s — ¢ *c.o transition is always present

163

at higher energy compared to O 1s (C=0) —n*c_o transition.'” As Mg*" were removed

from the PTO electrode, the K-edge absorption peak returned to the pristine peak

position, indicating a reversible redox reaction. The PTO electrode at discharged state
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was subjected to XPS analysis. As shown in Figure 5.7b, both Mg and B signals were
observed with the atomic ratio of Mg:B being 1:2.12. Inductively coupled plasma (ICP)
spectroscopy of the discharged sample also showed the similar Mg:B atomic ratio of
1:2.54. There are two possibilities of the appearance of B signal. One is hybrid ion
Mg(CB,H},)", and the other is residual solute Mg(CB1;H},),. Even if all observed B
coordinated with PTO as Mg(CBy;H,)", the ratio of Mg*" and Mg(CB;;H},)" would be
around 4:1, i.e., Mg”>" being the dominant storage species. However, based on the
calculation of ICP result, the content of Mg”" in the discharged PTO electrode was 3.02
wt%, when considering B was from residual solute Mg(CB;;H)2),, which was very close
to the theoretical Mg®" content of 3.17 wt% in the discharged sample. Also, considering
the fact that the anion CB;H,,” is weakly coordinating to Mg, the possibility of

Mg(CB,Hy,) " is less likely.
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Figure 5.8 (a) The FTIR spectra of DME and PTO electrodes. (b) Magnified view of the
region outlined in (a). (¢c) The FTIR spectra of DME and P14AQ electrodes.
(d) Magnified view of the region outlined in (c).
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Moreover, the discharged PTO electrode prepared in an Mg electrolyte based on
pure DME, was analyzed with fourier-transform infrared spectroscopy (FTIR). Firstly,
the intensity of the carbonyl vibration peak (1650 cm™) declined (Figure 5.8a), indicating
a reduction reaction of carbonyl group. Besides, as shown in Figure 5.8b, no DME signal
was detected, indicating no solvent co-storage. In contrast, for the polymer electrodes
(P14AQ) at different states of charge, obvious DME signal arose upon discharge, and
then vanished when recharged (Figure 5.8c and d). This result suggests co-storage of
cations and solvent molecules in organic polymers. The different ion storage chemistries
could be attributed to the different reaction mechanism. Although both of small molecule
(PTO) and polymer (P14AQ) are rely on ion-coordination charge storage mechanism, the
former is based on a dissolution/precipitation process, and later is based on swelling.
Deeper mechanism study is ongoing.

5.5 Electrochemical Performance of Mg(CB;;H,), in DME/G2

As shown in Figure 5.9, PTO can deliver a capacity of 176 mAh g™ at a high current
density of 2040 mA g'. This rate performance has surpassed that of all previously
reported Mg batteries, which confirms our hypothesis that the combination of liquid-solid
two-phase reaction and ion-coordination charge storage mechanism can dramatically
enhance the kinetics of Mg batteries. However, it is still far from of our expectation.

We later realized the rate performance could be limited by the G4 based electrolyte,
since its high viscosity and stronger coordination to Mg”>" may hinder ion mobility and
render high solvation/desolvation barriers. Ultimately, these may lead to increased
overpotentials and lower battery rate capabilities. Therefore, the ability of the MMC salt

to function in a less coordinating system, such as DME and G2, is highly desirable to
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enable much improved battery performance. We report a solution that overcomes the
solubility challenge of MMC in short-chain ethers and produces a highly functioning Mg

electrolyte.
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Figure 5.9 Rate performances of PTO in MMC/G4.

Clues to any possibility to dissolve the MMC salt in short-chain ethers were
inconspicuous within the synthesis of MMC solvates reported in our initial study of
MMC/G4 as electrolyte for Mg batteries. During searching for an optimal solvent to
extract the resulting MMC-THF solvate from other solid-state reaction by-products, we
discovered that although DME failed to dissolve MMC-THF solvate at room temperature,
it succeeded upon addition of a slight amount of THF. The suspected cooperative effect
between THF and DME to dissolve MMC was later successfully confirmed in a separate
experiment, in which slow addition of THF to a suspension of MMC-DME solvate in
DME eventually yielded a clear solution. These initial findings inspired the exploration
of ether mixtures as a route to prepare MMC electrolytes in ethereal solvents beyond G3
and G4. Finally, we successfully dissolved 0.5 mol kg Mg(CB;H1), in a mixture of
DME of G2.

Cycling efficiencies for MMC in DME/G2 were evaluated through macro

reversibility measurements involving galvanostatic cycling of Mg plating/stripping on Cu
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disk at 0.5 mA cm™ (Figure 5.10a). The average coulombic efficiency can be up to 99.5%,
demonstrating excellent electrolyte performance.

The availability of electrolyte systems capable of achieving ultrahigh rates offers a
unique opportunity to probe the behavior of Mg metal under unexplored conditions,
which pushes the boundaries of Mg metal cycling possibilities. As shown in Figure 5.10b,
the Cu/Mg asymmetric cell was used to investigate the rate capability of Mg
plating/stripping. Remarkably, although the polarization of the cell increased with
increasing current density, Cu/Mg cell with MMC in DME/G2 can be cycled at different

current densities with high coulombic efficiency of ~99%, even at an ultrahigh current
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Figure 5.10 (a) Coulombic efficiencies of an Mg|Cu asymmetric cell. (b) Rate
performanc of an Mg|Cu asymmetric cell. (¢) Morphology of deposited Mg
on Cu. Scale bar: 3 um. (d) Cycling stability of an Mg|Mg symmetric cell.

Examination of the morphology of Mg deposited on Cu electrode (at a high current

density of 20 mA cm™ with an areal capacity of 3 mAh cm™) reveals a densely smooth

dendrite-free morphology (Figure 5.10c). Observation of non-dendritic Mg deposition at
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such high current densities is to our knowledge unprecedented, and consolidates Mg
metal as promising anode for advanced batteries. A symmetric Mg|Mg cell was used to
further investigate the stability of the Mg metal anode in MMC in DME/G2 (Figure
5.10d). An exceptionally high current density of 20 mA cm™ was used and the cell was
cycled for over 5000 minutes, which corresponded to almost 300 plating/stripping cycles.
It is noteworthy that the per-cycle plating capacity was 3 mAh cm™, corresponding to a
high cumulative capacity plated of 833 mAh cm™. This testing condition is markedly

153, 164
" These results

stricter than that used in previously reported Mg|Mg symmetric cells.
further demonstrate the unprecedented cycling stability of Mg metal anode with MMC in
DME/G2 electrolyte at such a high current density. These findings not only point to the
positive attributes of the reported electrolytes but also underscore the uniqueness of Mg
metal in tolerating such high rates. Our results set a new precedence for possibilities

achievable using energy dense metals and offered a new and important motivation

towards research on Mg metal batteries.

5.6 Electrochemical Performance of Mg-PTO Batteries Based on

Mg(CB11H12)2 in DME/G2

By coupling PTO cathode with the electrolyte of MMC in DME/G2, finally I create
a high-performance Mg battery. As shown in Figure 5.11a, at intermediate current
densities of 204 and 408 mA g (0.5 and 1 mA cm™), the two discharge plateaus became
more obvious compared with those in MMC/G4, and the highest reversible capacity and
average discharge voltage can be up to 312 mAh g and 2.1 V, respectively. To the best
of our knowledge, this is the highest voltage reported for Mg batteries so far. The high

capacity and voltage enable the cell to deliver a specific energy of 566 Wh kg™

84



Moreover, the rate capability was significantly improved. Even at the current density of
20 and 50 mA cm™, the capacity of 278 and 210 mAh g can be retained, respectively,
which lead to an ultra-high specific power of 30 kW kg

The permeability of GO membrane for cations is important for its performance at
high current density. In order to prevent the performance (voltage hysteresis, etc.) of Mg-
PTO cell from being affected by GO membrane, we improved the permeability of the GO
membrane with the addition of some graphene nanoparticles (Figure 5.5b and d). The
hybrid graphene oxide/graphene nanoparticles (GO/GN) film can facilitate the Mg*"
diffusion in the membrane at the expense of having some intermediate Mg, PTO loss. As
shown in Figure 5.11b, with the help of GO/GN membrane, the cell underwent over 200
cycles with 82% capacity retention at a high current density of 2040 mA g (5 mA cm™).
Again, this was a preliminary experiment to show the dissolution issue of intermediate
(Mg PTO) can be greatly mitigated by using a GO membrane. Future work on tailoring
the physical/chemical properties of the host for better intermediate (Mg, PTO) entrapment

is still ongoing. In theory, all effective methods used in Li/S batteries can be adopted in

Mg/PTO batteries.
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Figure 5.11 (a) Rate performances of PTO with MMC in DME/G2. (b) Cycling
performance of a GO/GN-membrane-incorporated Mg-PTO cell.
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5.7 Conclusions

In conclusions, firstly I overcame the solubility limitation of Mg(CB;Hi,); in the
less coordinating ethers through the utilization of the mixture of DME and G2. This is the
first time to certify that Mg metal is intrinsically resistant to dendrite formation even at
ultra-high current density of 50 mA ¢m™. Thus, MMC in DME/G2 has set new high bar
for Mg electrolytes, and paved the way to discover an unexplored dimension of Mg metal
behavior that further motivate research of Mg batteries. Furthermore, I reported an
organic molecule, PTO, can effectively circumvent the solid-state Mg diffusion through
a liquid-solid two-phase reaction. Also, the ion-coordination charge storage mechanism
of PTO does not involve any bond-formation and —breaking, enabling it to work under

ultra-high current density.
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Figure 5.12 Ragone plot of a graphite/LiCoO; cell and representative Mg batteries based
on intercalation-, conversion-type, and organic cathodes.

As shown in Figure 5.12, representative intercalation-type cathodes, such as MoSs
and s-TiS4, can only achieve moderate specific energy and power at elevated
temperature, but which are still not comparable with those of current Li-ion technology.
Conversion materials, such as S, can deliver a high specific energy in terms of its very

high theoretical capacity, however, its specific power is still at a relatively low level due
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to its intrinsic electrochemically irreversibility. Moreover, a limited cycle life due to the
passivation layer on the Mg anode currently does not have any reliable solution. In
contrast, PTO can achieve a specific energy of 566 Wh kg™ and an ultrahigh power of 30
kW kg!, which have surpassed current Li-ion technology.

The low density of organic materials is often criticized, however, in the case of
Mg/PTO cell, the volumetric energy density of Mg-PTO cell is much higher than that of
Mg batteries based on intercalation-type materials, and it has absolute advantage in

volumetric power density (Figure 5.13).
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Figure 5.13 Ragone plot (volumetric energy density vs. volumetric power density) of
representative Mg batteries based on intercalation-, conversion-type, and
organic cathodes.

The structural diversity of organic compounds enables us to design molecules with
higher capacity and voltage to fulfill higher energy Mg batteries, such as Benzoquinone
(BQ), which with a theoretical capacity of 515 mAh g and a voltage of 2.4 V vs.
Mg”"/Mg. Theoretically, the specific energy of Mg-BQ cell can be up to 1000 Wh kg™,
even higher than Mg-S cell (Figure 5.12).'®

Nevertheless, the exclusive use of organic compounds as cathodes is sometimes
regarded impractical in high mass-loading electrodes due to their poor electronic

conductivity. In order to overcome the insufficient electronic conductivity, organic
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electrodes frequently require a huge amount of carbon. In the case of Mg/PTO cell, as
shown in Figure 5.14, the electrodes with 60% active materials (PTO) and high mass-
loading of 5 mg cm™ still can deliver a high capacity of 262 mAh g™ and voltage of 2.1 V
at a high current density of 408 mA g”'. Even at 4080 mA g, a decent capacity of 186

mAh g was still retained.
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Figure 5.14 Electrochemical performances of Mg/TPO batteries with high mass loading
PTO electrodes (5 mg cm™ and the ratio of PTO/KB/PTFE is 6/3/1).

Moving forward, designing electrodes with higher mass loading, and higher active
material ratio would be as important as developing better cathode materials for achieving
truly high practical cell-level energy.'® All in all, the prototype Mg-organic battery
demonstrated the feasibility of combing liquid-solid two-phase reaction and ion-
coordination charge storage mechanism to address the major challenges for the
development of Mg cathode materials. This concept can significantly boost and promote

the field of Mg batteries.
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Chapter 6 Methodologies

6.1 Preparation of Efficient Mg Electrolytes

This section focuses on the details of the synthesis of various non-nucleophilic
chloride-containing Mg electrolytes. All Mg(CBHj2), based electrolytes were
synthesized in Toyota North America as reported.’

6.1.1 Synthesis of Various Mg Electrolytes

All experiments need to be conducted in an argon filled glove box (M-Braun).
MgCl, (Alfa Aesar, 99.999%) and Mg(HMDS), (Sigma-Aldrich, 97%) can be used
without drying. Mg(TFSI), (Solvionic, 99.5%) needs to be dried under vacuum for 24 h
at 250 °C before use. Solvents (THF, DME, G2, G4) need to be pretreated with molecular
sieves (Aldrich, 3 A beads, 4-8 mesh) for two days before use unless otherwise specified.
Molecular sieves need to be dried under vacuum for 24 h at 200 °C before use.
Preparation of 0.25 M Mg(TFSI), and 0.5 M MgCl, in DME electrolyte:

In a typical synthesis of 5 ml 0.25 M Mg(TFSI), and 0.5 M MgCl, electrolyte, 0.73
g Mg(TFSI), powder was added to a suspension of MgCl, (0.24 g in 5 ml DME) in a 10
ml glass vial. The mixture was stirred at 70 °C for 6 h in a sand bath and then cooled
down to room temperature to afford a clear solution.

Preparation of 0.2 M Mg(TFSI); in diglyme electrolyte:

In a typical synthesis of 5 ml 0.2 M Mg(TFSI), electrolyte, 0.58 g Mg(TFSI),
powder was added to 5 ml diglyme in a 10 ml glass vial under stirring at room
temperature for 2 h to afford a clear solution.

Preparation of 0.3 M Mg(HMDS); and 1.2 M MgCl, in THF electrolyte:
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In a typical synthesis of 5 ml 0.3 M Mg(HMDS), and 1.2 M MgCl, electrolyte, 0.52

g Mg(HMDS)2 powder was added to a suspension of MgCl, (0.57 gin 5 ml THF) ina 10

ml glass vial. The mixture was stirred at room temperature for 48 h to afford a clear

solution.

6.1.2 Conditioning of MgTFSI,-MgCl, Based Electrolytes

Some papers demonstrated a procedure termed ‘“conditioning” to enhance the

electrochemical performance of some Mg electrolytes, especially for MgTFSI,-MgCl,

based electrolytes.” Although till now people did not have enough evidence to determine

why the process has such an enormous effect on the electrochemical performance,

Aurbach et al. believed that the elimination of impeding impurities during the process is a

major reason.” Later, Gewirth et al. proposed an additional mechanism for such

e . . . 145
“conditioning” processes, which has a chemical nature.
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Figure 6.1 (a) Selected CV cycles during the conditioning procedure. (b) A typical cyclic
voltammogram of a conditioned solution. Reprinted with permission from
Ref. 69. © 2015 Electrochemical Society.

For example, Figure 6.1 shows consecutive voltammograms of a Pt wire in the

electrolyte of MgTFSI,/MgCl, in DME during the conditioning process.” The

conditioning process consists of cycling at 1 mV s between -0.8V and 2.0 V. During
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consecutive cycles, an enhancement in the reversibility of the Mg plating process is
cleared observed, expressed by lower overpotential and higher coulombic efficiency.
Following the conditioning process, the electrolyte retains its newly obtained enhanced
electrochemical properties when introduced to a fresh cell with fresh electrodes. The
post-condition electrolyte exhibits 98% reversibility, overpotential for plating of 0.2 V.

6.2 Electrochemical Measurements

6.2.1 Three-Electrode Cell Setup

Tubular hermetically sealed three-electrode cell set-up (Figure 6.2) is always used
for evaluation of cathodes performances so that their voltage profiles of cathodes are not
obscured by the overpotential for Mg plating/stripping. In the three-electrode tube cell,
the electrodes of interest are used as working electrodes. Freshly polished magnesium
foils (50 um thick, 99.95%, GalliumSource, LLC, Scotts Valley, CA) are used as both

counter and reference electrodes.

RE: Mg WE: Cathode CE: Mg

Figure 6.2 Schematic and optical image of a tubular hermetically sealed three-electrode
cell.

6.2.2 Swagelok Cell Configuration
As shown in Figure 6.3, two-electrode Swagelok cells are always used for most Mg

batteries, since molybdenum rods can be used as the current collectors due to its anti-
corrosion property. A glass fiber separator (0.2 or 0.6 um thick, GF/D grade) was placed

between two electrodes.
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Figure 6.3 (a) Schematic and (b) Picture of a Swagelok cell.
6.2.3 Electrochemical Methods for Metal-Electrolyte Characterization

The electrochemical characteristics of Mg electrolytes can be assessed by
established methods. Cyclic voltammetry performed on inert substrates using a three-
electrode configuration provides rich information including coulombic efficiency,
plating/stripping potentials and overpotentials, electrode kinetics, and even clues of
nucleation/growth mechanism (Figure 6.4a). These information would be essential for
validating novel systems, especially those where plating/stripping of multivalent metals
were mnot considered possible.”” Galvanostatic measurements using two-electrode
asymmetrical Mg|Cu cell and symmetrical Mg|Mg cell are gaining popularity due to the
widespread use in lithium metal anode studies. These methods have the advantage of
operating under conditions more akin to those for full cells tests. Measurements in
asymmetric cells accurately indicate the reversible metal plating coulombic efficiency in

any relevant electrolyte solutions (Figure 6.4b),'®’

while measuring symmetrical cells can
assess rate capability and cycle life (Figure 6.4c).

Typical cyclic voltammogram showing a cathodic loop and an anodic peak.

Coulombic efficiency (C.E.) is defined by the ratio of passed charges during the cathodic
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(b) and anodic (a) processes. Plating overpotential (c) is measured as the delay of
cathodic current. Stripping overpotential is often negligible in efficient electrolyte
solutions. (Figure 6.4a)

Galvanostatic measurement using two-electrode asymmetrical cells. A constant
cathodic current is applied at the inert working electrode for a period of time (d), enough
for plating a meaningful thickness of metal, before being reversed for complete stripping.
The process is repeated for multiple times as a substrate preconditioning measure. After a
final plating, cycling is continued with a fixed plating/stripping time e (e < d) before a
final complete stripping that lasts for a period of /. C.E. is defined by the ratio of f'and d.
(Figure 6.4b)

Galvanostatic measurement of two-electrode symmetrical cells. Cycling is
performed with a fixed plating/stripping time. The performance is gauged by
overpotential g, the sum of plating and stripping overpotentials, and the total charge
passed during the measurement. Increasing current densities may be used to probe the

electrode kinetics and current tolerance. (Figure 6.4c)
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Figure 6.4 (a) Cyclic voltammetry of an electrolyte. (b) Galvanostatic measurement using
an asymmetric cell. (c¢) Galvanostatic measurement using a symmetric cell.

Unlike the non-aqueous lithium electrochemistry which is relatively established in

terms of the correlation between surface chemistry and electrochemical performance,
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with multivalent metals surface chemical aspects which may be detrimental to any
electrochemical activity are not yet fully understood. If there are side reactions that form
surface species, they can fully obscure the electrochemical activity of the multivalent
active metal electrodes.
6.2.4 Electrochemical Quartz Crystal Microbalance with Dissipation (EQCM-D)

Quartz crystal microbalance with dissipation monitoring (QCM-D) is a real-time,
nanoscale technology for observing the surface phenomena including thin film formation,

interactions and reactions.'®®

QCM-D monitors the frequency and energy dissipation
response of the freely oscillating sensor, thus generating results more accurately and
faster. For rigid films, the mass of the adhering layer is calculated using the Sauerbrey
equation, which is

Am = -(C x Af)/n, (6-1)
where m is the mass of the film, C is 17.7 ng Hz"' cm™ for a 5 MHz quartz crystal, and n
=1, 3, 5, 7 is the overtone number. However, in most applications, the films are not rigid
and the Sauerbrey equation becomes invalid. A soft film (viscoelastic) will not
completely couple to the oscillation of the crystal, so the Sauerbrey equation could
underestimate the mass of the film. The energy dissipation (D) of the sensor’s oscillation
can reveal the films’ softness or viscoelasticity. D is

D = Ejost/2nEst0red (6-2)
where Ejo is the energy lost (dissipated) during an oscillation cycle and Egreq is the
energy stored.

Electrochemical QCM-D (EQCM-D)-based methodology can help people to

quantify the real-time mass and shear modulus change of the thin film electrode during
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the reduction and oxidation processes (discharge-charge process). Recently, Lutkenhaus
et al. quantified the real-time mass transfer of anions and solvent during the reduction and
oxidation of poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl) (PTMA) with 0.5 M LiCF3S0;

in propylene carbonate using EQCM-D during cyclic voltammetry.'®’
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— 1omVs'
— 25mV s’
— 50mVs"'

3.5
3.0

2.5

Shear modulus (MPa)

2.0

D, (x107%

Mass (ng cm™2)

Current (uA)

TN
-300 1 expulsion Anion uptake
L L

0 02 04 06 08 1.0
Voltage (V) Voltage (V)

Figure 6.5 (a) Frequency and dissipation responses from EQCM-D of PTMA electrode.
(b and c) shear modulus and mass from EQCM-D of PTMA electrode.
Reprinted with permission from Ref. 169. © 2017 Springer Nature.

As shown in Figure 6.5a, as voltage increased from 0 to 1 V, PTMA oxidation
occurs and frequency (f3) decreases, indicating a qualitative increase in the mass of the
electrode. An anion (in this case CF3;SOj") diffuses into the PTMA electrode, so the
electrode mass increases. Meanwhile, dissipation (D3) increases upon oxidation, resulting
from a softening of the PTMA electrode. During a reduction process, the frequency

increases and dissipation decreases, indicating a reversible reaction. Changes in mass and

viscoelastic properties of the PTMA thin film electrode can be extracted using a Voigt
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model applied to the EQCM-D data. As shown in Figure 6.5b and c, the mass of the
PTMA electrode increases and the shear modulus decreases upon oxidation process. To
achieve further insight into the charge and mass transfer process, the mass change per
electron (m.p.e.) transferred can be calculated as Am/AQ. The theoretical m.p.e. value of
0.073 mg C"' for Li", 0.123 mg C' for Mg, and 2.37 mg C' for Li" with three
dioxolane.

6.3 Preparation of Electrodes at Different States of Charge for EDS and XPS

The electrodes at different discharge and charge states can be characterized by X-
ray photoelectron spectroscopy (XPS), and Energy-dispersive X-ray (EDX) spectroscopy.
For the fully discharged and fully charged electrodes, the cells can be tested under
constant current/constant voltage discharge/charge modes. The constant voltage
discharge/charge process is initiated when the voltage reaches the cut-off and terminated
until the current density decays to a low C-rate (0.1 C or 0.05 C). For other states of
discharge/charge, stop the cells once they reach the cut-off. The electrodes need to be
taken out from disassembled cells in an Ar-filled glove box, and ground in an agate
mortar using pestle to avoid only surface of the electrodes being measured. The
electrodes need to be dipped in anhydrous solvent (DME or THF, etc.) for 3 minutes, and
this procedure need to be repeated 3 times. This washing step is essential, which can
effectively avoid the elemental signal of the residual salts from electrolytes. The washed
electrodes need to be then vacuum-dried at room temperature for 30 min before
characterizations. Some elements originally in the material structure can be used as
reference elements. For example, the S-containing carbonyl polymer P(NDI2OD-T2)

(refer to section 4.3 for the details of analysis). When half-discharged, the atomic ratio of
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Mg:ClL:S was 1:0.96:1.97 (with an error bar of +4.3%)), i.e., each electron injected into the
polymer is balanced by a MgCl™ ion. As discharge completed, both Mg and Cl amount
doubled, and the ratio became 1:0.96:0.99 (with an error bar of +3.2%). Upon charge,
both Mg and Cl signal disappeared, leaving only S of the bithiophene moiety. EDS can
be used to determine which chemical elements are present in a sample, and can be used to
estimate their relative abundance. The accuracy of this quantitative analysis of sample
composition is affected by the nature of the sample. Based on my experience, the signals
of metallic elements are more accurate than those of non-metallic elements. The electrode
achieved using above method can also be characterized by inductively coupled plasma
spectrometry (ICP) to identify the content of element in the electrode. In most routine
ICP analyses, the sample is introduced as a liquid. Thus, the electrode is typically
digested in 2% nitric acid, and needs to be diluted. Dilution factor is based on the

theoretical content of the element in the sample.
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Chapter 7 Summary and Outlook

7.1 Summary

This dissertation has successfully identified and demonstrated new research
directions that can effectively address major challenges for development of high-
performance Mg batteries and eventually led to high energy and high power Mg batteries.

I first clarified the definition, key strengths, as well as common misconceptions of
Mg batteries. I also clearly discussed two major barriers, which limit the development of
Mg cathodes. One is high dissociation energy of solvated MgCl™ at the interphase
between electrode and electrolyte, and the other one is sluggish Mg®* diffusion due to the
extremely high-energy barrier for Mg>" migration in host materials.

I then proposed and demonstrated two new research directions to overcome these
two barriers. I first demonstrated a low-cost high-power Mg-Na hybrid battery enabled
by high-voltage Mg-Na dual salt electrolyte (3.2 V vs Mg/Mg”"), open framework
cathode, and the fast-kinetic Mg metal anode. The full cell delivered an average
discharge voltage of 2.2 V and stable cycling for 50 cycles. I obtained the high power
density of 1.67 kW kg™'. The unit cell of BG had only 5.3 % volume increases than the
pristine compound and slight non-uniform structural distortion when 1.52 Na inserts into
the framework. XANES study showed a clear reversible shift of Fe K-edge to lower
energy and a small hump around 7118 eV. At the anode side, EDX and SEM confirmed
fast and reversible Mg-only deposition mechanism. Therefore this work opened the door
to many Na-ion cathode materials for high voltage Mg-Na hybrid batteries that could
become a viable candidate for stationary energy storage. However, as a matter of fact that

the cathode and anode employ different charge carriers, the whole was actually a Daniel
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cell, and the cell energy was limited by the concentration of Na" in the electrolyte rather
than electrodes.

The second strategy was to utilize organic compounds as cathode materials for Mg
batteries. I have evaluated the suitability of organic compounds as cathode materials for
high-energy Mg batteries. 1 have identified that in typical chloride-containing
electrolytes, storage of MgCl" is dominant in probably all organic electrode materials,
hence previously assumed organic “Mg-ion” electrodes/batteries were indeed hybrid-ion
ones. The negative impact of the hybrid-ion-storage chemistry on the cell specific energy
was elucidated through theoretical analysis and cell tests with controlled amount of
electrolyte. I further showed that with the right combination of organic cathodes and
chloride-free electrolytes, storage of Mg”>" in organic electrodes was possible without
compromising the reversibility of Mg metal plating/stripping and the energy and power
of the cell. Preliminary results from lean electrolyte cells indicated the plausibility for
organic Mg batteries to be designed as practical high-energy storage devices. With the
help of the Mg-storage chemistry, organic polymers have delivered some of the highest
specific energy, power, and cycling stability for Mg batteries.

Finally, I reported a molecule quinone, pyrene-4,5,9,10-tetraone (PTO), can
circumvent sluggish Mg*" diffusion through a liquid-solid two-phase reaction pathway,
and its intrinsic ion-coordination charge storage mechanism does not involve bond-
breaking and —formation, making it has potential to achieve high power. By coupling
PTO cathode with a highly functioning electrolyte, Mg(CB;1H2), in DME/G2, I created
an Mg battery with a specific energy of 566 Wh kg and an ultra-high power of 30 kW

kg™, which surpassed all previously reported Mg batteries and current Li-ion technology.
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7.2 Outlook and Future Directions

The work in this dissertation has evaluated the suitability of organic compounds as
cathode materials for high energy and high power Mg batteries. The structural diversity
of organic compounds enables us to design molecules with higher capacity and voltage to
fulfill higher energy Mg batteries, such as BQ with a theoretical capacity of 515 mAh g’
and a voltage of 2.4 V vs. Mg”"/Mg. Theoretically, the specific energy of Mg-BQ cell can
be up to 1000 Wh kg, even higher than Mg-S cell. Secondly, the exclusive use of
organic compounds as cathodes is sometimes regarded impractical in high mass-loading
electrodes due to their poor electronic conductivity. In order to overcome the insufficient
electronic conductivity, organic electrodes frequently require a huge amount of carbon.
Moving forward, designing electrodes with higher mass loading, and higher active
material ratio would be as important as developing better cathode materials for achieving
truly high practical cell-level energy.

Another potential strategy to bypass the high desolvation energy is to utilize ionic
liquids, which are good candidates for replacing ether solvents (DME, G2, etc.) in Mg
electrolytes. Recently, people reported layered V,Os was capable of reversibly
intercalating Mg>" in ionic liquid Mg electrolyte, where high-energy desolvation is
unnecessary before intercalation.”> V,0s can deliver a reversible capacity of 280 mAh g™
and an average discharge voltage of 2 V vs. Mg*'/Mg in MgTFSIL/PY 14TFSI at 110 °C.
However, current ionic liquid Mg electrolyte is not capable of reversible Mg
plating/stripping, so if the compatibility of the pure ionic liquids with Mg metal can be

realized, this approach could be a promising way to accomplish high-energy Mg batteries.
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