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Abstract

Achieving carbon neutrality hinges on the widespread adoption of clean renewable energy
sources, which in turn necessitates the development of electrochemical storage devices with
high energy density, safety, and cost-effectiveness. To meet decarbonization goals, research is
increasingly focused on electrochemical storage systems beyond lithium-ion batteries (LIBs),
which face limitations due to scarce lithium resources, safety concerns, and potential
environmental impacts. Magnesium rechargeable batteries (MRBs) are promising alternatives
owing to magnesium’s abundance, high volumetric capacity, and superior safety. However, the
development of MRBs is still in its infancy, with several challenges impeding their practical
applications. In conventional electrolytes, Mg?* exhibits a stronger polarizing effect compared
to lithium ions, which, along with surface passivation on magnesium metal anode, often result
in sluggish diffusion kinetics and suboptimal Mg?" storage performance. Thus, designing
electrolytes compatible with both high-capacity cathodes and anodes is crucial for advancing
MRBs. This thesis presents a comprehensive study on developing new electrolytes for MRBs.
By optimizing the chemical structures of the electrolytes and exploring their interface
characteristics, a series of formulations have been developed that enable reversible MRBs with
excellent electrochemical performance. This breakthrough is expected to significantly facilitate
the commercialization of MRBs.

Firstly, a novel Mg?**-conducting solid-state electrolyte (MCE) is introduced, created by
directly crystalizing deep eutectic solvents composed of Mg(TFSI), and urea at room
temperature for safe and sustainable solid-state magnesium rechargeable batteries (SSMRBs).
The abundant amine and carbonyl groups in urea ligands greatly tailored the intermolecular
frameworks of MCE, resulting in anion-rich groups within the Mg?" solvation sheath. This
structure mitigates surface passivation caused by solvent decomposition that commonly
observed in liquid electrolytes, i.e., Mg(TFSI)2/PC. Consequently, when applied in the Mg//Mg
symmetric cells, an appreciable cycle life of more than 120 h at 25 pA cm™ can be achieved.
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The improved electrochemical performance is attributed to the F-rich and porous
organic/inorganic hybrid interface layer, which effectively activates Mg metal and facilitates
rapid Mg?" transport across the interface. Finally, solid-state Mg//V,Os full cells were
constructed to demonstrate the practical feasibility of MCE, achieving a high capacity of 172
mAh g' at 20 mA g'. This work is anticipated as the way of developing novel solid-state
electrolytes for safer MRBs.

Secondly, a cosolvent electrolyte composed of Mg(TFSI), salt combined with ethylene
glycol (EG) and 1,2-dimethoxyethane (DME) cosolvents is investigated. This formulation
tackles the issues of sluggish Mg?" desolvation at cathode-electrolyte interface (CEI) and the
TFSI-induced surface passivation in typical Mg(TFSI),/DME electrolyte. Hydroxyl-rich EG
molecules destabilize unfavorable [Mg(DME);]** complexes and form hydrogen bond
networks, thereby facilitating Mg ion migration and suppress TFSI” decomposition. As a result,
the co-solvent electrolyte achieves a high reversible capacity of 258 mAh g! for VO: cathodes,
with an exceptionally low capacity degradation rate of 0.0078 % per cycle over 2000 cycles at
500 mA g'!, comparable to state-of-the-art Mg ion battery cathodes. The practical applicability
of this electrolyte is further demonstrated by Mg//VO; full cells, which maintain capacities
above 160 mAh g over 50 cycles. This work establishes a new benchmark for effective
electrolytes in RMBs, offering both long cycle life and high energy density.

Thirdly, a novel sulfolane hydrated eutectic electrolyte (HEE) consisting of optimized
ratios of Mg(ClO4)>-6H20 and sulfolane (SL) is explored, which can comprehensively reduce
V>0s cathode dissolution and achieve a stable and high capacity output for MRBs. In bulk
electrolyte, the S=O group in the sulfolane disrupts the continuous hydrogen bonding network
among water molecules, thereby reducing water activity. Additionally, its participation in Mg?*
solvation structure decreases interfacial bound water content and facilitates Mg>" de-solvation
at the CEI. Furthermore, sulfolane’s preferential adsorption on the CEI protects V2Os from

water exposure, strengthening the structural stability of the cathode. As a result, the optimized
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HEE enables V20s cathode to achieve a high capacity of 322.7 mAh g at 50 mA g'! and
exceptional lifespan lasting for over 5000 cycles with a minimal capacity degradation rate of
0.0061% per cycle at 1000 mA g'. As a proof of concept, a full PTCDA//V,0s battery with
HEE demonstrates a capacity exceeding 190 mAh g™ for over 200 cycles. This electrolyte

represents a new avenue for developing high-energy and high-stable multivalent ion batteries.
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Chapter 1 Introduction

1.1 Electrochemical energy storage

The rapid development of modern society relies heavily on the continuous supply of electrical
energy. In the past decades, electricity production has primary depended on the combustion of
fossil fuels like coal, oil, natural gas, efc. However, the fast depletion of these limited resources,
along with environmental issues such as global warming, oil spills, ocean acidification,
highlights the urgent need for sustainable energy storage technologies ' 2. Consequently,
tremendous efforts have been made to explore renewable energy technologies, including solar,
wind, and hydroelectric power. Although these technologies are nearly zero carbon dioxide
emission for electricity production, their inherent intermittency and uneven geographical
distribution increase the cost and uncertainty of energy storage °.

To address these challenges and ensure a stable power supply from renewable sources,
efficient and reliable electrochemical energy storage (EES) technologies are seen as a promising
solution. They offer advantages such as non-pollution, flexible operation, long-cycling stability,
and low maintenance requirements. Among various EES systems, lithium-ion batteries (LIBs)
stand out and demonstrate excellent application prospects. Since Sony introduced the first
commercialized LIBs in 1991 #, these batteries have dominated the EES market for the past
three decades. Their popularity is largely due to their high energy density (approximately 200
Wh kg!) and superior cyclic stability °. As an intercalation-based system, rechargeable LIBs
are widely used in various power devices, from portable electronics to electric vehicles and
even stationary energy storage systems °. However, current commercial LIBs are not ideal for
large-scale electrochemical energy storage. First, lithium is scarce in the Earth’s crust (0.0017
wt%) and unevenly distributed, promoting the European Commission (EU) to classify lithium
and cobalt as critical raw materials due to supply shortage risks 7. Although China ranks third
globally in lithium production in 2024 (33,000 metric tons, see Table 1.1), the low quality and

dispersed nature of its reserves necessitate substantial imports 8, which is unfriendly to large-



scale domestic production. As global battery demand continues to rise, these resource
constraints are expected to impede future deployment, mirroring challenges faced by fossil fuel-
based technologies and potentially leading to significant geopolitical tensions. Secondly, the
high reactivity of lithium metal and the propensity for dendrite formation in organic electrolyte
present considerable safety hazards and introduce uncertainty in battery performance °.
Therefore, it is imperative to develop alternative EES technologies beyond LIBs with lower
cost, enhanced safety, and greater environmental benignity.

Table 1.1 Major countries in worldwide lithium mine production in 2024 (Data from US

Geological Survey).

Country Lithium production
(in metric tons)
Australia 86,000
Chile 44,000
China 33,000
Argentina 9,600
Brazil 4,900
Zimbabwe 3,400
Canada 3,400
Portugal 380

1.2 From lithium-ion batteries to magnesium rechargeable batteries

1.2.1 The Advantages of magnesium rechargeable batteries

In response to rising global energy demands, the past two decades have seen significant research
efforts directed toward the development of multivalent ion batteries (MIBs), including systems
based on Mg**, Ca**, Zn?*, and AI’" ions !°. Compared to LIBs, MIBs offer the potential for
substantially higher energy densities, as their charge carriers can transfer two or three electrons
per charge carrier. Among these, magnesium rechargeable batteries (MRBs) are considered
particularly promising alternatives to LIBs due to several advantageous properties of Mg
element 13 (i) Magnesium is the seventh most abundant element in the Earth’s crust (2.4 wt%

versus 0.0017 wt% for Li) and is widely distributed worldwide. Notably, China accounts for



approximately ~ 61.3% of global magnesium production (Figure 1.1a) and over 80% of global
magnesium exports, which can reduce raw material costs and ensure a stable supply for large-
scale applications '*. (ii) The divalent nature of Mg?" enables redox reactions involving two
electrons per intercalated ions, resulting in a high volumetric capacity of 3833 mAh cm™ nearly
double that of monovalent lithium (2062 mAh cm™) (Figure 1.1b). Additionally, magnesium
metal possesses a high reduction potential of =2.37 V vs. the standard hydrogen electrode (SHE),
which, being comparable to lithium’s —3.04 V, enables high energy density output. (iii)
Magnesium metal also offers enhanced safety, with a significantly higher melting point (650 °C
vs. 180 °C of lithium), greater electrochemical stability (first ionization energy of 738 kJ mol!

10

vs. 513 kJ mol! for lithium), and dendrites-free plating behavior '°. These unique

physicochemical properties make MRBs a cost-effective and safe choice for next-generation
electrochemical energy storage. Consequently, research interest in MRBs has grown steadily,

as evidenced by the increasing number of related publications in recent years (Figure 1.1d).
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Figure 1.1 (a) Global distribution of magnesium production in 2024 (from US Geological

Survey). (b) Comparison of the theoretical volumetric and specific capacities of Mg and Li



metal anodes. (¢) Comparison of the reduction potentials of Li and Mg metal anodes. (d) The
number of papers published on Mg batteries from 2002 to 2024 (based on Web of Science).

1.2.2 Working principle of magnesium rechargeable batteries

Similar to LIBs, MRBs consist of four main components: an anode, a cathode, an electrolyte,
and a separator. The separator physically isolates the anode from the cathode, while permitting
electrical connectivity through the external circuit and enabling ionic transport via the
electrolyte. This setup enables cyclic energy storage through reversible redox reactions at the
anode and cathode, allowing for repeated charge and discharge cycles. Figure 1.2 illustrates
the basic working mechanism of MRBs. The cathode is made of compounds that can reversibly
embed and release Mg?" ions, such as Chevrel phase compounds, transition-metal oxides/sulfur,
and polyanionic compounds > !®. The anode is composed of magnesium metal, magnesium
alloy, or organic materials. In the discharging process, magnesium ions are extracted from the
anode and migrate through the electrolyte to the cathode. The cathode material, which can host
Mg?" ions, undergoes reduction by accepting these ions. Concurrently, electrons are released at
the anode, generating an electric current. During charging, Mg?" ions are extracted from the
cathode and migrate back to the anode. These ions are deposited or inserted into the anode
materials, while electrons move through the external circuit in the opposite direction to keep

charge balance.
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Figure 1.2 Schematic illustration of a magnesium rechargeable battery. '¢
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1.2.3 Challenges for magnesium rechargeable batteries

Despite the advantages of magnesium, the development of MRBs has lagged that of LIBs.
Research on MRBs began in the early 1990s 7, concurrent with the commercial emergence of
LIBs. However, after more than three decades, no commercial MRB devices have been realized.
A primary obstacle is the lack of suitable electrolytes that are compatible with both high-
capacity cathode and anode, which is critical for reversible MRBs. This challenge stems from
the intrinsic properties of Mg?" cations. Compared to monovalent Li" cations, divalent Mg>*
cations possess twice the charge density within a similar ionic radius (52 C/mm*@0.76 A for
Li* vs. 120 C/mm*@0.72 A for Mg?*, Figure 1.3) '®. While the high charge density of Mg>*
contributes to the superior volumetric capacity of Mg?" storage, it also results in strong
Coulombic interactions with solvent and anions, leading to sluggish diffusion kinetics at the

electrode-electrolyte interface and exacerbating adverse interfacial reactions .
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Figure 1.3 (a) Comparison of ionic radii, charge densities, and de-solvation energies of Li*
and Mg?"ions. ®
Specifically, on the anode side, Mg metal anode in conventional organic electrolytes
undergoes multiple side reactions with the electrolyte, such as sluggish desolvation and anion
decomposition, causing the formation of a passivating layer on the anode surface. This layer
blocks Mg?* transport and results in irreversible Mg stripping/plating 2°22. On the cathode side,

the strong polarization of Mg?* significantly increases Coulomb interactions with the host



material, further impeding Mg?" diffusion into the solid hosts and making most high-capacity
cathodes incompatible, which ultimately leads to suboptimal energy output. Given the critical
role of electrolyte properties in governing Mg?" kinetics and interfacial reactions, it is crucial
to develop electrolytes with high compatibility for both electrodes and to establish a clear

understanding of their interfacial chemistry to enable the practical implementation of MRBs.

1.3 Electrolyte engineering for magnesium rechargeable batteries

In MRBs, the electrolyte serves as a crucial medium for transporting Mg?" ions between the
cathode and anode, while also establishing direct contact with these materials 2*. However, the
slow diffusion kinetics of Mg?" ions in conventional electrolytes and poor compatibility at the
electrode-electrolyte interface significantly hinder the advancement of MRBs. Electrolyte
engineering has been acknowledged as an effective strategy to address these challenges '* .
By introducing suitable additives, the chemical structure of the electrolyte can be tailored to
facilitate Mg*" desolvation and diffusion »°. Simultaneously, a favorable electrode-electrolyte
interface might be formed in situ, enabling stable Mg stripping/plating process.

Initially, electrolyte engineering efforts focused on improving the compatibility with Mg
metal anode. In this context, several typical electrolyte systems, such as all-phenyl complex
(APC) and magnesium aluminum chloride complex (MACC), have been developed, due to their
ability to enable reversible Mg metal deposition and stripping. However, these chloride-based
electrolytes are corrosive to current collectors and battery casings, which undermines their
suitability for sustainable and stable operation. As a result, attention has shifted to chloride-free
electrolytes, such as Mg(BHa4)>, Mg(CB11H12)2, and Mg(TFSI),, which offer improved anodic
stability. Nevertheless, these systems still suffer from low Mg plating/stripping efficiency and
unavoidable side reactions, limiting their practical application. Incorporating suitable additives
into chloride-free electrolytes may enhance their electrochemical performance, but research in
this area remains limited. Meanwhile, with increasing emphasis on safety and energy density,

emerging systems such as aqueous and solid-state electrolytes have been proposed, further



expanding the application landscape of MRBs. These advancements will be discussed in detail
in the subsequent chapters. Overall, electrolyte engineering is essential for advancing the
development and practical implementation of MRBs.

1.3.1 Chloride-based electrolytes: Grignard and non-Grignard systems

Grignard electrolytes

The advancement of electrolyte engineering for MRBs dates back to the 1990s 7 (Figure 1.4).
During this period, Gregory and his colleagues pioneered the use of single Grignard reagents
as nucleophilic electrolytes, enabling the first demonstration of reversible Mg plating/stripping,
thereby initiating systematic research on MRBs 7. Grignard reagents, with the general formula
R-Mg-X (where R represents an aliphatic or aromatic hydrocarbon and X is a halogen such as
Cl, Br, or I), were initially explored. However, their practical application was hindered by their
low anodic stability (<1 V) and limited ionic conductivity, rendering them less competitive

compared to LIBs.
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Figure 1.4 The history of representative electrolytes for MRBs.

A decade later, Aurbach et al. *® enhanced the Grignard-based electrolyte by
incorporating AlCl3.nR, (R=alkyl:ethyl, butylate) Lewis acid, which improved anodic stability
without compromising the high reversibility for Mg plating/stripping. The most effective
formulation, 0.25 M Mg(AICl,BuEt), in tetrahydrofuran (THF), referred to as the butyl ethyl
complex (BEC) 2°, utilizes dichloroethylaluminum (EtAICly) as the Lewis acid and di-n-
butylmagnesium (Bu;Mg) as the Lewis base in a 2:1 molar ratio. This electrolyte achieved

nearly 100% Mg plating/stripping reversibility and expanded the electrochemical stability



window to 2.5 V vs. Mg?*/Mg. Notably, the first prototype Mg battery, employing a Mg metal
anode and a Chevrel phase MogSg cathode with this electrolyte, delivered a specific capacity of
75 mAh g'! at an average voltage of 1.2 V over 580 cycles at 0.3 mA cm? (Figure 1.5a and

1.5b).
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Figure 1.5 (a) Galvanostatic Charge Discharge (GCD) curves and (b) cycling performance of
Mg//MoeSs full cell with 0.25 M Mg(AICL.BuEt),/THF electrolyte. 2°

Despite these advancements, the suboptimal anodic stability and ionic conductivity of
these complexes remain insufficient for practical applications. Therefore, the development of
new electrolyte formulations is critical for further enhancing the electrochemical performance
of MRBs. Recognizing that anodic stability is greatly influenced by strength of Al-C bonds,
APC was developed via the in situ reaction of commercially available phenyl magnesium
chloride (PhMgCl) and AICI; in THF ?°. Owing to the stronger Al-C bond in phenyl ligands
compared to alkyl ligands, APC exhibits an anodic stability up to 3.3 V vs. Mg?*/Mg (Figure
1.6, red line), nearly 1 V higher than that of the BEC electrolyte. Additionally, APC
demonstrates high ionic conductivity (4-5 mS cm™), reduced overpotential for Mg deposition,
and nearly 100% Coulombic efficiency for Mg plating/stripping. As a result, APC has become

a benchmark electrolyte for MRBs and continues to be widely utilized in current research.
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Figure 1.6 Steady-state cyclic voltammogram of APC (red line). %

Non-Grignard electrolytes

Although Grignard-based electrolytes exhibit excellent compatibility with Mg metal anode and
enable reversible Mg plating/stripping chemistry, the use of high molecular weight MosSs
cathode determinates the overall energy density output. Furthermore, the nucleophilic nature of
these electrolytes renders them incompatible with high-energy cathode such as sulfur.

To achieve higher energy densities, alternative electrolyte systems beyond Grignard
reagents have been explored. For instance, Muldoon et al. *° introduced a non-nucleophilic
hexamethyldislazide magnesium chloride (HMDSMgCl) based electrolyte (Figure 1.7a).
When combined with AICls by Lewis acid-base reactions, this electrolyte significantly
enhances chemical compatibility with the electrophilic sulfur cathode, enabling an initial
capacity of 1200 mAh g' (Figure 1.7b), which demonstrates the first proof-of-concept
rechargeable Mg//sulfur battery. Nevertheless, the complexity of materials synthesis and repaid
capacity decay with high-energy cathode highlight the need for further electrolyte optimization

to meet practical application requirements.
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Figure 1.7 (a) ORTEP plot of [Mg>Cl3-6THF][HMDSAICI3]. (b) Discharging/charging of a
Mg//S coin cell at 50 and 25 pA, respectively. *°

Additionally, the organometallic compounds used in Grignard electrolytes are highly
sensitive to air and moisture and exhibit high chemical reactivity with various electrode,
severely restricting the development of MRBs. To address these limitations, Aurbach ef al. 3!
proposed the first inorganic MACC electrolyte as a promising alternative for Grignard-based
systems. Synthesized via an acid-base reaction between MgCl, and Lewis acidic AlICI3 in
ethereal solvents (mMgClz + nAlClz S Mg,,Al.Cli2#m)+3#n)]), this electrolyte achieves anodic
stability up to 3.1 V, a Coulombic efficiency of 98.8%, and an overpotential below 200 mV
(Figure 1.8a and 1.8b), offering a potential for the commercialization of high-energy-density
MRBs. Subsequently, Ceder et al. ** further elucidated the electrolyte’s mechanism, revealing
that Al deposition on the Mg metal anode during initial cycles reduces Coulombic efficiency

but stabilizes MgCI™ and AICls~ species in the electrolyte, resulting in smoother Mg

plating/stripping in subsequent cycles (Figure 1.8¢).
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Figure 1.8 (a) Cyclic voltammetry (CV) curves and linear sweep voltammetry (LSV) of
MACC in DME at 25 mV s™! (working electrode: Pt, counter and reference electrode: Mg
metal). (b) Voltage responses of Mg//Cu asymmetric cells with MACC in THF at a current
density of 0.5 mA cm™. (c) Mechanism diagram of the MACC electrolyte. 3

1.3.2 Chloride-free electrolytes

Both Grignard and non-Grignard electrolytes discussed above are chloride-based. While
chloride species are essential for enabling reversible Mg plating/stripping chemistry with low
overpotentials, the ligand exchange reactions between Mg and Al result in poor oxidation
stability. Furthermore, the corrosive nature of chlorides and aluminum chloride pose significant
challenges for current collectors and battery casings, rendering these electrolytes unsuitable for
high-voltage and long-term MRBs. Consequently, research efforts have shifted toward
developing chloride-free, single-salt electrolyte systems that offer low cost, high ionic

conductivity, wide electrochemical stability windows, and non-corrosive properties to support
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high-energy-density and sustainable energy storage.

The initial development of chloride-free magnesium single salt electrolytes drew
inspiration from conventional LIBs systems, employing salts such as Mg(BF4)>, Mg(ClO4)a,
and Mg(CF3S03): salt in polar aprotic solvents (e.g., PC, DMSO, and DMF). These systems
presented several advantages over chloride-based electrolytes (Figure 1.9), including cost-
effectiveness, simplified preparation, improved oxidation stability, and enhanced ionic
conductivity. However, their practicality was hindered by poor compatibility with Mg
plating/stripping, primarily due to passivation effects induced by solvents, anions, and

impurities 4,
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Figure 1.9 Comparison of chloride-free electrolyte systems with chloride-based electrolyte
systems. 24
Early advances in chloride-free electrolytes began with the introduction of the
Mg(BHa4)2/LiBH4 hybrid electrolyte, which achieved a high coulombic efficiency of up to 94%
for Mg plating/stripping **. Nevertheless, its low oxidative stability (1.7 V) limited its coupling
ability to high-voltage cathodes. This work, however, laid the groundwork for further
development of chloride-free systems. In 2015, Tutusaus et al. ** synthesized Mg(CB11Hi2):

salt (MMC), which exhibited improved oxidative stability ( > 3.2 V) in single ether solvents

(G3 or G4) and delivered over 99% Coulombic efficiency (Figure 1.10a). Subsequent
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optimization using a DME-G2 co-solvent further enhanced Mg anode kinetics without
sacrificing efficiency, enabling dendrite-free Mg plating/stripping at high current densities
(Figure 1.10b and 1.10c) *°.

Moreover, Fichtner et al. *° reported Mg[B(hfip)4]» based electrolytes, demonstrating high

anodic stability ( > 4.5 V), superior ionic conductivity (~11 mS cm™), and low overpotentials

in ether-based solvents ((Figure 1.10d to 1.10f). More recently, Lu et al. developed a cost-
effective cation exchange method using Zn(BH4), to synthesize Mg[B(hfip)s]» salt (Figure
1.10g), achieving over 99% Coulombic efficiency for Mg plating/stripping *’. Despite these
advances, the commercial application of borohydride and organoborates salts remains limited

due to their high cost, complex synthesis, and sensitivity to moisture and impurities.
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Figure 1.10 (a) CV curves of Mg//Pt asymmetric cell in MMC/G3 and MMC/G4 electrolytes

1

at a scan rate of 5 mV s!. 3 (b) Polarizations of Mg//Cu asymmetric cell with different

current densities and (c) cross-sectional SEM image of Mg plated on Cu substrate at 20 mA
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cm in MMC/(DME-G2) electrolytes.* (d) Ball and stick model of the Mg[B(hfip)4]./DME
electrolyte.?® () CV curves of Mg//Pt asymmetric cell at a scan rate of 35 mV s™' and (f) LSV
of various electrodes in Mg[B(hfip)s]»/DME electrolyte.*® (g) Synthesis scheme of Mg
solvates based on Zn(BHa), precursor. >
Among chloride-free candidates, Mg(TFSI) and Mg(CF3SO3), have emerged as

promising options, owing to their commercial availability, high ionic conductivity, and

excellent anodic stability (> 3.5 V) 3¥. However, in single-salt, single-solvent systems (e.g.,

Mg(TFSI), in DME), their electrochemical performance is suboptimal, characterized by high
overpotentials (~2 V vs. Mg/Mg*") even at low current densities and unsatisfactory Coulombic
efficiencies (30%~60%). These limitations are attributed to the strong solvation structure of
[Mg(DME);]** and the possible decomposition of bulky TFSI" anions at the Mg metal anode **-
40, resulting in sluggish ion kinetics during Mg plating/stripping.

To address the limitations of Mg(TFSI)2/DME-based electrolytes, significant research has
focused on additive engineering, primarily through the introduction of co-solvents or functional
additives. For instance, Wang et al. *! incorporated methoxyethyl-amines-co-solvents with
higher Lewis basicity and donor numbers-into Mg(TFSI),/DME electrolytes (Figure 1.11a).
This modification enabled efficient Mg plating/stripping with substantially reduced
overpotentials in Mg//Mg symmetric cells (Figure 1.11b) and achieved high coulombic
efficiency of (> 99.5%) in Mg//SS asymmetric cells over approximately 100 cycles (Figure
1.11¢). Mechanistically, methoxyethyl-amines replace DME in the Mg?" solvation shell,

providing stronger chelating sites, which lowers the desolvation energy barrier and suppresses

DME decomposition, thereby enhancing interfacial charge transfer at the Mg metal anode.
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Figure 1.11 (a) The molecular structure and denticity of the methoxyethyl-amines. (b) The
overpotentials of Mg|[Mg symmetric cells at 0.1 mA cm ™2 with/out the addition of
methoxyethyl-amines. (c) CEs in Mg//SS cells cycled at 0.1 mA cm 2 with/out the addition of
methoxyethyl-amines. *!

Similarly, Zhao et al. ** introduced trimethyl phosphate (TMP), a high-dielectric-constant
solvent, as an effective additive in Mg(TFSI)»/DME electrolytes. The competition between
phosphorus-oxygen groups of TMP and the carbon-oxygen groups of DME modifies the Mg?*-
DME dominated solvation structure, mitigating the formation of passivation layers from DME
decomposition. As a result, the TMP-containing electrolyte exhibits significantly lower
overpotentials (0.15 V) for up to 600 cycles in Mg//Mg symmetric cell at 0.1 mA cm™ (Figure
1.12a). SEM images and EIS analyses confirm that TMP addition greatly reduces side-product
formation and passivation on the Mg surface (Figure 1.12b and Figure 1.12¢), leading to

improved cycling stability.
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Figure 1.12 (a) Cycling performance of Mg//Mg symmetric cells at 0.1 mA cm? in
Mg(TFSI)/DME and Mg(TFSI)./DME+TEP electrolytes, respectively. (b) SEM images and
(c) Nyquist plots of cycled Mg anode in Mg(TFSI)./DME and Mg(TFSI)./DME+TEP
electrolytes, respectively. 2

Beyond weakening the strong solvation structure of [Mg(DME)3]**, tailoring the reduction
behavior of TFSI" anions offer another strategy to enhance Mg plating/stripping performance.
Li et al. ** developed a comprehensive co-ether phosphate electrolyte (CEPE) system based on
Mg(TFSI)./DME electrolyte, incorporating triethyl phosphate (TEP) to disrupt [Mg?*-TFSI]
cation ion pairs (CIPs) and bis(2,2,2-trifluoroethyl) ether (BTFE) to preferentially adsorb on
the Mg surface, thereby suppressing TFSI" decomposition. These additives effectively reduce
TFSI" reduction, limit passivation layer thickness, and significantly lower overpotentials
(Figure 1.13). Furthermore, G2 was employed as a co-solvent to further optimize the solvation
environment of Mg?*, which aided in their desolvation and supported nanoscale Mg nucleation
growth. The optimized CEPE enabled ultra-stable Mg plating/stripping for over 7000 hours at
2 mA cm and 2 mAh cm™. Notably, the CEPE exhibited anodic stability above 4 V, allowing
Mg//polyaniline full cells to operate at up to 3.5 V over 400 cycles at 2C with excellent capacity

retention.
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Figure 1.13 Work principle diagram of Mg(TFSI)./CEPE electrolyte.
Additive engineering has also advanced Mg(CF3SO3)>-based electrolytes. NuLi et al. *
introduced 2-methoxyethylamine (MOEA) as a co-solvent in Mg(CF3S03)2/G2 electrolytes.
MOEA’s integration into the Mg?* solvation structure suppresses the decomposition of G2,
reducing passivation on the Mg metal anode. Meanwhile, the preferential decomposition of
MOEA forms a beneficial MgsN»-containing interphase, enhancing Mg?" interfacial transport.
Consequently, Mg//SS asymmetric cells demonstrated superior cycling stability for 8200 cycles
at 0.5 mA cm™ with a Coulombic efficiency of 98.3%. More recently, Nazar et al. *> added TEP
to Mg(CF3S03)2/G2 electrolyte to weaken CIPs, resulting in a dynamically bare Mg/electrolyte
interface that facilitates complete Mg stripping and plating. This approach achieved an ultra-

high plating capacity of (>50 mAh ¢cm™) in Mg//Cu asymmetric cells, with a Coulombic

efficiency of 98.6% and a magnesium utilization rate of 94.3% (Figure 1.14).
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Figure 1.14 Schematic diagram of introducing TEP in Mg(CF3S03)2/G2 electrolyte to
weaken CIPs. ¥
1.3.3 Cathode-electrolyte compatibility
So far, significant research efforts have been dedicated to improving the compatibility between
electrolytes and Mg metal anode to enhance the efficiency for Mg stripping/plating. However,
for high-energy MRBs, efficient Mg?* intercalation chemistry at the cathode is equally critical,
necessitating careful consideration of cathode-electrolyte compatibility . Despite this, less
attention has been paid to the cathode side, largely due to the scarcity of cathode materials
capable of effective and reversible Mg?* storage. Unlike monovalent Li* ions, the solid-state
diffusion of divalent Mg?" within cathode hosts is inherently more challenging due to its higher
charge density and bivalency *. While this high charge density enables greater theoretical
capacity, it also results in strong Coulombic interactions with anions and solvent molecules in
the electrolyte, leading to higher desolvation barriers compared to Li". These barriers can
promote electrolyte decomposition at the cathode-electrolyte interface (CEI), potentially
forming passivation layers that impede Mg?" transport.
Recent studies have demonstrated that Mg?" storage performance varies significantly with

cathode type and electrolyte formulation. To date, the Chevrel phase MosSs remains the most
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prominent cathode, exhibiting high compatibility with both chloride-based and chloride-free
electrolytes. This is attributed to its soft, covalent sulfide lattice, which facilitates rapid Mg?>"
mobility. In chloride-based electrolytes, MgxCly species promote Mg?" insertion into the MoSs
host. For instance, Prendergast et al. * demonstrated that Mo atoms catalytically interact with
Cl, reducing the dissociation energy of MgxCly species on the MosSs cathode surface from 3
eV to 0.2 eV, thereby facilitating Mg?" intercalation (Figure 1.15a). Subsequently, Aurbach et
al. *® proved that a chloride-containing adsorption layer on the cathode surface lowers the

activation energy for interfacial charge transfer, enabling efficient Mg?* insertion (Figure
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Figure 1.15 (a) Catalytic effect of Mg?" intercalation into MosSs in APC electrolyte. *7 (b) CI°
-containing interphase on MosSs cathode at CEI in APC electrolyte. *®

In contrast, the mechanisms governing Mg”" insertion into MosSs in chloride-free
electrolytes are less well understood due to limited studies. It is generally accepted that Mg>*
insertion is hindered in these systems by sluggish diffusion kinetics '°. Cui et al ¥
systematically investigated the interactions between MosSs and Mg[B(hfip)4]o/DME electrolyte,
revealing that the anions can be oxidized at appropriate cut-off voltages to form a BxOy-rich
CEL This CEI promotes the desolvation of Mg®" at the cathode surface, thereby enhancing
interfacial transport kinetics and improving Mg?* storage capacity (Figure 1.16a). Similarly,
Nuli ef al. ** demonstrated that introducing MOEA into Mg(CF3S03)2/G2 electrolyte generates

a beneficial CEI containing Mgi;N> and CiNy complexes, which improves intercalation

dynamics and overall electrochemical performance (Figure 1.16b).

19



A [ Low charging cut off voltage «anion oMg® - solvent =CEl ‘Proper charging cut off voltage

-
o - 9 ® Increasing voltage " P -

. 5 > .
Y S5 * 3 > _? 9 x 5
9
MOGS. > | With out CEI Mo‘s‘
24 g Reduced _24
2. el 05~20V s |With CEI R . _af:}ivation barrier 31 s 05~26V
& | without CEl 5 S 7| with CEl
£1.2 = S1.2
o > (2]
> 0.6f 3 >0.6
0 20 40 60 0 20 40 60

Capacity (mAh g) Reaction coordinate \ Capacity (mAh g)

Homogeneousand C,N,-rich CEIl .

Discontinuous complete CEI

&
& \ :
L8 ® CF;SO; reservoir

Higher desolvation energy barrier ~ 1)
i Accelerated desolvation
< @ X @ >

“ / Undesirable Mg?* storage performance Faster charge transfer process

Figure 1.16 (a) CEI chemistry and the corresponding effect on MoeSg cathode in
Mg[B(hfip)s]o/DME electrolyte. *° (b) CEI chemistry and the corresponding effect on
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Despite the widespread use of MogSs, its low capacity (60-80 mAh g!) and limited voltage
output (slightly above 1 V) necessitate the search for higher-capacity and higher-voltage
alternatives. Layered oxides and organic compounds have emerged as promising candidates,
but they exhibit strong dependence on specific electrolyte formulations, and a universal
electrolyte for these cathodes remains elusive. Aurbach et al. 3% °° comprehensively analyzed
the failure mechanisms of chloride-free Mg(TFSI)2/DME electrolyte with high-capacity V205
cathodes, attributing performance limitations to strong Mg?*-DME coordination (Figure 1.17a)
and TFSI-induced surface passivation (Figure 1.17b). The introduction of cosolvents into
Mg(TFSI)2/DME electrolyte has proven effective; Wang et al. *! reported that adding MOEA
modifies the strong [Mg(DME);]** coordination to more flexible solvation structure, reducing
the reorganization energy required for Mg?* intercalation into layered Mgo1sMnO> cathodes

(Figure 1.17c¢).
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I. *° identified pyrene-4,5,9,10-tetraone (PTO) as a promising

For organic cathode, Yao et a
candidate due to its unique heterogeneous enolization redox chemistry, which circumvents the
sluggish kinetics associated with bond cleavage and reformation. However, the high viscosity
of conventional single-ether electrolytes impedes ionic transport at the CEI, and the dissolution
of PTO intermediates in these electrolytes compromises cycling stability (Figure 1.18). To
address these challenges, a modified Mg(CB11H12)2/(DME-G2) co-solvent electrolyte was

employed, enabling faster Mg?" diffusion and suppressing the intermediate dissolution, thereby

achieving a high specific power of 30.4 kW kg™!.
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Figure 1.18 The GCD profile of Mg//PTO cell in Mg(CB11H12)2/G4 electrolyte with the
photographs of electrodes at different discharge states dissolved in DME. *°
In summary, despite notable progress, research on cathode-electrolyte compatibility in
MRBs remains in its early stages, particularly given the diversity of cathode and electrolyte
types. Further systematic studies are essential to deepen our understanding of these interactions
and to pave the way for the advancement of high-energy MRBs.
1.3.4 Aqueous electrolytes
Since the successful construction of the first MRB prototype in 2000, practical MRBs have yet
to be realized. Most reported electrolytes are ether-based organic systems, which enable
reversible Mg plating/stripping. However, these electrolytes are flammable and highly sensitive
to air and moisture, posing significant safety risks. The high reactivity of Mg metal anodes
towards surface reactions restricts the choice of compatible salts and solvents. To advance MRB
commercialization and address the growing demand for green and sustainable energy storage,
aqueous MRBs, which exhibit high-energy potential in the anode/electrolyte/cathode
integration, have recently attracted considerable attention due to their low cost, facile
fabrication, enhanced safety, and environmental-friendliness >'.
In this context, the role of water in aqueous electrolytes is being re-evaluated. While water
is generally believed to passivate Mg metal, it has beneficial effects on certain high-capacity

cathode materials. For example, Novak et al. > demonstrated that water facilitates Mg>"
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insertion into V20s, and subsequent studies have reported similar enhancements for cathodes
such as MnO,, C4Q etc. > As research progresses on alternative anodes beyond Mg metal,
aqueous MRBs are expected to move closer to large-scale application **. For instance, Mai et
al. *° employed a 1 M Mg(CH3COO), aqueous electrolyte with a VO2(B) electrode, achieving
a high capacity of 257 mAh g}, excellent cycling stability over 3000 cycles, and 81.5% capacity
retention. This performance is attributed to the lower diffusion energy barrier of proton (0.37
eV) compared to hydrated Mg*" ions (2.7 eV). A full pouch cell using VO2(B)//copper
hexacyanoferrate (CuHCF) with this aqueous electrolyte delivered a capacity of 17.6 mAh and
an average discharge plateau of 1.1 V. Similarly, Zhang et al. *® utilized 1 M Mg(TFSI)-H.O
aqueous electrolyte, demonstrating that proton co-insertion significantly enhances Mg?* storage
in the organic electrode 3,4,9,10-perylenetetracarboxylic diimide (PTCDI), achieving a specific
capacity of 110 mAh g ! at 0.2 A g'!, substantially higher than the 60 mAh g ! obtained with
Mg?" insertion alone in an organic electrolyte (1 M Mg(TFSI), in EC/PC). These findings
underscore the advantages of aqueous electrolytes for MRBs.

Despite these benefits, aqueous MRBs face significant challenges, primarily due to the
properties of aqueous electrolytes. The high activity of water limits the ESW to 1.2~1.8 V,
mainly due to the hydrogen evolution reaction (HER). Furthermore, excessive proton insertion
can compete with Mg?" and induce parasitic side reactions, such as electrode dissolution and
decomposition, ultimately degrading battery performance. Rapid proton transport in these
systems relies on the Grotthuss mechanism, which is governed by hydrogen bonds networks of
free water molecules. Therefore, regulating hydrogen bonding (HB) interactions is crucial to
suppress water activity and mitigating side reactions *’.

To address these issues, several strategies have been developed to modulate HB networks
and minimize parasitic reactions in aqueous MRBs, including water-in-salt electrolytes (WISEs)

54, 61
b

38 hydrated eutectic electrolytes (HEEs) 3% ¢ organic/water hybrid electrolytes and

solvent-in-water electrolytes (SIWEs) 2. Among these, HEEs have emerged as particularly
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promising. Formed through Lewis acid-base and hydrogen bond interactions, HEEs can
effectively suppress free water activity and enable stable battery operation, while also offering
low cost, environmental compatibility, and ease of preparation %> %, For example, Alshareef et
al. *° utilized a hydrated Mg(NO3),-6H,0 salt with acetamide to form a hydrated eutectic
electrolyte (Figure 1.19a), which suppressed water activity and facilitated Mg?* transport via a
three-dimensional HB network. This approach prevents electrode dissolution and enabled stable
cycling of a perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) electrode for over 1500
cycles at a 10 C rate (Figure 1.19b). A full aqueous MRB with a PTCDA anode, CuHCF
cathode, and the hydrated eutectic electrolyte achieved an energy density of 52.2 Wh kg™! and

an operational voltage of 2.2 V (Figure 1.19¢ and 1.19d).
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Figure 1.19 (a) Optical photographs of preparing hydrated eutectic electrolytes. (b) Cycling
performance of PTCDA anode with the hydrated eutectic electrolyte at 10 C. (¢) GCD curves
of the full PTCDA//CuHCF AMIB with different current densities. (d) Cycling performance

of the pouch type PTCDA//CuHCF AMIB at 5 C. %°
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Subsequently, Jin et al.

introduced a ternary eutectic electrolyte consisting of
MgCly-6H>0, urea, and acetamide (Figure 1.20a). In this system, acetamide competes with
urea in the first Mg?" solvation shell, forming an HB network that expands the ESW to 3.5 V.
The Mn-NVO electrode with this electrolyte exhibited a high capacity exceeding 190 mAh g,
attributed to the “breathing effect” at the electrode/electrolyte interface (Figure 1.20b to 1.20d).
A full Mn-NVO//CuHCF aqueous MRB with this eutectic electrolyte demonstrated stable
cycling over 800 cycles with a specific capacity of ~40 mAh g™ (Figure 1.20e). Despite these
advances, current HEE systems in aqueous MRBs are largely limited to amide-based eutectics.
To further broaden their application, it is essential to develop HEEs beyond amide systems and

to achieve a comprehensive understanding of the electrode-electrolyte interface. Such insights

will guide the rational design of next-generation electrolytes for practical MRBs

implementation.
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Figure 1.20 (a) Optical photographs of the prepared eutectic electrolytes. (b) GCD curves at
various current densities, (¢) rate performance, and (d) cycling performance of Mn-NVO

anode in the MAU117 eutectic electrolyte. (e) Cycling performance of a full Mn-
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NVO//CuHCF AMIB in the MAU117 eutectic electrolyte. ¢

1.3.5 Solid-state electrolytes

In addition to aqueous electrolytes, solid-state electrolytes are emerging as promising
candidates for safe and high-energy MRBs due to their inherent nonflammability, non-volatility,
excellent thermal stability, and mechanical flexibility . Notably, the use of solid-state
electrolytes can completely eliminate safety concerns associated with liquid electrolyte leakage
in practical batteries systems. Among various types, polymer-based solid-state electrolytes are
the most widely reported, attributed to their cost-effectiveness and robust mechanical stability
%, However, their relatively ionic conductivity remains a significant barrier to achieving high-
performance requirements. Strategies such as incorporating nanofillers or blending different
polymers have shown some improvements in electrochemical performance and stability 7> 8,
yet these approaches still fall short of meeting practical application requirements. Overall, the
low ionic conductivity and high interfacial impedance of current solid-state electrolytes result
in inferior performance compared to liquid electrolytes, thereby limiting their further
development. Consequently, there is an urgent need to design new solid-state electrolyte
systems with enhanced ionic conductivity and improved electrode-electrolyte compatibility for

practical MRBs utilizations.

1.4 Objectives and outline

MRBs are considered promising candidates for next-generation EES beyond LIBs. However,
the lack of suitable electrolytes compatible with both high-capacity cathodes and anodes
remains a major obstacle to their practical deployment. Although several electrolyte systems,
such as APC and MACC, have been developed to enable reversible Mg stripping/plating, issues
including toxicity, corrosion of current collectors and battery casings, and limited oxidative
stability hinder their sustainability and energy density. Chloride-free electrolytes, offering
greater cost-effectiveness, higher electrochemical stability, and improved environmental

compatibility, represent a viable alternative. Nevertheless, their sluggish Mg?" kinetics and
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passivation tendencies impede efficient reversible Mg deposition. Therefore, optimizing

existing chloride-free electrolytes or developing novel electrolyte systems is critical for

advancing sustainable and high-performance MRBs. This thesis focuses on the optimization of
chloride-free electrolytes and exploration of new electrolyte systems for MRBs, and the
objectives are as follows:

(1) To optimize existing magnesium electrolytes through the incorporation of suitable additives
or solvents, or by developing novel electrolyte systems, in order to achieve enhanced ionic
conductivity and high electrochemical stability. These improvements aim to ensure better
compatibility with both high-performance cathodes and anodes, thereby enabling superior
electrochemical performance in MRBs.

(2) To elucidate the chemical structures of the developed electrolytes, providing a fundamental
understanding of their behavior.

(3) To investigate the mechanisms governing electrode-electrolyte interactions, thereby
deepening insights into factors influencing battery performance.

(4) To assemble full batteries to evaluate the practical applicability of the developed electrolytes.

By developing new electrolytes, systematically studying their chemical structures and
electrode-electrolyte interaction mechanisms, and assessing their practical applications, this
work aims to provide comprehensive insights and actionable guidance for future research in
MRBs. The thesis contents are listed as follows:

Chapter 1: This chapter briefly introduces the background and challenges of MRBs,
especially focusing on systematically describing and analyzing the electrolyte systems
developed so far in MRBs.

Chapter 2: This chapter summarizes the experimental methods and related reagents used
in this thesis.

Chapter 3: This chapter presents a novel eutectic solid-state electrolyte by directly

crystallizing the Mg(TFSI)./urea liquid mixture at room temperature to realize reversible Mg

27



stripping/plating.

Chapter 4: This chapter describes a new glycol-glyme co-solvent electrolyte, which
exhibits high compatibility with both high-performance VO, cathode and Mg metal anode.

Chapter 5: This chapter describes a new sulfone-based hydrated eutectic electrolyte for
magnesium ion batteries, which could suppress water activity and inhibit cathode dissolution
to realize better capacity output and longer cycling stability.

Chapter 6: This section summarizes the series work on the developed electrolytes and

proposes future directions for further exploration of magnesium electrolytes.
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Chapter 2 Experimental methods

This chapter describes the main chemicals and reagents used in the experiments. It also outlines
the experimental procedures, including materials preparation, characterization methods, device

assembly, electrochemical measurements, and theoretical simulations.

2.1 Chemicals and reagents

All chemicals were used as received without further purification, and relevant details are
provided in Table 2.1.

Table 2.1 Chemistry and reagents required for the experiment.

Chemical Abbreviation Specifications Manufacturer
Magnesium(II)Bis(trifluoromethane ~ Mg(TFSI)» AR Aladdin
sulfonyl)imide

Magnesium perchlorate hexahydrate Mg(ClO4),-6H,O AR Aladdin
Propylene carbonate PC AR Aladdin
1,2-dimethoxyethane DME AR Sigma-Aldrich
Ethylene glycol EG AR Aladdin
1-Methyl-2-pyrrolidinone NMP AR Aladdin
Acetamide ACE AR Aladdin
N-Methylacetamide NMAc AR Aladdin
Urea Urea AR Aladdin
Sulfolane SL AR Aladdin
Tetrahydrofuran THF AR Aladdin
Anhydrous acetonitrile ACN AR Aladdin
Vanadium (V) oxide V1,05 AR Aladdin
3,4,9,10-Perylenetetracarboxylic PTCDA AR Aladdin
dianhydride

Activated carbon AC AR Aladdin
Super P Super P AR Aladdin
Polyvinylidene fluoride PVDF AR Aladdin
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2.2 Material preparation

2.2.1 Electrolytes preparation

Mg’*-conducting solid-state electrolytes (MCEs): MCEs were prepared by simple magnetic
stirring and naturally cooling processes. In detail, homogenous liquid solutions were prepared
by steadily stirring Mg(TFSI), and urea mixtures with different molar ratios (nmg(trsn2: Nurea
=1:2, 1:4, 1:6, 1:8, and 1:12) at 80 °C for 24 hours. When the liquid samples cooled down to
room temperature, waxy-like solid state electrolytes were obtained. 0.5 M Mg(TFSI)>/PC was
synthesized as the control electrolyte. All these electrolytes were synthesized in an Ar-filled
glove box.

Glycol-glyme co-solvent electrolytes: The co-solvent electrolytes were prepared by stirring 0.5
M Mg(TFSI), in EG/DME solvents with different volume ratios (vec = 0 %, 25%, 50%, 75%,
and 100%, respectively) for more than 6 h. 0.5 M Mg(TFSI),/DME was prepared as the control
electrolyte. All these electrolytes were prepared in an Ar-filled glove box.

Hydrated eutectic electrolytes (HEEs): HEEs were prepared by stirring hydrated
Mg(ClO4); -6H>0 salt in SL at various molar ratios (Mg(ClOs4)> -6H>0: SL=1:4, 1:6, 1:8, and
1:10) for over 3 h. Control electrolytes of 1 M Mg(ClO4)2/H20 and Mg(ClO4)2/SL (1:8) were
also prepared.

2.2.2 Electrodes preparation

Preparation of VO: cathode: The VO, nanorods was synthesized according to the previous
report ®. Typically, 1 g V20s powder and 12 ml EG were added to 18 mL deionized water and
was vigorously stirred at room temperature for 2 hours. The suspension was then transferred
into a 100 mL Teflon-lined autoclave for hydrothermal reactions at 180 °C for 5 hours. The dark
green products were finally collected by centrifugation and washed with deionized water and
absolute ethanol several times. The final product was then dried in a vacuum oven at 80 °C for
12 hours. The VO electrode slurry was prepared by mixing the as-synthesized VO», super P

and PVDF at a weight ratio of 7:2:1 in NMP and cast onto carbon coated Al foil. The electrode
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was dried overnight in a vacuum oven at 70 °C, with an active material loading of approximately
0.5 mg cm™.

Preparation of V>0s cathode: The V205 electrode was synthesized via a hydrothermal method
61.70 Typically, 0.546 g V205 powder was dissolved in 24 ml deionized water for 30 minutes.
Then, 6 ml H,O, were added to the yellow suspension until a reddish-brown solution formed.
The solution was transferred to a 50 mL Teflon-lined autoclave for hydrothermal reaction at
200 °C for 48 hours. After cooling to room temperature naturally, the samples were collected
by centrifugation and washed several times with deionized water and absolute ethanol. The
samples were dried in a vacuum oven at 60 °C for 12 hours. The V205 electrode slurry was
prepared by mixing the synthesized V,0s, Super P and PVDF in a weight ratio of 7:2:1 in NMP,
and casting onto stainless steel foil. The electrode was then dried overnight in a vacuum oven
at 60 °C, with an active material loading of approximately 1 mg cm™.

Preparation of Mg metal anode: Magnesium foil, with a thickness of 0.1 mm, was polished
using sandpaper and then cut into discs with a diameter of 10 mm inside a glove box for cell

assembly.

Preparation of PTCDA anode: PTCDA anode was prepared by grinding PTCDA powder, Super
P, and PVDF in a weight ratio of 8:1:1 using NMP as the solvent. This mixture was then formed

into a uniform slurry, coated evenly onto Ti foil, and dried overnight under vacuum.

2.3 Characterization methods
Differential Scanning Calorimeter (DSC): DSC (Netzsch DSC 200 F3) was used to determine

the freezing and melting point of the electrolytes. This thermoanalytical technology measures
enthalpy changes during transitions and reactions as a function of temperature. The measured
melting point can be used to assess the suitability of electrolytes for applications in harsh
environments, such as low temperatures.

Thermogravimetric analysis (TGA): TGA (TA Q500) was utilized to assess the thermal stability

of the electrolytes. It continuously measures the mass change of a sample as the temperature
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changes, providing information on phase transitions and thermal decomposition.
Fourier-transform infrared (FTIR): FTIR (Thermo Fisher Scientific Nicolet iN10) was used to
observe changes in the chemical bonds and structure of the electrolytes. In this technique,
infrared radiation passes through the sample, inducing molecular vibrations and resulting in the
adsorption of characteristic frequencies. Consequently, high-resolution spectral data over a
wide range can be obtained to identify functional groups and changes in chemical bonds within
the sample.

Raman microscopy: Raman microscopy (Horiba LabRAM HR Evolution) equipped with a 532
nm laser was utilized to investigate the crystal structure and molecular vibrations of the samples.
Specifically, Raman spectroscopy of electrolytes can identify changes in the solvation
environment of Mg?" in bulky electrolytes.

Nuclear magnetic resonance (NMR): *C and 'H liquid NMR (Bruker Avance NEO 400MHz)
was used to examine the chemical environment of carbon and hydrogen in the electrolytes,
contributing to both qualitative and quantitative analysis of their chemical structure. When
exposed to an applied magnetic field, certain atomic nuclei absorb energy from a radio
frequency field at characteristic frequencies, producing distinct NMR signals. The chemical

shift offset intuitively reflects the strength of the interactions between chemical bonds.

X-ray diffraction analysis (XRD): XRD (Rigaku SmartLab 9 kW diffractometer with Cu-Ka
radiation) was used to identify the phase structure of electrode materials and chemical
composition of the solid electrolyte interphase (SEI). Rietveld refinement was carried out using
the GSAS program. In-situ XRD experiments were conducted using a custom cell with an X-
ray transparent beryllium (Be) window to observe the electrode phase changes during the
charging/discharging process.

Scanning Electron Microscope (SEM): SEM (Tescan MIRA, Tescan MAIA3, Tescan VEGA3)
was used to observe the morphology of the prepared samples. As a non-destructive

characterization technique, SEM uses electrons that interact with atoms in the sample to
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produce signals reflecting the materials morphology and composition characteristics.
Transmission Electron Microscope (TEM) and High-resolution TEM (HRTEM): TEM and
HRTEM (JEOL JEM-F200 and JEOL 2100) was utilized to analyze the nanostructure of the
prepared materials. The material was ultrasonically dispersed in ethanol multiple times and
subsequently dropped onto copper grids coated with carbon membranes. The electron beams in
TEM and HRTEM can focus on a very small size scale, allowing detailed information such as
lattice defects and grain size to be obtained.

X-ray Photoelectron Spectroscopy (XPS): XPS (Thermo Scientific Nexsa) is utilized to identify
the chemical composition and electronic states on the surface of the electrode materials. This
quantitative method operates on the principle of the photoelectric effect. When the sample is
exposed to a high-energy X-ray beam, surface photoelectrons are emitted and captured,
providing chemical information such as chemical structure, oxidation state and electronic state.
Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS): TOF-SIMS (TOF-SIMS 5
iontof) was employed for in-depth analysis of the chemical distribution on the surface of
electrode materials at the nanoscale. In TOF-SIMS, a pulsed ion beam removes molecules from
the outermost layer of the surface, and the collected molecules are accelerated into flight tube
to determine their mass based on their specific arrival times. Compared with other technology,
TOF-SIMS offers high spatial resolution and advanced capabilities like depth profiling and 3D

analysis, making it a powerful method for surface analysis.

2.4 Electrochemical measurement

2.4.1 Battery Assembly

All batteries were assembled in CR2032-type coin cells, with glass fiber membranes serving as
separators.

For the Mg**-conducting solid-state electrolytes (MCEs) system: three types of cells were
constructed. The Mg//Mg symmetric cell used Mg metal as both the cathode and anode with

the MCEs. The Mg//SS asymmetric cell featured SS as the cathode and Mg metal as the anode
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with the MCEs. Mg//V>0s full cell was assembled with the as-prepared V20Os as the cathode
and Mg metal as the anode, incorporating MCEs.

For the glycol-glyme co-solvent electrolytes system: Two main types of cells were constructed.
Mg ion half cells were assembled using the as-prepared VO, as cathode and AC on carbon cloth
as the counter electrode, with co-solvent electrolytes. Mg//VO; full cells were assembled in a
glovebox using the as-prepared VO, cathodes, Mg metal anodes, and the co-solvent electrolytes.
For the HEEs: Mg ion half cells were assembled using the prepared V»Os as cathode and AC
on carbon cloth as the counter electrode, with HEEs. PTCDA//V20s full cells were assembled
utilizing the prepared V,Os cathodes, PTCDA anodes, with HEEs in air.

2.4.2 Electrochemical characterization

Typical electrochemical tests like electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and linear sweep voltammetry (LSV) were carried on a CHI 660E and
Biological-Logic VSP-3 electrochemical workstation. Electrochemical charge/discharge
profiles, rate performance, and the Galvanostatic intermittent titration technique (GITT)

measurements were recorded with a Neware CT-4008 battery tester.

2.5 Theoretical calculation

Quantum chemistry calculations were carried out with the Gaussian 16 software. The
geometries of molecules were optimized using the B3LYP exchange-correlation functional in
conjunction with the basis set of 6-311++G (d, p) under the gas phase approximation. All of the
optimized structures were confirmed as potential minima, with no frequency modes with
imaginary eigenvalues, through frequency analyses following geometry optimizations. The
LUMO and HUMO orbital energy levels and electrostatic potential (ESP) were analyzed by
using Multiwfn software ’' and visualized by using VMD software.

Molecular dynamics (MD) simulations were conducted using the Gromacs 2022 software.
General Amber force fields (GAFF) parameters of the EG and DME molecules, Mg?* and TFSI”

were  obtained by  Sobtop  program  (Tian Lu, Sobtop, Version 1.0,
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http://sobereva.com/soft/Sobtop, accessed on octomber 31, 2023). RESP2(0.5) charge for all
solvent molecules and anions was defined by Multiwfn software. Particularly, a scaling factor
of 0.8 was employed for Mg?" and anions charge owing to the charge transfer effect. The initial
size of the simulation box is 40x40x40 A3. After the energy minimization, the systems were
initially heated from 0 K to 350 K during 3.5 ns and relaxed at 350 K for 5 ns. Next, the systems
were annealed to 300 K at 0.5 K ps—1 and remained at 300 K for 2 ns. All these annealing
processes were simulated by NPT ensemble utilizing Berendsen barostat for modulating the
pressure. Finally, the systems were simulated in NVT ensemble regulated by Velocity-rescale
for 10 ns and the last 5 ns trajectories were utilized to analyze local coordination structure of

Mg?",
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Chapter 3 Direct crystallization of deep eutectic solvents

into solid-state electrolytes for magnesium metal batteries

3.1 Introduction

The ever increasing demands of portable devices and vehicle electrification have stimulated
intense desire on energy dense and safe solid-state rechargeable batteries 2. To date, the
research on solid-state rechargeable battery has been mainly focused on lithium batteries due
to the well-established Li-ion chemistry and the availability of a handful of Li-ion solid state
electrolytes (SSEs) 7> ™. Concerns rising from the unsustainable supply of Li feedstock and the
uncontrollable Li dendrite generation have triggered explorations on new battery systems using
more abundant element as charge carriers > 1°. Among the many options, solid-state magnesium
rechargeable batteries (SSMRBs) are considered promising owing to the low cost and high
abundance of Mg element (2.33 wt% vs. 0.0002 wt% for Li), the superior physical stability
(melting point of 648.9 °C for Mg metal vs. 180.5 °C for Li metal) and a higher volumetric
capacity (3833 mAh cm™ for Mg metal vs. 2062 mAh cm™ for Li metal) ">, In addition, Mg
metal anode earned the reputation of non-dendritic plating/stripping processes 52,
Nevertheless, solid-state electrolytes with rapid Mg?* transportation are lacking.

The research on Mg-ion solid-state electrolyte is mainly focused on gel polymer
electrolytes (GPEs) by mixing polymeric matrices like polyethylene oxide (PEO) ©°,
polyvinylidene fluoride (PVDF) %, and poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP) * with Mg salts (i.e., Mg(ClO4)2, Mg(CF3S03)2, Mg(AICL:EtBu),) in ethylene
carbonate (EC) or propylene carbonate (PC) solvents %7, Although considerable ionic
conductivities were reported for GPEs, the highly corrosive chloride-based salt (i.e., Mg
organohaloaluminates) %, the Mg-ion blocking interphase (i.e., Mg halides formed by reacting
with Mg(ClOs)2), and the flammable organic solvents impede the development of safe SSMRBs
%89 In addition, the side reactions between GPEs and Mg metal can cause irreversible Mg

metal electrodes reaction 2. The irreversibility was mainly caused by the ion-blocking solid
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electrolyte interphase (SEI). %% °! To be specific, for Mg(ClO4)> or Mg(CF3SOs),-based
electrolytes, the Cl04™ and CF3SOs™ anions would react with Mg metal to generate insoluble and
ionic insulating Mg halides/salts 3% °2. For the magnesium organohaloaluminates-based (i.e.,
APC) electrolyte, the corrosion of current collectors by chloride-containing species is highly
detrimental °*. In addition, the strong binding energies between polymer skeletons and Mg?"
induced poor ionic conductivity and low transference number, which further retarded the Mg
deposition kinetics.®* Hence, new electrolyte formulations with appreciable safety and
compatibility are eagerly awaited to promote the development of SSMRBs.

Recently, an intriguing approach of directly crystalizing liquid electrolytes into solid phase
at room temperature (RT) was proposed > %, The solid-state ionic conducting ices (i.e.,
freezing Li*, Mg?" and Zn?>" sulphate solutions at RT) indicated notable ionic conductivities,
which are attributed to the full salt dissociation and the elevated ion-carrier densities 7 %5,
Compared with the procedures of fabricating ceramic pellets (i.e., MgPS3-Mgl> ) and GPE
solid state electrolytes, this strategy is considerably simple and effective. Deep eutectic solvents
(DESs), which only consist of metal salts and amide-based ligands, is a promising approach to
realize this strategy. Different from the traditional liquid electrolyte with abundant organic
solvents, the DES could utilize widely accessible and green chemicals to associate biphasic
solution formation via hydrogen bonds. In addition, DESs intrinsically possess superior ionic
liquid-like properties, such as low vapor pressure, high ionic conductivity, excellent
electrochemical stability, and highly flammable resistance *’- 1%°. By directly adjusting molar
ratios of metal salts (i.e., Zn(CF3S0Os)>) and amide-based ligands (i.e., acetamide), high-entropy
DESs were solidified for Zn-ion batteries at RT ', The direct crystallization of Mg ion DES
holds promises for developing high-performance SSMRBs, an avenue yet to be explored.

Herein, for the first time, we reported a Mg?*-conducting solid state electrolyte (MCE) by
directly crystalizing the Mg(TFSI)2: urea (molar ratio = 1: 8) DES structure at room temperature

for SSMRBs. The copious amine and carbonyl groups in urea ligands tailored the
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intermolecular frameworks with Mg(TFSI),, thereby creating anion-rich groups in the Mg?"
solvation sheath. This structure can alleviate surface passivation from solvent decomposition
as observed in liquid electrolytes, i.e., Mg(TFSI)2/PC. The Mg//Mg solid-state symmetric cells
made from the MCE demonstrated an appreciable cycle life of more than 120 h at 25 pA cm™.
The improved electrochemical performance is attributed to the F-rich and porous
organic/inorganic hybrid interface layer, which effectively activated Mg metal and facilitated
rapid Mg?* transportation through the interface. Finally, solid-state Mg//V,Os full cells were
built to verify the practical feasibility of MCE, which exhibited a high capacity of 172 mAh g~
I'at 20 mA g!. This work is expected to pave a new way towards developing novel MCEs for

safe SSMRBs.

3.2 Results and discussion

3.2.1 Key properties of the Mg?* conducting solid-state electrolyte

The preparation and characterization of the MCE are shown in Figure 3.1a. Homogenous liquid
solutions were prepared by steadily stirring Mg(TFSI)2 and urea mixtures with different molar
ratios (nMg(TFsI2: Hurea =1:2, 1:4, 1:8, and 1:12) at 80 °C for 24 h. When the liquid samples cooled

down to room temperature, waxy-like solid state electrolytes were obtained.
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Figure 3.1 (a) The preparation diagram for MCE. (b) DSC profiles of the Mg(TFSI)./urea
electrolytes with different molar ratios. (c) Direct current polarization curve of Mg//Mg
symmetric cells with MCE under an overpotential of 5 mV, inset showing the Nyquist plots
before and after the polarization tests. (d) Flammability test of MCE.

DSC was conducted to examine the thermal property of these electrolytes (Figure 3.1b).
In solid or liquid electrolytes, there will be only one peak corresponding to the melting point.
In contrast, the melting of a eutectic binary mixture starts at the eutectic temperature and follows
with a second melting process for the remaining solid or liquid compositions *”*®. For MCE of
NMg(TFSI2: Nurea = 1:2, the eutectic temperature is around -50.5 °C and a melting temperature is
at approximate 40 °C. These values are much lower than the melting temperatures of their

individual components (i.e., ~133 °C for urea and >200 °C for Mg(TFSI); salt). Therefore, we
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speculated that the nmg(trsn2: nurea = 1:2 is close to the eutectic point. With the increase of urea
content in MCE:s, the eutectic feature is steadily weakened (as shown in the dashed box of
Figure 3.1b). For MCEs of nmg(tesi2: Nurea >1:4, MCE can be completely solidified at room
temperature, with melting temperatures ranging from 80.9 to 104.6 °C. The disappearance of
the eutectic point would not affect the high degree of chaos in the ionic conductive solid-state
electrolytes, which are expected to form local ion percolating networks. By comparing the
cyclic performance of Mg metal in these electrolytes at room temperature (Figure 3.2 and 3.7a),
the nmg(TFsI2: Murea =1:8 with well-balanced physical and electrochemical performance was

selected as the optimal MCE for the following experiments.
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Figure 3.2 Voltage responses of Mg//Mg symmetric cells with MCEs at different molar ratios
cycling from 10 pA cm™ to 100 pA cm™.

The electrochemical window of the MCE was examined by using a stainless-steel (SS)
working electrode and Mg metal as the reference/counter electrode at room temperature. The
MCE exhibited (Figure 3.3a) a competitive stability of ~2.7 V vs. Mg/Mg?*", surpassing the
traditional Grignard reagent (~1.3 V) by more than two times '°2. The ionic conductivity of
MCE was calculated to be 1.47x10* S cm™ at room temperature by EIS measurements. By
increasing the temperature, the ionic conductivity could be improved to 3.43 x1073 S cm™! at
70 °C (below the melting temperature, Figure 3.3b), surpassing the reported values for GPEs

(Table 3.1).
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Figure 3.3 (a) LSV profile of SS working electrode in eutectic Mg(TFSI)>/Urea electrolyte,
using Mg as the reference at a scan rate of 2 mV s!. (b) Nyquist plots of the MCE sandwiched
between two stainless-steel electrodes measured at different temperatures.

According to the Bruce—Vincent—Evans equation, the Mg?" transference number was
determined to be 0.503 at room temperature (Figure 3.1¢), which is higher than previous
reported chloride-free solid-state electrolytes (0.3~0.4, Table 3.2). The high Mg*" transference
number is attributed to the entrapment of the negatively charged anions in the peculiar cationic
Mg?* solvating with tethered anions. '®> Nonflammability is another notable merit of MCE for
safe rechargeable batteries. As depicted in Figure 3.1d, the MCE did not support combustion
with only phase change between solid and liquid states at different temperatures. This
phenomenon is in sharp contrast to the rapid burning of conventional Mg(TFSI)2/PC electrolyte

(Figure 3.4).

>
Figure 3.4 Flammability test of glass fiber membranes soaked with 0.5 M Mg(TFSI)./PC.

The thermal stability of MCE was further evaluated using TGA. The MCE presented no
volatility up to 180 °C (Figure 3.5), superior to the typical carbonate-based liquid electrolyte

with flash points near 120 °C.
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Figure 3.5 TGA curve of the eutectic Mg(TFSI)>/Urea MCE.

FT-IR affirmed the intermolecular interactions between Mg(TFSI), and urea in the deep
eutectic structure. As shown in Figure 3.6a, the characteristic peaks observed in pure urea at
approximately 1681 cm™, 1590 cm™!, and 1460 cm™ can be attributed to C=0, N-H, and C-N
stretching vibrations, respectively '®. Notably, Figure 3.6 a and b show the redshift of the
characteristic peaks corresponding to S-N-S (1052 cm™'), SO, (1187 and 1348 cm™'), and C-F
(1198 cm™) groups in Mg(TFSI), after adding urea, indicative of chemical interactions between
TFSI anion and urea molecule. A close look at the FTIR spectra revealed an obvious change
for the C=0 stretch, which downshifted by 14 cm™ from urea to MCE, accompanied by a visible
expanding in the region of 3100-3600 cm™ (N-H group). These results signify the formation of
metal-oxygen coordination between Mg®** and C=O groups, thus constructing a eutectic

framework in MCE.
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Figure 3.6 (a) FT-IR spectra of MCE. (b) Partial enlargement of view (a). (c) Snapshot of MD
simulation box and the representative Mg**-solvation structures of Mg(TFSI)»/urea with the
molar ratio of Mg(TFSI)2:urea = 1: 8. (d) RDF plots of MCE. (e) Schematic diagram of the

interplay among Mg*", TFSI" and urea in MCE.
Theoretical simulations were carried out to elucidate the ion dissociation property in MCE.

As shown in Figure 3.6¢, the TFSI™ anion and urea molecules are competing to coordinate with

Mg?" ions. The primary solvation sheath is dominated by urea molecules. By virtue of its

structural flexibility, the urea ligand exhibited multiple coordination configurations with Mg?*

ions. To be specific, Mg?* ions can be coordinated by six O atoms from urea molecules to form

a crisscrossed framework, accompanied with the generation of hydrogen bond networks

between urea and TFSI™ anions (Ourea-Htrsi). The O atom in TFSI™ anions and N atom in urea
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may replace Mg-Ourea Solvation bonds to coordinate with Mg?*, thus enriching the interionic
attractions for enhanced Mg?" mobility. ' Moreover, radial distribution function (RDF)
analysis provided more detailed information about the Mg?* solvation configurations in the
electrolyte. Figure 3.6d shows that the Mg?" are primarily coordinated by urea molecules at
around 2 A (Mg-Ouyrea) and 4 A (Mg-Nuyrea). The peak intensity of Mg-Oyrea at around 2 A is
typically higher than that of Mg-Orrs;, which indicates a strong ionic association force for
Mg?*-C=0. Analogous to the fast ionic mobility in highly concentrated lithium electrolytes
with C=0O-Li" coordination structures '%, the Mg?*-C=0 structure should promote the salt
dissociation with enhanced oxidation stability. Overall, the interplays among Mg**, TFSI" and
urea can be schematically depicted in Figure 3.6e, in which the coordination between Mg?" and
urea contributed to rapid Mg?* diffusion.

3.2.2 Electrochemical performance

Solid-state batteries always encounter challenges of high electrolyte/electrode interfacial
resistance and poor electrolyte permeability among active particles '°’. Leveraging the
reversible melting and recrystallizing properties of MCE at elevated (above 80 °C) and room
temperatures, we proposed an in-situ interfacial regulation strategy to ensure conformal coating
of MCE on electrode materials. Specifically, the liquid MCE at 80 °C was directly dropped on
electrodes for direct solidification at room temperature, thus ensuring good electrolyte
wettability. The feasibility of MCE for Mg stripping/plating was initially examined by cycling
Mg//Mg symmetric cells. Figure 3.7a presents the voltage responses of the Mg//Mg cells using
MCE at current densities ranging from 10 pA cm™ to 100 pA cm™?. Mg//Mg cells in
Mg(TFSI)2/PC liquid electrolyte were also measured as control. It is clearly observed that the

symmetric cells in MCE delivered much lower overpotentials than these in Mg(TFSI)2/PC.
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Figure 3.7 (a) Voltage responses of Mg//Mg symmetric cells with MCE and Mg(TFSI)./PC
electrolytes at current densities from 10 pA cm™ to 100 pA cm™. (b) Mg//Mg symmetric cells
with MCE and Mg(TFSI),/PC electrolytes cycling at 25 pA cm™. (c) Mg//Mg symmetric cells

with MCE cycling at 50 pA cm™. (d) CV curves of Mg//SS asymmetric cells with MCE. (e)

SEM image of the Mg metal anode after stripping.
The extended cycling performance of Mg anode in MCE and Mg(TFSI)2/PC electrolytes

was also evaluated. Different from the long-cycling Mg-ion batteries using liquid electrolytes,
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the reported solid-state Mg metal batteries in literature always present moderate cycle life at
low current densities (Table 3.1). As shown in Figure 3.7b and 3.7¢, the cells with MCE
exhibited remarkable reversibility of more than 120 hours at 25 pA cm™ and 60 hours at 50 pA
cm with overpotentials of below 1 V, which indicates excellent compatibility with Mg metal
electrodes. The fluctuating overpotentials of Mg//Mg symmetric cells can be attributable to the
activation of solid-state-electrolyte at beginning and the cumulative unstable solid-state
electrolyte/electrode interfaces during cycling, which should be ameliorated in future studies.
In sharp contrast, the Mg//Mg cells with Mg(TFSI)2/PC electrolyte experienced a rapid increase
in polarization and failed in 13 hours at 25 pA cm™. This rapid failure aligns with previous
reports of non-conductive interface forming on the surface of Mg metal 1%, Successful plating
and stripping of Mg metal were further confirmed in SS//Mg asymmetric cells (Figure 3.7d).
CV tests were performed at a scan rate of 0.5 mV s™', which presents reversible peaks at 1.2 V
and -0.6 V vs. Mg/Mg?" for plating and stripping reactions. Furthermore, SEM images of the
cycled Mg metal anode and SS (Figure 3.7e) clearly illustrate the stripping and deposition of
Mg metal.
Table 3.1 Summary of the compatibility of chloride-free solid-state electrolytes with Mg

metal anodes.

ESW (SSvs. Transference Overpotential
Electrolyte formula Mg/Mg?") number Mg//Mg cells (vs. Mg/Mg?") Ref.
120 h at 25 This
Mg(TFSI):/urea 27V 0.503 pAcm?, 60 h <1V olrk
at 50 pAcm? W
) 50 cycles at 10 ~ 109
B-Mg(BH4)2 CH3NH2 1.2V / MA Cm_2 (60°C) 50 mV
200 cycles at N 110
UIO66-MgIL 32V / 1.57 uA cm? 033V
Mg(NOs3),/PEO-PVP / 0.33 / / i
PEC-Mg(TFSI),/LiFSI 2V / / / 12
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Mg(ClO4)/ PVA-PVP 35V 0.31 / / 13

Mg(Tf)»/PEO/PYR s TFSI  / 0.4 Only CV / 14

PEC-Mg(TFSI), 22V / Only CV / s

To evaluate the practical feasibility of the MCE, Mg//V,0s solid-state full cells were
assembled. V,Os is a widely used intercalation cathode for Mg ion batteries !'¢. The solid-state
full cells were tested at a current density of 20 mA g! within a voltage window of 0 and 2.2 V
vs. Mg/Mg*" (Figure 3.8). They demonstrated a high capacity of 172 mAh g!' with a high
average Coulombic efficiency of ~98%, and a moderate cycle life at room temperature, which

is competitive among the reported chloride-free SSMRBs (Table 3.2).
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Figure 3.8 (a) Discharging/charging voltage profiles and (b) cyclic capacities and Coulombic

efficiencies for Mg metal//V,Os solid-state cells at 20 mA g™

Table 3.2 Summary of the electrochemical performance of Mg metal batteries with chloride-

free solid-state electrolytes.

Conductivity
Electrolyte formula Cell type Cell performance Ref
(S em™) at RT

This
Mg(TFSI)/urea 1.47 x 107 Mg//V,0s 172mAhg'at20mAg!
UIO66-MgIL 5.7x10° Mg//PTCDA 27.7mAh g at 1 mA g! 1o
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Mg(NO3),/PEO-PVP

Mg(TFSI),/SiOs/PVDF-
HFP/THF-G3

Mg(BH)/ MgO/ PEO
Mg(BHa)2(NH3BH:),
Mg(NO3)2/PVA-PAN
MgBry/PWA/SN/PVA

Mg(Tf),/PEO/PYR 4 TFSI

5.8x 104

0.83 x 103

1.3 x 10 (30°C)
1.71 x 103
1.1 % 106

3.7 x10*

Mg//MgMn,04

Mg//HTO-rGO

Mg//MoeSs
Mg//Mo
Mg//MnO»
Mg//TiO>

Mg//TiO,

129 mAh g! at 50 mA g!

100 mAh g at 100°C

17.5 mAh g! at 0.1 mA cm™

45 mAh g at0.015C

117

118

119

120

121

114
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3.2.3 Electrolyte/electrode interface

Our electrochemical characterizations unequivocally demonstrated that the MCE enabled
reversible Mg stripping and plating, highlighting the Mg?* ion conducting nature for the
electrode/electrolyte interface derived from MCE. To elucidate the structure and compositions
of interface, we conducted rigorous characterizations after cycling Mg metal in symmetric cells.
SEM images in Figure 3.9a and 3.9b provide an overview of the interface, revealing an obvious
macroporous structure. The highly rough morphology with the large electrolyte/electrode

contact area can facilitate the Mg?" ion diffusion '*2.

Figure 3.9 (a, b) SEM images of cycled Mg anodes showing porous surface morphology. (c-f)
HRTEM images of the porous interface with inorganic compounds of MgF>, MgO and MgS.

EDS mapping of the cross-sectional view in Figure 3.10 indicates that the interface layer

1s mainly composed of Mg, F, O, S, and C elements, possibly forming inorganic (i.e., MgF»,

MgO, MgS) and organic compounds. The FIB-TEM image in Figure 3.9¢ showed that the

thickness of the macroporous Mg stripping layer was about 0.65 pm.
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Figure 3.10 Cross-sectional SEM image of the cycled Mg electrode with the corresponding

EDS mapping showing distinct separation of the Mg metal and the surface passivation layer.
EELS mapping (Figure 3.11) and HRTEM images revealed three kinds of nanocrystals,
namely MgF (Figure 3.9d), MgO (Figure 3.9¢), and MgS (Figure 3.9f) in the interface layer.
In the early studies, these compounds were regarded as passivating components '%. However,
recent works indicated that MgF, and MgS are Mg?" ion conducting, which potentially
contributes to the efficient Mg?* diffusion ?!- 12123, MgF, was verified as an effective protective
layer to suppress the side reactions and boost Li* migration in LiCoO> cathodes '?*. In addition,
MgF> was also used as an electrolyte additive to regulate the electrolyte and the Mg?" diffusion

property at the interfacial regions in Mg rechargeable batteries 2> 12°.

Spectrum Image;
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Figure 3.11 The STEM-EELS map on the surface of cycled Mg metal anode.

We also rested the Mg metal in contact with MCE for two days before delivering for SEM
characterization. Figure 3.12 shows no chemical corrosion trace and porous interface.
Therefore, the porous interface layer on Mg cycling in MCE should be generated from
electrochemical cycling. When the Mg metal was cycled in the Mg(TFSI)2/PC electrolyte, no
stripping pits were observed on the Mg metal surface, consistent with the previous report °'.

Therefore, the porous interface layer on Mg cycling in MCE should be generated from

electrochemical cycling.

Figure 3.12 SEM images of Mg metal in contact with MCE for two days. No aggressive
corrosion was observed on the surface of Mg metal.

To better understand the chemical nature of the interface layer, XRD and XPS
measurements were carried out for cycled Mg electrodes in MCE and Mg(TFSI)./PC
electrolytes. Grazing incidence XRD, a surface sensitive diffraction method, showed distinct
MgF> peaks (PDF #41-1443) on Mg cycled in MCE (Figure 3.13), which is absent for the Mg
metal cycled in Mg(TFSI)2/PC electrolyte. This disparity is in line with above TEM

observations and the reported interface generated from Mg(TFSI),/PC 1%,
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Figure 3.13 Grazing XRD patterns of the SEI layers on Mg metal cycling in MCE and
Mg(TFSI)2/PC electrolyte.

In view of the spatial chemical distribution of interfacial components, depth profiling XPS
analyses with increasing sputtering time (0, 60, and 300 s) were performed. The C 1s spectra in
Figure 3.14 showed the carbonaceous species like C-C (284.6 eV), C-O (285.5 eV) and C=0
(289.6 V) throughout the sputtering depth '?°, indicating the exist of organic species in the
interface layer. The deconvoluted Fls spectra revealed the coexistence of organic -CF;
component (688.8 eV) and inorganic MgF> (685.8 eV) %7, With increasing the sputtering time,
the peak intensity for MgF> improved gradually accompanied the decline for CF3 peaks,
suggesting a transfer from organic-rich surface to the inorganic-rich inner layer. Similarly, the
S 2p and Mg 2p spectra also evidenced the hybrid organic (i.e., -C-SO»-C-) and inorganic (i.e.,
MgS, MgF, and MgO) compounds in the interface layer '?®. As the formation of thick interface
layer and the oxidation of Mg metal during sampling, the metallic Mg 2p peak is negligible. In
virtue of the generation of these favorable chemicals with abundant grain boundaries and pores,
the organic/inorganic hydride structure could allow Mg?* transport through the interface layer

for reversible Mg plating/stripping '>2.
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Figure 3.14 The depth XPS spectra of Mg 2p, C Is, F Is and S 2p for the surface of cycled
Mg metal.
As a comparison, no MgF, and MgS signals were claimed on the surface of Mg metal
cycled in Mg(TFSI),/PC electrolyte (Figure 3.15), which agrees with the grazing incidence

XRD result.
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Figure 3.15 The depth (a) F1s and (b) S 2p XPS spectra of the surface of cycled Mg metal in
0.5 M Mg(TFSI)./PC.
TOF-SIMS was further conducted to corroborate the chemical distribution in the interface
layer derived from MCE. As shown in Figure 3.164a, the layer is primarily made of F-containing
species, which is widely distributed on the interface in both organic and inorganic forms. The

F-rich species, especially MgFa, are recognized as beneficial for the Mg®"-conducting and
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mechanical stability of SEI 2% 13°, Therefore, we highlighted the content variation diagram for
MgF, inorganics in Figure 3.16b. Figure 3.16b displays the depth-profiling distribution of the
representative species, i.e., F, O, MgF3;” and MgF". MgS™ and MgF~ become more abundant
closer to the Mg surface, which can be attributed to the TFSI" decomposition in contact with
highly active Mg metal. Nevertheless, most inorganic fragments are F-containing compounds.
The gradual decrease of MgF3™ intensity is associated with the increment of MgF~ as a function
of the sputtering time. This means that F-based inorganics are widely distributed through the
interface layer in different forms. The increasing amounts of inorganics approaching the Mg
metal surface agree with the HRTEM observation (Figure 3.9¢). In conclusion, the reversible
Mg stripping/plating capability in the new MCE can be attributed to the collective effect of the
macroporous, organic/inorganic hybrid and F-rich interface layer, which could permit Mg**
transport (Figure 3.16c¢). The inorganic/organic hybrid structure indicated better Mg*"

percolation compared to the organic-rich interface derived from Mg(TFSI),/PC electrolyte.
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Figure 3.16 TOF-SIMS analysis of the interface layer on the surface of cycled Mg metal in
MCE. Intensity evolutions of (a) chemical compounds as a function of sputtering time. (b)
The corresponding distributions of the representative species in the sputtered section. (c¢)
Schematic illustration of the Mg ion migration behaviors through the Mg(TFSI)2/PC and

MCE derived interface layers.

3.3 Summary

In this work, we have demonstrated the feasibility of in-situ crystallizing Mg(TFSI),/urea DES
into solid-state electrolyte for room temperature solid-state Mg metal batteries. The
introduction of urea could effectively dissociate Mg** and TFSI to form urea-rich solvation
configurations in the MCE. The resultant Mg?*-C=0 configurations can expedite Mg?* ion
diffusion and augment the transference number. The novel electrolyte has facilitated a

commendable cycle life for Mg//Mg symmetric cells, exhibiting low overpotentials at room

55



temperature. Moreover, the practicability of the MCE was substantiated in Mg//V20Os full cells,
delivering a high reversible capacity of 172 mAh g'. The impressive electrochemical
performance is attributed to the beneficial electrode/electrolyte interface structures, wherein the
macroporous and organic/inorganic hybrid configuration aids the migration of Mg?* ions
through otherwise insulating materials. The insights gleaned from this study are anticipated to
stimulate further advancements in the development of safe solid-state multivalent metal

batteries.

56



Chapter 4 Glycol-glyme co-solvent electrolytes enable
high-capacity and ultrastable VO, cathodes in magnesium

ion batteries

4.1 Introduction

Stripping and plating of Mg metal had been extremely difficult because of the inevitable
passivation of Mg metal surface in most aprotic electrolytes. Recently, a handful of novel
electrolytes have been proposed for reversible Mg metal anodes, including APC *° and
MACC * solutions, thus propelling the RMB a step closer to practice. Unparalle to the
decirnible progress in Mg anodes, high-capacity and high-power cathodes are still inaccessible,
for example, a typical MosSs cathode only delivers capacities of 60-80 mAh g! 13!, The limited
Mg ion storage capacities have been mainly attributed to insufficent intersitial sites to
accommodate Mg?*, whereas the impact of cathode-electrolyte interface has been largely
overlooked. Unlike Li counterparts, the strong solvation strength induces high energy barriers
for the desolvation process at the cathode-electrolyte interface and facilitates the decomposition
of anions > %] thus leading to depressed Mg?* transport and ionic-blocking CEI layers for
unappealing cathode performance.

To enhance the compatbility between organic electrolytes and cathodes, several strategies
have been proposed, including adding anion regulators °°, optimizing the solvent species ** 132,
and constructing artificial CEI layers for cathode materials 3% '3* However, most of these
investigations have been conducted on base of chloride-containing electerolytes and low-
capacity MoesSg cathodes, leading to the corrosion of current collectors and unfavorable energy
densities. Cathode-electrolyte compatibility is significantly influenced by the solvation
structure of Mg”*. Taking the commercially available Mg(TFSI)2/DME electrolyte as the

example, the strong interactions between DME and Mg?* form a highly stable solvation

structure, [Mg(DME);]*" #2. This structure slows down the de-solvation process, affecting the
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insertion kinetics of Mg?" into cathode host *°. The aggressive decomposition of TFSI anions

could also particially passivate the electrode surface that hinders Mg?* ions transport %,

Introducing cosolvents can effectively address these issues. For instance, Wang et al. *!
incorporated methoxyethyl-amine into Mg(TFSI)./DME electrolyte. The amines with stronge
chelating effect adjusting the [Mg-solvent]** configurations for facilitated desolvation and
intercalation kinetics into Mgo.1sMnQO; cathode. Despite the efficacy of methoxyethyl-amine
additive, its high cost and limited availability necessitates the exploration of more affordable
and effective chelators for high-capacity and statble cathodes in advanced RMBs.

In this work, we introduced a hydroxyl-rich ethylene glycol (EG) solvent into the chloride-
free Mg(TFSI)2/DME electrolyte as a solvation chelator. EG can weaken the strongly
coordinated [Mg(DME);]*" complexes and create hydrogen-bonding networks for rapid Mg>*
diffusion. When cycling a high-capacity VO> cathode in the optimal Mg(TFSI), EG/DME
electrolyte, it presents remarkable electrochemical performance with a high capacity of 258
mAh g! and an exceptional capacity retention of 84.4% after 2000 cycles at 500 mA g™, which
are much higher than the initial capacities of 54 mAh g! in Mg(TFSI),/DME electrolyte and
160 mAh g™! in Mg(TFSI)»/EG electrolyte. The enhanced cathode performance can be attributed
to the synergistic effects from enhanced electrochemical kinetics and modified CEIL, namely, (1)
EG could disrupt the strong solvation of [Mg(DME);]*" complexes by forming hydrogen
bonding network with DME, thus lowering the de-solvation energy barrier and facilitating Mg?*
diffusion into the VO, cathode host, (ii) the strong interactions between EG and TFSI ions
suppress the CEI growth from TFSI” decomposition, thereby enhancing the cyclic performance.
The Mg(TFSI) EG/DME also exhibit high compatibility with Mg anode. The Mg//Mg
symmetric cells demonstrated a stable cycle life exceeding 300 cycles with low polarization.

Furthermore, the practical applicability of the electrolyte was confirmed in Mg//VOx full cells,

which delivered high capacities above 160 mAh g! over 50 cycles.

58



4.2 Results and discussion

4.2.1 Chemical structure of the co-solvent electrolytes

Mg(TFSI)2/DME electrolyte solution has been widely investigated in RMBs with high
solubility and oxidative stability, thus it is selected as the model electrolyte in this work to
correlate the electrolyte structure and cathode performance !°°°. To facilitate the desolvation
of [Mg(DME);]** complex at cathode/electrolyte interface, we introduced the EG solvent
because of its low volatility, high polarity, and abundant long pair oxygens, which could enter
the primary solvation sheath 13> 3¢, Figure 4.1a illustrates that the oxygen atoms in EG exhibit
a stronger negative electrostatic potential (-31.93 kcal mol™') than that in DME (-29.98 kcal
mol™). The high polarity for EG enhances its coordination with Mg** in EG/DME-based
electrolytes. The lower highest occupied molecular orbital (HOMO) energy level of EG (-7.85
eV) than DME (-7.094 eV) indicates the higher theoretical oxidative stability of EG.

To illustrate the role of EG in regulating Mg(TFSI)2/DME electrolyte structure, we
prepared a series of Mg(TFSI), EG/DME electrolytes with EG ratios (veg) of 0 %, 25 %, 50 %,
75 %, 100 % in volume. Figure 4.1b exhibits the Raman spectra of these electrolyte solutions.
It shows that the characteristic peaks for free DME (849 cm™) and EG (864 cm™) molecules
can be split into two peaks at 848/882 cm™! and 865/899 cm™!, respectively, after adding 0.5 M
Mg(TFSI).. For the Mg(TFSI)/DME electrolyte (vec ratio = 0%), the solvated DME 1is
illustrated by a characteristic peak at ~882 cm™ !*7, With the increase of vgg ratio, the peak
intensity for Mg?"-DME coordination (red highlighted) decreases gradually in association with
the increase of the Mg?"-EG peak intensities at 899 cm™ (blue highlighted).!*® This gradual
evolution suggests stronger coordination of Mg?*-EG than Mg?**-DME, consistent with our DFT

calculations (Figure 4.1a).
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Figure 4.1 (a) Chemical structure, electrostatic potential and LUMO and HOMO energy
levels comparison of DME and EG solvents. (b) Raman spectra of hybrid electrolytes with
different volume ratios of EG. (c) °C and (d) '"H NMR spectra of DME, EG, and EG/DME

solvents, as well as their corresponding electrolyte solutions.

The ionic conductivity of the electrolytes decreased as the vig ratios increased, i.e., 15.3
mS cm! for vig=0 % to 2.53 mS cm™! for veg = 100 % (Figure 4.2a), possibly due to the high
viscosity of EG '*°. The optimal Mg(TFSI), EG/DME electrolyte (vec = 75 %) delivered an
electrochemical stability window of 3.85 V (Figure 4.2b), which will be large enough for the

high-capacity VO. cathodes.
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Figure 4.2 (a) lonic conductivities and (b) ESW of electrolytes with different volume ratio of

FTIR characterizations were carried out to decipher the intermolecular structures in the
electrolytes (Figure 4.3). The EG-containing electrolytes show a broad and strong O—H
stretching vibration between 3100 and 3700 cm™
bonding environments in EG molecules. The peaks in the regions of 820-920 cm™ and 1320-
1380 cm™! are assigned to solvent-Mg?* and anion-Mg?" coordination. Compared to the
Mg(TFSI),/DME electrolyte, the Mg(TFSI), EG/DME electrolyte exhibits a blue shift for the
Mg?*-DME peak from 865.9 cm™ to 880.5 cm™!, consistent with Raman spectra in Figure 4.1b.
In addition, the SO stretching vibrations at 1333.7 and 1354.5 cm! shifted to 1310 and 1351.3

cm’! after adding the EG solvent. FTIR results suggest the strong Mg**-EG coordination and
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Figure 4.3 FT-IR spectra of EG, DME and EG/DME solvents with/out Mg(TFSI)..
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The '3C and 'H NMR spectra of EG, DME solvents and their corresponding electrolyte
solutions are shown in Figure 4.1¢ and 4.1d, respectively. Upon the addition of Mg(TFSI) salt
into DME solvent, the methylene '3C peak (-CH,) in DME slightly shifted to upfield by 0.22
ppm. The '"H NMR peaks at 3.42 ppm (-CH, in DME) and 3.26 ppm (-CH3 in DME) showed
negligible shifts. In constrast, the addition of Mg(TFSI). salt into EG or EG/DME solvents
resulted in significant changes in both *C and 'H chemical shifts. Specially, the '*C peaks in
EG shifted upfield by 0.3 ppm, while the 'H NMR peak in EG red-shifted by 0.33 ppm for the
Mg(TFSI)2/EG solution. The difference suggests that EG exhibits stronger coordination
strengths than DME to Mg(TFSI), species. Similarly, in the Mg(TFSI)./EG electrolyte, the 'H
peak at 4.98 ppm for EG/DME solvent shifted to 5.26 ppm. The *C NMR spectra of EG/DME
cosolvent and the corresponding electrolyte also showed noticeable differences in chemical
shifts, comparable to these in EG systems. Interestingly, the 'H peaks for -OH and -CH, in
EG/DME cosolvent are broader and shifted upfield compared to EG solvent, suggesting the
formation of hydrogen-bonding networks between the CH;—O—CH>— group in DME and -OH
group in EG. Such hydrogen bonding network can facilitate Mg** diffusion >* '%°,

MD simulations were conducted to analyze the electrolyte structures by comparing the
radical distribution functions (RDFs) and coordination numbers (CN). For the Mg(TFSI)./DME
electrolyte (Figure 4.4a and 4.4b), the coordination mainly happens between Mg?* and C-O
groups with three DME molecules surrounding one Mg?" (designated as [Mg(DME);]*") 2. The
rigid [Mg(DME);]** has been recognized unfavorable for Mg" intercalation reactions arising
from its high desolvation energy barriers !> 14!, Furthermore, RDF reveals a higher Mg-O(EG)
peak intensity than these for Mg-O(DME) and Mg-O(TFSTI') (Figure 4.4c). DME molecules
are potentially squeezed into the secondary solvation sheath. The average CN of Mg?* ions with
EG is 2.8, which is higher than the 1.7 for DME solvent and 1.5 for TFSI" anion. The dominant
solvation species are calculated as [Mg(EG)2(DME)(TFSI)]" in the electrolyte (Figure

4.4d),comprising the highest proportion of 62.5% among the solvation species (Figure 4.5).
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Figure 4.4a and 4.4b shows the binding energies among the electrolyte components. EG

exhibits stronger binding strength with DME (-0.239 eV) and TFSI (-0.627 eV) than these for

DME solvent molecules. On the other hand, EG indicates the weakest binding strenght with

Mg?" (i.e.,, Mg?*-TFSI">Mg?"-DME >Mg?*-EG, Figure 4.4c). It is reasonable to speculate

that abundant hydrogen bonds can form between DME and EG, and the TFSI" anions

surrounding Mg** can be interacted by EG in the secondary solvation sheath.
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Figure 4.4 (a) MD simulated radial distribution functions for Mg(TFSI)2/DME electrolyte. (b)

3D snapshot of Mg(TFSI)./DME electrolyte highlighting the Mg?*-solvation structure. (c)

MD-simulated radial distribution functions for Mg(TFSI), EG/DME electrolyte. (d) 3D

snapshot of Mg(TFSI), EG/DME electrolyte showing the typical Mg?*-solvation structure. ()

Binding energies among DME-DME, DME-EG and EG-EG. (f) Binding energies of TFSI

with DME, EG. (g) Binding energies of Mg?** with DME, EG, and TFSI".
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Impressively, the weaker binding strength of EG-Mg** (-6.789 eV) than DME-Mg*" (-
7.302 eV), combined with the reduced steric hindrance effect of EG molecules (Figure 4.6a),
enhanced the entrance of TFSI" anions into the first solvation sheath of Mg?" in the cosolvent
electrolyte. Although EG presents slightly higher negative electrostatic potential than DME, the
stronger chelation effect results in a higher binding energy of Mg?'-DME than Mg**-EG
(Figure 4.6b) '*> 43 implying the dominant role of DME in the solvation sheath. Together with
above experimental characterizations, we can clonclude that EG molecules could greatly
modify the Mg(TFSI)2/DME electrolyte strucrure by weakening the [Mg(DME);]*" complex

and stabilizing the TFSI anions.

a b

160

140

]
S
1

80

Molecular volume (A%)

404 | Bond length: 1.93 A Bond length: 1.95 A
7 Mg?*-DME Mg?*-EG

EG DME

Figure 4.6 (a) Molecular volumes of EG and DME. (b) Bond lengths for Mg®"-DME and

Mg*"-EG.

64



4.2.2 Electrochemical performance with VO: cathode

To evaluate the electrochemical performance of the Mg(TFSI). EG/DME electrolyte in
intercalation-type cathodes, we assembled a Mg-ion half-cell containing VO, cathodes and AC
counter electrodes. VO: is chosen for its high electronic conductivity and elevated operating
voltage. However, the narrow channels inherent to its monoclinic structure restrict Mg
diffusion, resulting in limited capacity and sluggish kinetics in conventional electrolytes. The
VO, was prepared by a hydrothermal method ¢°. SEM and TEM images in Figure 4.7a to 4.7¢
show a nanorods morphology and high crystallinity for the VO, cathode material. Rietveld
XRD refinement in Figure 4.7d indexed the VO> to a monoclinic B-phase with lattice
parameters of @ = 12.03 A, 5 =3.693 A, c =6.42 A, and a =y = 90°, f = 106.1° in the C2/m
space group 4. AC is chosen as the counter electrode because of its high specific surface area
and electrochemical inactivity in Mg ion electrolytes, which could rule out the complexity

arising from unexpected side reactions of Mg metal anodes in most electrolytes. Mg>"

C 89, 145

intercalation in cathodes is accompanied by anion adsorption on A
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Figure 4.7 (a) SEM image, (b) TEM image, and (c) HRTEM image of VO Inset (c) shows
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the FTT image of the (110) planes with a lattice distance of 0.353 nm for pristine VOo. (d)

XRD pattern and Rietveld refinement of VO2, with the crystal structure shown in the inset).
CV measurements were initially performed at a scan rate of 0.2 mV s™' to identify the Mg-
ion intercalation/deintercalation reactions in a voltage window of —1.3 to 0.2 V versus AC,
which can be calibrated to the voltage range of 1.1 to 2.6 V versus Mg*/Mg, according to
previous works %% As shown in Figure 4.8, the CV curves in Mg(TFSI)2/DME electrolyte
show neglectable reduction and oxidation peaks, suggesting poor activity of VO> cathodes. The
irreversibility may be caused by the slow desolvation kinetics in Mg(TFSI),/DME electrolyte
146 In contrast, the EG solvent could significantly improve Mg ion storage capacities in VO,.
The initial cycling profiles in Mg(TFSI), EG/DME electrolyte display distinctive cathodic and
anodic redox peaks at -1.15 V and -0.88 V versus AC, respectively. Over the following ten
cycles, the cathodic peak shifts positively to -1 V and remains stable, while a new anodic peak
emerges at -0.23 V, likely indicating the activation behavior. CV curves in Mg(TFSI); EG/DME
electrolyte are highly overlapped for excellent reversibility of the Mg-ion cells. The VO
cathode exhibited similar CV results in Mg(TFSI)>/EG electrolyte, but the current response is
not as high as in Mg(TFSI) EG/DME electrolyte, attributable to the lower 1onic conductivity

of Mg(TFSI)2/EG electrolyte.
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Figure 4.8 The 1% to 10" cycles of CV curves for VO: cathodes in (a) Mg(TFSI)2/DME, (b)
Mg(TFSI), EG/DME, and (c) Mg(TFSI)/EG electrolyte.
The cyclic performance of VO cathodes in Mg(TFSI),/DME, Mg(TFSI),/EG, and

Mg(TFSI), EG/DME electrolytes at 100 mA g' are shown in Figure 4.9a and 4.9b.
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Interestingly, VO. cathodes indicate solvent-dependent capacities. The initial capacity of VO»
cathode in DME-based electrolyte is only 54 mAh g™, which declines to 29 mAh g™! at the 500"
cycle. In the EG-based electrolyte, VO, cathode delivers a higher capacity of 160 mAh g at
the 1% cycle and maintains half of the initial capacity after cycling. Notably, in the EG/DME-
based electrolyte, VO, cathode achieves the highest specific capacity of 255 mAh g™! and retains
210 mAh g! after 500 cycles.

The rate performances are shown in Figure 4.9¢. VO> cathodes delivered high capacities
of 254,202, 180, 155, 131 and 121 mAh g ! in the Mg(TFSI). DME/EG electrolyte at current
densities of 100, 200, 300, 500, 800, and 1000 mA g™!, respectively. When the current density
returned back to 100 mA g!, a high capacity of 236 mAh g! is maintained, in contrast to the
low cyclic capacities in Mg(TFSI)2/EG and Mg(TFSI)./DME electrolytes. Figure 4.9d shows
the discharge/charge voltage profiles of VO> in Mg(TFSI), EG/DME electrolyte at different
current densities with distinguished voltage plateaus. The VO, cathodes were also cycled in
Mg(TFSI), EG/DME electrolyte at a high current density of 500 mA g™ over 2000 cycles
(Figure 4.9¢), which delivers an exceptionally high capacity retention of 84.4%, corresponding
to a capacity decay rate of 0.008 % per cycle. We compared the cyclic performance VO»
cathodes in Mg(TFSI), EG/DME electrolyte with representative cathodes in Mg(TFSI),-based
electrolytes (Table 4.1). This work demonstrates one of the highest cyclic capacities (>250

mAh g!) and an ultralong cycle life (2000 cycles) for cathodes in RMBs.
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Figure 4.9 (a) Voltage profiles curves, (b) cyclic capacities and Coulombic efficiencies, and
(c) rate capability of VO: cathodes in the three electrolytes of Mg(TFSI), EG/DME,
Mg(TFSI)2/EG, and Mg(TFSI)/DME. (d) Voltage-capacity curves of VO, cathodes in
Mg(TFSI), EG/DME celectrolyte at different current densities. () Cycling stability of VO> in
Mg(TFSI), EG/DME electrolyte at 500 mA g .

Table 4.1 Comparison of the electrochemical performance for VO, in Mg(TFSI), EG/DME

electrolyte with other representative cathodes in Mg ion batteries.

Working Counter Electrolyte Specific capacity  Capacity /Cycle Ref.

electrode electrode number/current

VO: AC Mg(TFSI): 258 mAh g'@100 136 mA g! This
EG/DME mA g /2000/500 mA g! work
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V,05-nH,O Sn Mg(ClO4)»/AN
NaV3Og AC Mg(ClO4)2/AN
Mg-OMS-2 AC Mg(NO:;)2/H,0

CuHCF Mn-NVO  MgClL-6H,0/
acetamide/urea

MgxLiV,(POs) PPMDA  Mg(TFSI)/H,O

2 @MCNTs

Nb,Os@GO AC Mg(TFSI),/DME

160 mAh g @20
mA g’!

204.2 mAh g*!
@100 mA g!

115 mAh g' @100
mA g’!

59.1 mAh g"' @100
mA g’!

52 mAh g!' @100
mA g’!

100 mAh g @50
mA g!

120 mAh g/50/30
mA g!

175 mAh g
1/100/100mA g!
441 mAh g
1/500/100 mA g!
38.7 mAh g'/800/1
Ag!

38.9 mAh g'/6000/2
Ag!

75 mAh g'/200/ 50
mA g'!
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4.2.3 Reaction Kkinetics of the electrolytes

The largely different Mg ion storage capacities for VO cathodes in different electrolytes can
be attributed to the ameliorated Mg?" diffusion at the electrolyte/electrode interface. To this end,
we examined the desolvation energy and diffusion kinetics of Mg?" in the VO» cathode. Mg**
de-solvation energy was evaluated by assembling symmetric cells with VO, cathodes at a half-
charged state in varying-temperature electrochemical impedance spectroscopy (EIS) %153, As
shown in Figure 4.10a to 4.10c and Table 4.2, the desolvation energy in Mg(TFSI). EG/DME
electrolyte is 4.61 kJ mol!, which is significantly lower than that in Mg(TFSI),/DME
electrolyte (9.94 kJ mol™!). The relatively larger charge transfer impedance of VO: cathodes in

Mg(TFSI): EG/DME electrolyte can be attributed to its lower ionic conductivity and cathode

wettability.
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Figure 4.10 Temperature-dependent Nyquist plots of symmetric VO2//VO; cells in (a)
Mg(TFSI)2/DME electrolyte and (b) Mg(TFSI), EG/DME electrolyte. (c) Desolvation energy
of Mg?" derived from Nyquist plots. (d) CV curves of VO, in the Mg(TFSI), EG/DME
electrolyte with increasing scan rates from 0.2 to 5 mV s'. (e) Log(i) versus log(v) plots for
the redox peaks in (d). (f) Capacitive contribution to the total charge storage at 5 mV s, (g)
Diffusion and capacitive contributions to charge storage at different scan rates. (h) GITT

profile and (i) corresponding Mg?* diffusion coefficient in VO».

Table 4.2 The fitting value of Ret with Mg(TFSI)/DME and Mg(TFSI). EG/DME by the

simulation of EIS spectra.

Electrolyte T(K) 293 303 308 313
1000/T(K™")  3.41 3.30 3.25 3.19
Mg(TFSI)/DME Ru(Q) 20.73 18.90 17.90 17.07
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In(T/Ret) 2.65 2.78 2.85 2.90

Mg(TFSI), EG/DME Ra(Q) 87.10 84.83 83.48 82.5

In(T/Rer) 1.21 1.27 1.31 1.33

Then, the electrochemical reaction kinetics of VO cathodes in Mg(TFSI). EG/DME
electrolyte was investigated through CV scanning at increasing sweeping rates from 0.2 to 5
mV s (Figure 4.10d). The calculated b values were 0.698 for the cathodic peak (peak 1 in
Figure 4.10e), and 0.657 and 0.765 for the anodic peaks (peak 2 and 3), indicating that the
reaction kinetics are governed by both diffusion and capacitive process. Then, the fitted
capacitive-controlled charge storage proportion is around 63 % at a high scan rate of 5 mV s\,
Following the similar way, the capacitive contribution ratios were calculated to increase from
26 % at 0.2 mV s to 63 % at 5 mV s! (Figure 4.10f). The increased capacitive capacity ratios
are favorable for high rate capability of VO, cathodes.

The Mg*" diffusion coefficient in VO was calculated to be 2.58x107° to 3.55x1071° cm?
s by GITT method, which was executed by cycling the cells at a current density of 100 mA g
! for 10 min and resting for 20 min between each step (Figure 4.10h and 4.10i). These values
are several folds higher than these in Mg(TFSI)./EG electrolyte (9.8x10!! to 1.13x1071% cm? s~
) and Mg(TFSI)/DME (3.78x10!! to 4.01x10!! c¢m? s, Figure 4.11). Such a dramatic
difference in Mg** diffusion kinetics evidences the different electrochemical performance of

VO, as aforementioned.
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Figure 4.11 GITT profile of VO2 in Mg(TFSI)2/EG and Mg(TFSI)2/DME electrolytes.

4.2.4 Mg?** storage mechanism within VO: cathode

To understand the Mg?* storage mechanism in VO in the Mg(TFSI), EG/DME electrolyte, in-
situ XRD was conducted (Figure 4.12a). Upon discharging to -1.3 V, the XRD peaks at 25.3°,
30.3°, and 45.2°, corresponding to the (110), (111), and (-601) crystal planes, gradually shifted
to lower angles, suggesting the intercalation of Mg** into VO with a solid solution process.
When charging back to 0.2 V, these XRD peaks shifted reversibly to their original positions,
indicative of excellent structural reversibility of VO» cathodes. The lattice parameter changes
were also calculated and plotted in Figure 4.12b. During discharging, a and ¢ increased by
2.5% and 1.15%, while b decreased by 2.25%, leading to a moderate volume change of

approximately 2.57%. The small volume changes are favorable for the long-term cycling

stability.

10 08 08 04 02 00 02
Potential (V vs. AC)

72

Q

2

=
2

D(10"em2s™")

0.4
02
0.04,
< 02
0.4
w© 064
-0.84
& 40
-1.24
1.4

e
(S
L

o

woow W e
o N ® ©
L N

w
o

Mg(TFSI),/DME

.0 05 10 15 20 25 30 35 40

Time (h)

o
L L f

10 09 08 07 06 05 04 03 02
Potential (V vs. AC)



Q
o )
3 %
3, ©
= £
@ =
[5)
]
C
- [}
=
©
<
O
&
Q

1 1 1 1 1 1 1 1 1 1 1 1
20 25 30 45 0.0 -06 -1.2 123 126 12.93.526 3.569 3.6126.365 6.432 6.499 270 275 280 285
Voltage (V vs. AC) 4N & o) VIAY)

26
Initial d Initial .
C nitia V 20a, V2p nitial Mg 1s e Initial 5 O1s
[N MAMANAAAAA—AANAN AN~

Discharged Discharged Discharged
= &= -
= = 3
S ®; S
= 2 \ >
7] 7] =
g g 2
2 ~ E 2
= = =

Charged Charged Charged

s L L L L L L L L L " L L
512 514 516 518 520 522 524 526 528 1302 1304 1308 1308 1310 528 530 532 534

Binding energy (eV) Binding energy (eV) Binding energy (eV)

f

Figure 4.12 (a) In-situ XRD spectra and charge/discharge voltage profiles for VO2 cathode.
(b) Lattice parameter evolution during charge/discharge derived from (a). XPS spectra of (c)
V 2p, (d) Mg 1s and (e) O Is for initial, fully discharged and fully charged VO,. (f) HRTEM
images of VO, at fully discharged and charged states. (g) HAADF image and corresponding
V, O and Mg mapping of discharged VOo.
The insertion of Mg?* ions in VO, was also confirmed by HRTEM images (Figure 4.12f).

After the charging process, the interlayer space of (110) decreased to 0.356 nm, consistent with
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in-situ XRD results. TEM images of cycled VO, nanowires show intact morphologies (Figure

4.13), thus demonstrating the stability of VO> cycling in the RMB system.

Initial / Discharged Charged

Figure 4.13 TEM image of the VO, at different states. After the discharging/charging process,
VO; retains the nanowire morphology.

The chemical structures of VO, after charging and discharging reactions were studied by
ex-situ XPS (Figure 4.12¢ to 4.12e). For pristine VO, the V 2p spectrum present two peaks
referring to V 2p32 (516.4 eV) and V 2p12(523.8 eV) '**. The V 2ps3/2 peak can be deconvoluted
into V** state at 516.8 eV and V3" state at 515.7 eV 3. The marginal V>* may come from the
excessive reduction of VO, during material synthesis. For the fully discharged VO, the V**
peak weakens along with the strengthen of the V3" peak and the appearance of a strong Mg 1s
peak at 1304.5 e. This result indicates the reduction of V** to V** during the Mg?" insertion into
VO, crystals At the charged state, the V4" and V3" peaks mostly returned to original states, and
a marginal amount of Mg?" is preserved. The O 1s peak at 532.6 eV corresponding to C-O-H
from EG exhibit significantly elevated intensities for dischcarged and charged samples, which
imply the involvement of EG derives at the CEI layer. HRTEM images in Figure 4.12f present
the CEI layers of approximate 2 nm in thickness on the surface of VO, particles.

To understand the chemical compositions of the CEI layers formed in these two
electrolytes, we conducted in-depth XPS characterizations under different Ar" etching time (0,
30, 60, and 120 s). The gradient distribution of C-O-H peaks in the C 1s (286.5 eV) and O 1s
(532.6 eV) spectra  (Figure 4.14a) confirmed the formation of EG-derived compounds '*°. In
the S 2p spectra, only a small amount of TFSI" was detected on the surface, and no relevant
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decomposition byproducts were found in subsequent in-depth analysis, suggesting mitigated
side effects. Conversely, in Mg(TFSI),/DME electrolyte (Figure 4.14b), the prominent C-O-C
peaks in the C 15 (286.4 eV) and O 15 (532.5¢eV) is mainly derived from DME-rich solvation,
which is detrimental to Mg?* diffusion. Additionally, the increased intensity of the C-F peaks
and the emergence of MgF, (685.2 eV) and MgS (163.7 eV) peaks suggest extensive
decomposition of TFSI" ° 13 resulting in a partially Mg?"-blocking layer *. A schematic
illustration of the CEI layers is depicted in Figure 4.14c. In the Mg(TFSI)./DME electrolyte,
the strong solvation structure and anions decomposition result in poor Mg?* storage in VO,
cathodes, in contrast, the Mg(TFSI)» EG/DME electrolyte with its weaken solvation and
formation of an EG-driven buffer layer, promotes the Mg?" storage performance in VO»

cathodes.
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Figure 4.14 (a) In-depth C 1s, O 1s, F 1s, and S 2p XPS spectra for the cycled VO, in
Mg(TFSI), EG/DME electrolyte. (b) In-depth XPS spectra of C 1s O 1s, F 1s, and S 2p for
the cycled VO, in Mg(TFSI)»/DME. (c) Schematic illusitration of Mg?* diffusion behaviors at
the cathode-electrolyte interface in VO, cathode using Mg(TFSI)2/DME (left) and Mg(TFSI),
EG/DME (right) electrolytes.

4.2.5 Full cell application

Finally, to verify the compatibility of Mg(TFSI), EG/DME electrolyte with Mg metal anodes,
we assembled a Mg//Mg symmetric cell and cycled it at a current density of 0.1 mA cm™. As
shown in Figure 4.15, in Mg(TFSI)2/DME electrolyte, the Mg//Mg symmetrical cell exhibited
a large overpotential (~2 V) for Mg stripping/plating. In contrast, the overpotentials in the co-
solvent electrolyte was significantly suppressed to lower than 0.2 V, allowing for stable

operation up to 120 h with the absence of soft circuits (Figure 4.16).
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Figure 4.15 Mg//Mg symmetric cells with Mg(TFSI)2/DME and Mg(TFSI). EG/IDME

electrolytes at 0.1 mA cm™.
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Figure 4.16 Nyquist plot of the Mg//Mg symmetric cell in Mg(TFSI). EG/DME electrolyte
after cycling at 0.1 mA cm™.

SEM images of the cycled Mg metal electrode in these electrolytes revealed notable
differences (Figure 4.17). The Mg metal cycled in Mg(TFSI)2/DME displayed large-area
cracks on its surface. Conversely, the Mg metal cycled in Mg(TFSI), EG/DME appeared much
smoother, with only minor pitting marks from the cation stripping process. Even after 120 h

cycling (Figure 4.18), the Mg surface remains dendrite-free with discernible stripping trances.

25 cycles 50 cycles 100 cycles

Figure 4.17 SEM images of Mg anodes cycled at a current density of 0.1 mAcm™ in various

electrolytes.
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Figure 4.18 SEM image of a Mg anode after 120 hours of cycling at a current density of 0.1
mA cm? in Mg(TFSI). EG/DME electrolyte.
To investigate the SEI on the surface of cycled Mg metal anodes, EDX and XPS analyses
were conducted. Figure 4.19 shows that the cycled Mg metal in Mg(TFSI)2/DME electrolyte

exhibits more decomposition products than these in Mg(TFSI), EG/DME electrolyte.

Mg(TFSI),/DME

60

! P .
20.—
[ . —

Relative concentration

Mg(TFSI),/DME Mg(TFSI), EG/DME

Figure 4.19 (a) EDS mapping and (b) corresponding molar percentage of SEI species on the
surface of cycled Mg surface in Mg(TFSI)2/DME and Mg(TFSI), EG/DME electrolytes.
The XPS results in Figure 4.20 demonstrate that the SEI layer drived from
Mg(TFSI)./DME electrolyte contains significant amounts of MgF. and MgS, which are passive
components °% 157 In contrast, the corresponding XPS peaks are significantly weaker in the

SEI layers derived from the Mg(TFSI). EG/DME electrolyte. Furthermore, the Mg deposition
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was confirmed in Mg//SS asymmetric cells (Figure 4.21). CV tests reveal distinctive redox
peaks for Mg plating/tripping reactions. SEM, TEM and XPS analyses of the plated electrodes

also demonstrate the deposition of Mg metal nanoparticles on SS current collectors (Figure

4.22).
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Figure 4.20 (a) F 1s and (b) S 2p XPS results on the cycled Mg anodes in Mg(TFSI),/DME

(bottom) and Mg(TFSI), EG/DME (top) electrolytes.
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Figure 4.21 CV curves of the Mg//SS asymmetric cell in (a) Mg(TFSI)2/DME and (b)

Mg(TFSI), EG/DME electrolyte at a scanning rate of 25 mV s,
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Figure 4.22 The morphology and composition of Mg deposits on SS substrate. (a) SEM
image and corresponding EDS elemental mapping of (b) Mg and (c) Fe. (d) TEM, (e)
HRTEM images, and (f) Mg 2p XPS spectrum of Mg electrodeposits.

The practical feasibility of Mg(TFSI), EG/DME electrolyte is demonstrated in full cells
containing Mg metal anodes and VO; cathodes in the Mg(TFSI), EG/DME electrolyte
(Figure 4.23a). The Mg//VO, full cell exhibited an initial charge capacity of 283.6 mAh g!
(Figure 4.23b) and retained a capacity over 160 mAh g! after 50 cycles (Figure 4.23¢). Under
an increased active material mass loading of 2 mg cm2, the Mg//VO> full cell delivered high
capacities of 182.9 mAh g and 113 mAh g at the st and 30th cycles (Figure 4.24). The
electrochemical performance in the hybrid electrolyte is competitive when comparing with
previously reported RMBs using Mg(TFSI).-based electrolytes (Table 4.3), underscoring the

effectiveness of our EG/DME hybrid electrolyte in advancing Mg metal batteries.
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Figure 4.23 (a) Schematic representation of the Mg//VO full cell. (b) GCD curves during the

initial 10 cycles. (c) Cyclic performance and Coulombic efficiencies at 100 mA g™
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Figure 4.24 Electrochemical performance of Mg//VO, full cells in the cosolvent electrolyte
with high cathode mass loading of 2 mg cm™. (a) GCD curves for the initial 5 cycles and (b)
corresponding cycling capacity at 100 mA g™
Table 4.3 Comparison of the electrochemical performance of Mg metal full cells using

chloride-free electrolytes.
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Electrolyte formula Cell type Cell performance Capacity Ref
retention
Mg(TFSI); EG/DME Mg//VO, 283.6 mAh g'@100 mA g! 163.0 mAh g This
after 50 cycles work
Mg(CF3S03)2/PC+H,0 Mg//V,0s 235 mAh g'@100 mA g! 58 mAh g!' ¥
after 40 cycles
Mg(TFSI)/DME +TMP  Mg//MosSs 115 mAh g'@20 mA g’! 45 mAh g' #
after 50 cycles
Mg(TFSI),/DME Mg//MgMn,O  158.2 mAh g'@10 mAg! - 158
4
Mg(TFSI),/DME+H,0 Mg//NasV(PO 145 mAh g'@5 mAg! - 159
4)2F2
Mg(TFSI),/PY 4 TFSI Mg//-V,0:s 141 mAh g'@0.05C 122.8 mAh g! 160
after 15 cycles
Mg(TFSI)/triglyme Mg//Mg(Mgos 145 mAh g'@5 mA g’! 140.7 mAh g!' o

3V1.57Nix0.1)O4

after 15 cycles

4.3 Summary

In summary, we present a glycol-glyme hybrid electrolyte containing EG/DME Mg(TFSI),
with EG-rich solvation sheath and hydrogen bond networks for high-performance RMBs. The
hydroxyl-rich EG molecules play a pivotal role in regulating the solvation structure of Mg?*,
while simultaneously forming hydrogen bond networks with DME molecules and TFSI" anions,
thereby significantly enhancing Mg®" diffusion and mitigating potential passivation to VO
cathode. Consequently, VO, cathode achieved a specific capacity of 258 mAh g! with
outstanding stability over 2000 cycles. Moreover, Mg//VO- full cells maintained over 160 mAh
g’ after 50 cycles. This study paves the way for the development of low-cost organic

electrolytes in multivalent batteries, contributing to enhanced sustainability in energy storage

systems.
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Chapter S A sulfolane-based hydrated eutectic electrolyte
inhibits cathode dissolution for ultra-stable aqueous

magnesium ion batteries

5.1 Introduction

To address fossil fuel depletion and achieve carbon neutrality, aqueous magnesium-ion
batteries (AMIBs) are being developed as a safer, more cost-effective, and sustainable
electrochemical energy storage technology due to their use of abundant magnesium resources
and high ionic conductivity of aqueous electrolytes.!® >> 6! Generally, the energy density of
AMIBs largely depends on the capacity and working potential of the cathode materials. Up to
now, only a handful of cathode materials have been reported, including Chevrel phase MosSs

43499 Prussian blue analogues %%, layered transition metal oxides/sulfur > 162163

, and organic
electrodes > *. Among these, orthorhombic V20s stands out due to its layered structure and
inherent structural flexibility, which together facilitate improved Mg** diffusion kinetics and
enhanced stability compared to other vanadium-based cathodes such as VO:. As a result, V205
exhibits a high capacity (exceeding 300 mAh g'), elevated operating voltage, and superior
structural stability. %41 However, V,0s suffers from inevitable vanadium dissolution in
aqueous electrolytes during charge/discharge process, leading to irreversible structural collapse
and capacity loss. This dissolution primarily arises from the attack of water molecules (V205
+3H,0 — 2VO,(OH); +2H") at the CEI 671 The highly active water molecules readily
adsorb onto the V205 surface, where they can reversibly interact with the vanadium oxide lattice
and induce surface charged. Subsequently, additional H,O molecules attracted by this charged
layer attack the lattice, causing the irreversible detachment of vanadium oxide units and
initiating continuous dissolution cycles that finally destabilize vanadium complexes. During

electrochemical cycling, the intensified charge exchange further accelerates cathode

degradation by facilitating additional H>O intercalation, which aggravates the instability of
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V>0s cathode. Consequently, reducing water activity and restricting its interaction with the

cathode are critical for improving interfacial stability and mitigating V205 dissolution.

To address this challenge, numerous electrolyte optimization strategies have been
developed for AMIBs, including water-in-salt electrolytes (WISEs) %, hydrated eutectic
electrolytes (HEEs) %, and organic/water hybrid electrolytes ** ¢!, Of these efforts, HEEs are
particularly notable by virtue of their low cost, ease of synthesis, and high ionic conductivity.
In HEES, the water content originates entirely from the crystal water in the metallic salts, which
inherently reduces free water activity. Additionally, the Lewis acid-base reactions and
intermolecular hydrogen bond interactions within HEEs significantly modify the water-
dominated solvation structure and disrupt hydrogen bonding network among water molecules.

This unconditionally restricts water activity and enhances interfacial stability 170172,

State-of-the-art amide-based HEEs, such as Mg(NOs),:6H2O/acetamide > and
MgCls-6H,0/acetamide/urea *°, have demonstrated their compatibility with several electrodes
through rational design for the bulk electrolytes. Despite these advancements, exploration
beyond amide-based hydrated eutectic systems remains limited. Additionally, the lack of
comprehensive studies on the electrode-electrolyte interface hingers the establishment of

systematic guidance for the practical implementation of subsequent hydrated eutectic systems.

In this study, we developed a novel sulfolane (SL) -based hydrated eutectic system by
combining SL with Mg(ClO4)::6H20, aiming to achieve comprehensive improvements from
bulk electrolyte to electrode interface and thereby enhance the performance of V2Os cathode in
AMIBs. Compared to other salts, Mg(ClO4).-6H-0O offers several advantages, including low
cost, high stability against moisture and air, non-toxicity, and good solubility. Additionally, its
inherent crystal water promotes intermolecular hydrogen bonding with SL, further improving
electrolyte performance. In bulk electrolyte, SL forms stronger hydrogen bonds with water

molecules, displacing the initial hydrogen bonding network among water molecules and
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effectively suppressing water activity. Additionally, its involvement in the solvation structure
facilitates Mg?* de-solvation and minimizes the content of interfacial bound water. When it
comes to the CEI, the preferential adsorption of sulfolane effectively blocks water molecules
from attacking the V2Os cathode (Figure 5.1a). Through this integrated strategy, the sulfolane-
based HEE exhibits superior compatibility with V20s cathode, realizing a high capacity of
322.7 mAh g! at 50 mA g! and exceptional cycling stability over 5000 cycles with a minimal
capacity degradation rate of 0.0061% per cycle at 1000 mA g!. Furthermore, leveraging this
advancement, a full PTCDA//V;0s battery with the HEE demonstrates a remarkable discharge
capacity of 252.3 mAh g at 50 mA g and a capacity exceeding 190 mAh g! for over 200
cycles. This electrolyte offers new insights into designing high-energy and high-stable aqueous

multivalent batteries.

5.2 Results and discussion

5.2.1 V205 cathode dissolution behavior in hydrated eutectic electrolytes

To directly observe dissolution behavior of V20s cathode in the two different electrolytes, we
conducted immersion experiments. As depicted in Figure 5.1b, the 1 M Mg(ClO4)> aqueous
electrolyte (marked as AE) quickly turns yellow, indicating the gradual dissolution of V2Os in
water. This color change visually confirms the presence of dissolved vanadium species. To
quantify this dissolution, we performed inductively coupled plasma-optical emission
spectrometer (ICP-OES) tests, which shows a nearly linear increase in vanadium concentration

with immersion time (Figure 5.1¢).
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Figure 5.1 (a) Schematic illustration of hydrated eutectic electrolyte strategy. (b) Optical

photos of V2Os immersed in two electrolytes with different immersion times and (c) the

corresponding ICP-OES results of electrolytes with V20s.

SEM and EDS mapping further reveal changes in V2Os cathode’s morphology and element

distribution. XRD pattern in Figure 5.2a indexed the V205 to an orthorhombic phase with

lattice parameters of a = 11.48 A, b =436 A, ¢ =3.55 A, and o = = y = 90° in the Pmn2;

space group. Initially, the cathode displays an irregular rod-like structure with dimensions of

250~750 nm in length and 75~120 nm in diameter (Figure 5.2b). However, due to vanadium

dissolution in aqueous electrolyte, the surface becomes blurred and collapsed (Figure 5.3 and

Figure 5.4), with the rod-like morphology almost disappearing after two weeks immersion

(Figure 5.7).
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Figure 5.2 (a) XRD pattern and crystal structure (inset) of V20Os. (b) SEM image with EDS
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elemental mapping of the pristine V205 cathode.

Figure 5.3 SEM images of V2Os cathodes using 1 M Mg(ClO4), aqueous electrolyte with

different immersion times.
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Figure 5.4 SEM image and corresponding EDS mapping for V205 cathode dissolved in
aqueous electrolyte for 96 h.

In contrast, the Mg(ClO4)2-6H2O/sulfolane hydrated eutectic electrolyte (marked as HEE)
(nMmg(Cl04)2-6H20: Nsulfolane =1:8) remained transparent with no significant color change after 96 h.
The corresponding ICP-OES results confirm negligible vanadium presence in the solution.
SEM images show that V205 cathode retains its rod-like structure (Figure 5.5, Figure 5.6, and
Figure 5.7), demonstrating the effectiveness of the proposed hydrated eutectic electrolyte in

inhibiting the dissolution of V,0s cathode.
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Figure 5.5 SEM images of V205 cathodes using Mg(ClO4),-6H,O/sulfolane hydrated eutectic

electrolyte with different immersion times.
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Figure 5.6 SEM image and corresponding EDS mapping for V205 cathode dissolved in

hydrated eutectic electrolyte for 96 h.

Figure 5.7 SEM images of V205 cathode after immersing with AE and HEE for two weeks.
5.2.2 Electrochemical performance of V205 cathode in hydrated eutectic electrolytes
To verify the practicality of the hydrated eutectic strategy in mitigating capacity loss from
electrode dissolution, we conducted an open-circuit voltage (OCV) static test at a low current
density of 100 mA g using a Mg-ion half-cell configuration with V>0s cathodes and AC as
the counter electrode. AC was chosen for its high specific surface area and electrochemical
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inertness in Mg-ion electrolytes 3% !4°

, minimizing potential side reactions on the anode side.
After fully charging the battery, it was left in an open circuit state for 72 hours, and the
recoverable capacity was measured. The observed discharge capacity reduction during this
period can be mainly attributed to structural damages from vanadium dissolution %173, As
shown in Figure 5.8a and 5.8b, the Coulombic efficiency after 72 hours is only 58.9% in
aqueous electrolyte, compared to 98.8% in hydrated eutectic electrolyte. Especially, the
aqueous electrolyte causes a noticeable yellow stain on the glass fiber, indicating vanadium’
dissolution, while hydrated eutectic electrolyte shows no such change, suggesting its dissolution

inhibition capability. Overall, these findings confirm that the hydrated eutectic electrolyte offers

superior resistance to self-discharge, supporting our previous hypotheses.

To further investigate differences in electrochemical performance of these two electrolytes,
CV measurements were conducted at a scan rate of 0.5 mV s' to evaluate Mg-ion
intercalation/deintercalation behavior in a voltage window of —1 to 1 V versus AC, equivalent
to 1.4 to 3.4 V versus Mg>/Mg 7> % Figure 5.8c shows that the initial CV curve of V,0s
cathode in aqueous electrolyte has a higher current response with multiple redox peaks (two
reduction peaks at -0.47 V and -0.5 V, three oxidation peaks at -0.35 V, 0.02 V and 0.47 V,
respectively). However, due to severe vanadium dissolution, these peaks shift leftward in
subsequent scans, with an obvious decrease in current density, implying significant
irreversibility (Figure 5.8d). Conversely, V20s cathode in hydrated eutectic electrolyte exhibits
stable cycling performance. V>Os exhibits one reduction peak at -0.45 V and one oxidation peak
at 0.09 V in the initial CV cycle, which is related to the successful Mg?" intercalation and
deintercalation respectively. In the following ten cycles, all peaks appear to be completely

overlapped (FigureS.8e), indicating excellent reversibility.
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Figure 5.8 Self-discharging test at full charged state in (a) AE and (b) HEE. (¢) The initial CV
curves for V20s cathode in different electrolytes. The 1 to 10 cycles of CV curves for V20s
cathode in (d) AE and (e) HEE. (f) Rate capability of V205 cathode in different electrolytes,
and the corresponding voltage-capacity curves at 50 mA g™ in (g) AE and (h) HEE. (i) Long
cycling stability of V2Os cathode in different electrolyte solutions at 1000 mA g .

Superior rate performance is observed for the HEE at multiple current densities. As shown
in Figure 5.8f to 5.8h, V>Os with hydrated eutectic electrolyte delivers average specific
capacities of 322.7, 292.8, 257.3, 206.3, 164.5, and 117.6 mAh g™! at current densities of 50,
100, 200, 500, 1000, and 2000 mA g!, respectively. Notably, when the current density returns

to 50 mA g, the cathode maintains a high specific capacity of 306.3 mAh g, indicating
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excellent capacity retention. In contrast, V20s with aqueous electrolyte initially achieves a
slightly higher capacity of 364.2 mAh g™ at 50 mA g"! due to water intercalation > 3%, However,
the dissolution reactions between the aqueous solution and vanadium species led to a significant
loss of active material, resulting in only 43.8% capacity retention after 10 cycles (Figure 5.8g).
Additionally, the capacity declines sharply with increasing current density, highlighting poor
compatibility between V>0Os cathode and aqueous electrolyte. To investigate the different
dissolution behavior in the electrochemical process, V20s electrodes at different discharge
states were extracted from coin cells and immersed in their respective electrolytes for several
hours. As shown in Figure 5.9, in aqueous electrolyte, both half-discharged and full-charged
electrodes yield a light-yellow solution, indicating dissolution of electrode products, the
corresponding SEM images reveal significant morphological collapses, consistent with the
abovementioned dissolution effect. In contrast, electrodes at the same states in hydrated eutectic
electrolytes result in transparent solutions and retain well-preserved nanorods morphology in
SEM images, demonstrating the superior anti-dissolution capability of the hydrated eutectic

electrolyte.

AE _Half discharged

Figure 5.9 Optical photos and SEM images of V20s at various discharge stages.
Long-term cycling stability was also assessed at a high current density of 1000 mA g™!. As
shown in Figure 5.8i, the capacity in aqueous electrolyte rapidly declines due to irreversible

vanadium dissolution, leaving only 24.1% capacity retention after around 600 cycles. In
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contrast, with hydrated eutectic electrolyte, the initial specific capacity is 129.2 mAh g!, and
after an activation process, the capacity can be well maintained, with an ultra-low capacity
degradation rate of 0.0061% per cycle for 5000 cycles. Compared to recently reported
vanadium-based electrodes in Mg ion batteries, V2Os with this hydrated eutectic electrolyte
demonstrates significantly enhanced electrochemical performance (Table 5.1), particularly in

capacity and cycling stability.

Table 5.1. Comparison of the electrochemical performance for V,0s in HEE with other

vanadium-based electrodes for Mg ion batteries.

Working Counter Electrolyte Specific Capacity /Cycle Ref.
electrode electrode capacity number/current
V205 AC Mg(Cl104)2:6H20/ 322.7 mAh g 111.4 mA g'/5000/1 This
SL @50 mA g! Ag! work
Mn-NVO Pt MgCl,-6H,0/ 191.6 mAh g’! 105.3 mAh g'/60/500 60
acetamide/urea @100 mA g! mAg’!
NVO Pt Mg(ClO4)TEGD 351 mAh g @300 81.7 mAh g/1000/1.5 54
ME/H,0 mA g’! Ag!
CaVOnH AC Mg(TFSI),/PEG/D 264 mAhg! @50 78 mAh g!/2000/1 Ag- 16
MSO/H,0 mA g! !
V105 AC Mg(TFSI),/PEG/H, 326 mAh g'! @50 286 mAh g'/100/50 61
0 mA g! mAg’!
V1205 Pt Mg(TFSI)TMP/P 300 mAhg'@0.1C 240 mAh g''/20/0.1 C 164
EG/H,O
Mgo3V20s-1.1 AC Mg(TFSI)/AN 164 mAhg'! @100 108 mAh g"'/10000/1 70
H,O mA g! Ag!
V,05-PAN AC Mg(TFSI),/AN 180 mAhg' @50  56.6 mAh g''/18000/2 163
mA g! Ag’!
NaV30s AC Mg(Cl04),/AN 2042mAhg! 160 mAhg!/100/1A g 48
@100 mA g! !

5.2.3 Chemical structures of hydrated eutectic electrolytes

The distinct electrochemical performance for V205 cathode in these two electrolytes can be

attributed to their distinct chemical structures and interfacial properties. In hydrated eutectic
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electrolyte, a hydrogen bond forms between a donor with a hydrogen atom and an acceptor with
lone electron pairs. Typically, the acceptor is a highly electronegative atom with a small radius,
such as N or S, which helps anchor water molecules via forming stronger hydrogen networks
to stabilize the electrolyte. Sulfolane serves as an effective regulator, capable of forming two

hydrogen bonds with water molecules due to its two lone pairs of electrons (Figure 5.10).

(" N

. SL
} . 7 o b ' j
‘- © N -
\_ HO-H,0 HOSL )

Figure 5.10 Schematic representation of hydrogen bonding between H>O and SL.

As shown in Figure 5.11a, the oxygen atom in SL (S=0O) has a more negative charge
distribution (-40.94 kcal mol!) compared to the O-H in water (-37.3 kcal mol™), indicating a
stronger attraction to hydrogen atoms. Density functional theory (DFT) calculations reveal that
the hydrogen bond length of S=0...H-O (1.919 A) is slightly shorter than H-O...H-O (1.933
A) (Figure 5.11b). Furthermore, the binding energy for HoO-SL (-0.34 eV) exceeds that of
H>0-H>0 (-0.25 eV) (Figure 5.11c¢). These results suggest that SL can form stronger hydrogen

bonds with water to suppress H2O activity.
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Figure 5.11 (a) Electrostatic potentials of SL and H>O molecules. (b) Hydrogen bond lengths
and (c) binding energies for H>O-H,O and H>O-SL pairs. (d) FT-IR spectra of the O—H
stretching region. (e) The ratios of different hydrogen bonds in AE and HEE. (f) The '"H NMR
spectra of H,O, Mg(Cl0O4)2-6H,0, AE, and HEEs. (g) Different types of hydrogen bonds ratio
in AE and HEE from MD simulation. (h) Radial distribution functions and (i) 3D snapshot
from MD simulation showing representative solvation structures in AE. (j) Radial distribution
functions and (k) 3D snapshot from MD simulation showing representative solvation
structures in HEE.

To illustrate the chemical interactions of SL and H>O in hydrated eutectic electrolytes, we
prepared a series of HEEs by mixing Mg(ClO4)2:6H20 and SL with different molar ratios
(nmg(clo42-6n20: ns=1:4, 1:6, 1:8, and 1:10). All of them exhibit good solubility and

characteristics of hydrated eutectic electrolytes (Figure 5.12 and Figure 5.13). A 1 M
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Mg(ClOs4)2 aqueous electrolyte was used as the reference group.

Mg(ClO,),

6H,0 Sulfolane 1:4 . 1:6 1:8 1:10

Figure 5.12 Optical photographs of the as-prepared HEEs with different molar ratios.
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Figure 5.13 DSC curves of aqueous electrolyte and hydrated eutectic electrolytes with
different molar ratios.

FT-IR spectra, known for its sensitivity to changes in molecular dipole moments, was
adopted to investigate the hydrogen bond networks in these two electrolytes. As depicted in
Figure 5.11d, in aqueous electrolyte, absorbance bands between 2800 and 4000 cm
correspond to the O-H stretching of H>O, featuring three main peaks at 3270, 3440, 3550 cm™.
These peaks represent network water (NW), intermediate water (IW), and multimeric water
(MW), respectively "+ 175 In hydrated eutectic electrolytes, these peaks exhibit a noticeable
blueshift, indicating weakened H>O-H>O hydrogen bond networks and strengthened
intermolecular hydrogen bonds 7% 77, This shift is likely due to SL disrupting hydrogen bonds
and altering Mg®" coordination with H,O. Additionally, the ratio of the three hydrogen bond

peaks shows a decrease in intramolecular hydrogen bonding network (H20-H20) and a
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significant increase in intermediate hydrogen bonds (H>O-SL) (Figure 5.11e). This result is
consistent with DFT calculations results, as the higher binding energy of H2O-SL (-0.34 eV)
than that of H,O-H,O (-0.25 eV) in Figure 5.11¢. This effect is further supported by 'H liquid-
state NMR spectra (Figure 5.11f), where the addition of Mg(ClO4)2 in aqueous electrolyte
causes a slight chemical shift of hydrogen in water molecules (from 4.25 ppm to 4.13 ppm). In
hydrated eutectic electrolytes, stronger SL-H>O interactions increase the electron density

around H,O "7, shifting § values to a higher field with a larger offset (from 3.7 ppm to 3.39
ppm).

To further understand the chemical structures of these two electrolytes, MD simulations
were conducted to quantitatively analyze the hydrogen bonding species and solvation structures.
The addition of SL destroys H>O-H>O hydrogen bonds, with reducing their average ratio from
86% in aqueous electrolyte to 31.5% in hydrated eutectic electrolyte (Figure 5.11g). Instead,
new H>O-SL hydrogen bonds are generated, reducing free water activity in bulk electrolyte.
These descriptions are consistent with the results of FT-IR and NMR for the hydrated eutectic
electrolyte. Solvation structures were examined using the RDFs and CNs. For aqueous
electrolyte, the coordination primarily happens between Mg?" and H,O with six H2O molecules
surrounding one Mg** (designated as [Mg(H20)s]*") at approximately 2 A (Figure 5.11h and
5.11i). These bounded H,O molecules react with V,Os cathode during Mg?" insertion,
aggravating vanadium dissolution and structural damage '’® '°. As a comparison, in the
hydrated eutectic electrolyte, Mg?" is mainly coordinated by three H>O molecules (designated
as [Mg(H20)3]*"), with SL and ClO4 anions replacing some H»O, leading to a decrease in the
amount of bound water in the solvated structure (Figure 5.11j and 5.11Kk). This aligns with the
binding energy calculation results, which show that Mg?"-SL (-6.71 eV) and Mg**-ClO4 (-
13.78 eV) have higher binding energies than Mg**-H,0 (-3.59 eV), as presented Figure 5.14.
In summary, these experimental and theoretical characterizations indicate that compared to

traditional aqueous electrolytes, hydrated eutectic electrolytes could generate stronger
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hydrogen bonding networks and simultaneously reduce coordinated H,O with Mg?" to suppress

water activity.
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Figure 5.14 Binding energies of Mg**-H>0, Mg*"-SL, and Mg*"-C1O4".

5.2.4 CEI characteristics analysis

In addition to variations in bulk electrolyte structure, the Mg ion storage capacities for V205
cathode are also affected by the properties of the CEIL. To explore this, we examined the
desolvation energy of Mg?" in the V,Os cathode using symmetric cells with V,Os cathodes at a
half-charged state, employing varying-temperature EIS %%, As depicted in Figure 5.15, the
desolvation energy in the hydrated eutectic electrolyte is 18.2 kJ mol™!, significantly lower than

the 27.8 kJ mol! observed in aqueous electrolyte.
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Figure 5.15 Temperature-dependent Nyquist plots of symmetric V20Os// V20s cells in
hydrated eutectic electrolyte and aqueous electrolyte, and the corresponding desolvation

energy of Mg?" derived from Nyquist plots.
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Additionally, Figure 5.16 compares the wettability of two different electrolytes on V205
cathode. The result shows that the hydrated eutectic electrolyte significantly reduces the contact

angle at the CEI, thereby facilitating the transport of Mg?" flux across this interface.

AE HEE

Figure 5.16 Contact angle measurement results of the V205 electrode with (a) aqueous
electrolyte and (b) hydrated eutectic electrolyte.

DFT calculations offer an atomic-level perspective on these interactions. SL molecules
exhibit lower adsorption energies than H>O on the V205 cathode (Figure 5.17a), indicating a
preference for SL adsorption at the interface. In more detail, differential charge density analysis
reveals that vanadium atoms of V20s and hydrogen atoms of H2O or sulfur atoms of SL
primarily lose electrons, while the oxygen atoms from H>O or SL gain electrons (Figure 5.17b
and 5.17¢). In aqueous electrolyte, the interactions between H>O and V;0s involve a partial
transfer of delocalized electrons from vanadium to oxygen (Figure 5.17b), potentially leading
to V-0 bonds disruption and V>Os cathode dissolution 173 In contrast, in hydrated eutectic
electrolyte, the interaction between SL and V20Os results in less electrons loss from vanadium
atoms due to a more uniform charge distribution of SL, improving the stability of V-O bonds.
Moreover, the sulfur atoms of SL also participate in electron transfer, strengthening the

chemical affinity between SL and the V2Os cathode.
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Figure 5.17 (a)Adsorption energy of H>O and SL on V,0s cathode. Planar average
differential charge density of (b)SL and (¢) H>O on V,0s cathode. Regions of charge
accumulation are shown in yellow, and regions of charge depletion are shown in blue. (d)
LUMO-HOMO energy level of H20 and SL. XPS spectra of O 1s for V2Oscycled in (e) AE
and (f) HEE. (g) In-depth XPS spectra of O 1s and C 1s for the cycled V205 in AE. (h) In-
depth XPS spectra of O 1s and C 1s for the cycled V,0s in HEE.

To evaluate the potential chemical structure of the CEI, the energy levels of the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO)
were calculated. As illustrated in Figure 5.17d, SL molecules exhibit a lower LUMO energy
level (1.06 eV) than water molecules (1.70 eV). This indicates that SL molecules are more
prone to get electrons attached to the cathode, accelerating delocalized electron transfer from

SL to V20s cathode '*°. This description aligns with previous DFT calculations on the cathode-
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electrolyte interactions. Therefore, SL molecules could not only restructure hydrogen bonds but
also preferentially adsorb at the cathode interface, thereby mitigating water-induced

deterioration.

Ex-situ XRD and XPS were employed to analyze the impact of the two electrolytes on the
V>0s cathode. Ex-situ XRD patterns of the V2Os cathode reveal similar transition processes in
both aqueous and hydrated eutectic electrolytes (Figure 5.18). During full discharge, most V205
reflections shifted to lower angles, and upon full charge, they return to initial position,
indicating a reversible solid solution transition. However, in aqueous electrolyte, V20s peak
intensity gradually becomes weak, particularly after 20 and 50 cycles, there is nearly no peak
observed, corresponding to the severe active material dissolution. Conversely, when cycled in
hydrated eutectic electrolyte, almost all characteristic peaks of V,0s are well maintained,

demonstrating better compatibility with the cathode.
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Figure 5.18 Ex-situ XRD spectra of V205 cathode in (a) AE and (b) HEE.

For pristine V20Os, the O 1Is spectra shows peaks at 530.3, 531.3, and 532.8 eV,
corresponding to V-O, O4/C-0O, and -OH, respectively (Figure 5.19) '8!, Cycling in aqueous
electrolyte introduces a new peak at 533.6 eV (H20), increasing the -OH proportion to 18.8%
(Figure 5.17e). Differently, cycling in hydrated eutectic electrolyte results in a new peak at

533.8 eV (S=0) and increased C-O bonds (Figure 5.17f), which can be attributed to SL’s
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preferential adsorption.
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Figure 5.19 XPS spectra of O 1s for the pristine V,0s.

To thoroughly investigate the potential formation of the CEI layer, we conducted in-depth
XPS characterizations with varying Ar" etching time (0, 60, and 120 s). As shown in Figure
5.17g, a continuous -OH distribution was observed in the aqueous electrolyte, attributing to
strong interactions between water molecules and the cathode. In contrast, the hydrated eutectic
electrolyte exhibits a gradient distribution of C-O and S=O peaks in the C 1s and O 1s spectra
(Figure 5.17f). This finding further confirms the protective capability of SL, which effectively

shields V,0s from water, thereby maintaining cathode stability.

5.2.5 PTCDA//V20s full cells application in hydrated eutectic electrolytes

Finally, to explore the practical application of the hydrated eutectic electrolyte, we assembled
a full cell using V05 as the cathode and an open-framework Perylene-3,4,9,10-tetracarboxylic
dianhydride (PTCDA) as the anode (Figure 5.22a). PTCDA was chosen for its stable

59, 164

monoclinic structure and rapid Mg*" diffusion capability , which aligns well with the

hydrated eutectic electrolyte (Figure 5.20 and 5.21).
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Figure 5.21 Cycling performance of PTCDA in hydrated eutectic electrolyte at the current
density of 1000 mA g .

The electrochemical performance of the PTCDA//V20s full cells with the hydrated
eutectic electrolyte was evaluated within a voltage range of 0.01-2.2 V. During the experiments,
the N/P (negative-to-positive electrode) ratio was kept at approximately 1.2. CV measurements
were performed at a scan rate of 0.5 mV s'. As illustrated in Figure 5.22b, in the charging
process, a distinct oxidation peak appears around 0.7 V, indicating Mg>" extraction from the
pre-magnesiumized V205 cathode and its intercalation into PTCDA anode. In the discharging
process, a reduction peak appears at approximately 0.17 V, corresponding to Mg** de-

intercalation from PTCDA anode and its insertion into V2Os cathode. All CV curves remain
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almost intact even after 20 cycles, demonstrating outstanding electrochemical stability and

reversibility.
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Figure 5.22 (a) Schematic representation of a PTCDA//V20s full cell. (b) CV curves of
PTCDA//V20s full cells in HEE at 0.5 mV s™!. (c) rate capability of PTCDA//V,0s full cells
in HEE from the current rate of 50 mA g™!' to 500 mA g™! and (d) Voltage-capacity curves of

PTCDA//V20s full cells in HEE at different current densities. Cycling performance of

PTCDA//V20s full cells in HEE at (e) 50 mA g™ and (f) 500 mA g

As illustrated in Figure 5.22¢ and 5.22d, the rate performance reveals high discharge
capacities of 252.3, 178.0, 114.7, 86.0, 73.4 and 65.6 mAh g at current densities of 50, 100,
200, 300, 400, 500 mA g, respectively. When current densities gradually return to the initial
values, the capacity remains very high, indicating superior electrochemical stability. Finally,
the long cycling performance of the full cells was evaluated at a rate of 50 mA g! and 500 mA
g!, respectively. The specific capacity remains above 190 mAh g"'@ 50 mA g after 200 cycles

(Figure 5.22¢) and 50 mA g! @ 500 mA g after 600 cycles (Figure 5.22f), outperforming
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most of the reported magnesium ion full batteries (Table 5.2). These findings highlight the

practical feasibility of hydrated eutectic systems, paving the way for further advancement in

AMIBs.
Table 5.2 Comparison of the electrochemical performance of full MIBs.
Electrolyte Cell type Cell performance Capacity /Cycle Ref
formula number/current
Mg(ClO4)2:6H20/ PTCDA//V20s 252.3 mAh g'@50 mA 191.5 mAh g1/200/50 This
SL g! mA g! work
50.3 mAh g'/600/500
mA g!
MgCly-6H,0/ Mn-NVO/CuHCF  59.1 mAhg! @100 mA  38.7mAh g'/800/1 Ag!
acetamide/urea g’!
Mg(TFSI)/TMP/P PTCDI//V,0s 227.6 mAh g @0.1C 50 mAh g'/850/0.5 C 164
EG/H,O
Mg(NO3)2-6H0/ PTCDA//CuHCF 38.1 mAh g! @5C 24 mAh g'/1000/8 C 59
acetamide
MgCly-6H,0/H,0 Mg//CuHCF 47mAhg'@250 mA 20 mAh g'/700/0.5A ¢! 58
g-l
Mg(TFSI)/AN  MgNaTi;0+/MgosVa 57 mAhg! @100 mA 42 mAh g/100/100 mA ~ 7°
0s5-1.1H,O g! g!
Mg(TFSI),/AN MgNaTi;07//V,0s- 120.6mAh g' @100 50 mAh g'/80/100 mA g 63
PAN mA g! !
Mg(TFSI),/H,O PPMDA//MgLiV(P 52mAhg! @100 mA 43 mAh g'/1000/200 mA 150
04)s g’ g'

5.3 Summary

In summary, we have developed a novel sulfolane-based hydrated eutectic electrolyte to
comprehensively prevent cathode dissolution in AMIBs. In bulk electrolyte, the incorporation
of SL forms stronger hydrogen bonds with water and simultaneously displaces some bound
water in the Mg?" solvation structure. This significantly reduces water activity, thereby
minimizing its chemical attack to V,Os cathode. Additionally, SL preferentially adsorbs onto
the cathode surface, providing further protection against water-induced dissolution.

Consequently, V20s cathode paired with the hydrated eutectic electrolyte demonstrates a high
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capacity of 322.7 mAh g at 50 mA g™ and exceptional cycling stability over 5000 cycles, with
aminimal capacity degradation rate of 0.0061% per cycle at 1000 mA g™!. As a proof of concept,
a full PTCDA//V>0s battery using HEE was successfully assembled, achieving a remarkable
discharge capacity of 252.3 mAh g at 50 mA g'! and maintaining a capacity exceeding 190
mAh g'! for over 200 cycles. This electrolyte strategy offers a promising approach for designing

cost-effective aqueous multivalent batteries in the future.
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Chapter 6 Conclusion and future work

6.1 Conclusion

This thesis explores a series of electrolyte engineering strategies to address the challenges of
sluggish Mg?* kinetics and electrode/electrolyte interface incompatibility in MRBs. The
primary goal is to achieve fast Mg?" kinetics and long-life MRBs that are essential for real-
world, high-energy implementations. In addition, this work includes a fundamental
investigation of electrolyte structures and their impact on the electrode/electrolyte interface,
providing crucial insights for stabilizing both cathode and anode during extended cycling. A
systematic comparison of the proposed electrolytes is conducted from several key perspectives,
including cost-effectiveness, ionic conductivity, cycling stability, energy density, and safety,
highlighting their respective advantages and disadvantages and their potential suitability for
various applications.

MCE demonstrates notable benefits in terms of safety and energy density. Experimental
and simulation results reveal that urea-Mg®" solvation structures form anion-rich groups,
promoting rapid Mg>* migration in the MCE. In Mg//Mg symmetric cells, the electrolyte
produces a microporous, fluoride-rich organic/inorganic hybrid layer on the Mg metal surface.
This distinctive interface enables efficient Mg?* diffusion, supporting reversible Mg metal
stripping and plating. The practical viability of MCE is further validated in Mg//V20s full cells.
However, the cycling stability remains inferior compared to current liquid-state electrolytes.
Overall, this work pioneers the crystallization of deep eutectic solvents into room-temperature
solid-state electrolytes, offering new strategy for multivalent metal batteries.

The advancement of RMBs is limited by the absence of high-capacity cathodes, primarily
due to sluggish Mg?" desolvation at the cathode-electrolyte interface and TFSI-induced surface
passivation in conventional Mg(TFSI),/DME electrolyte. To overcome these challenges, we
incorporated a hydroxyl-rich EG solvent into the ether-based electrolyte, which disrupts

unfavorable [Mg(DME);]*" complexes and establishes hydrogen bond networks. This
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modification enhances Mg?*" ion migration while simultaneously suppressing TFSI-
decomposition. While further improvements in cycling stability and safety are necessary, the
EG/DME co-solvent electrolyte exhibits superior ionic conductivity and energy density,
enabling high-capacity VO: cathodes to achieve ultra-long cycling stability. Notably, Mg//VO-
full cells utilizing this electrolyte deliver capacities exceeding 160 mAh g™ over 50 cycles,
advancing the practical application of RMBs.

Aqueous RMBs are increasingly recognized as promising options for large-scale energy
storage, owing to their low cost and inherent safety. V2Os cathode, despite its high specific
capacity, suffers from severe dissolution issues caused by strong interactions with water
molecules in conventional aqueous electrolytes. This HEE greatly reduced the cathode
dissolution issues caused by high water activity in conventional aqueous electrolytes, achieving
ultra-stable electrochemical performance. Specifically, the S=O group in sulfolane disrupts
H>0-H:0 hydrogen bonding, lowering water activity in the bulk electrolyte. Its involvement in
Mg** solvation further decreases water content at the cathode-electrolyte interface and
facilitates Mg?" desolvation. Additionally, the preferential adsorption of sulfolane at the
interface protects V:0s from water-induced vanadium dissolution. Although the ionic
conductivity and energy density of HEE require further enhancement compared to current
organic electrolytes, it offers significant advantages in cost-effectiveness, cycling stability, and
energy density, enabling V:0s cathodes to achieve high capacity with exceptional cycling
stability over 5000 cycles. As a proof of concept, a full PTCDA//V,0s battery with HEE
demonstrates high capacity and high voltage output, which provides new ideas for durable

multivalent batteries.

6.2 Future work

To commercialize MRBs as a cost-effective alternative to current LIBs, the development of

suitable electrolytes remains a critical challenge. In this thesis, we have designed a series of
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electrolytes compatible with both cathodes and anodes, and systematically investigated their
structures as well as the corresponding electrode-electrolyte interfacial chemistry. These
findings lay a solid foundation for the future commercialization of MRBs. However, as research
on MRBs is still in its early stages, the availability of high-capacity cathodes and compatible
anodes remains limited, hindering their competitiveness with LIBs. Therefore, future efforts
should prioritize not only optimizing electrolyte design strategies but also advancing the
development of high-performance cathodes and stable anodes.

(1) Efficient electrolytes screening strategies: Traditionally, electrolyte engineering relied on
trial-and-error approaches, which are both time-consuming and resource-intensive. The
advent of artificial intelligence now enables the rapid screening of suitable salts, solvents,
and additives through advanced computational algorithms. This data-driven methodology
significantly enhances research efficiency compared to conventional techniques, thereby
accelerating the practical implementation of MRBs.

(2) High-performance cathodes: The current mainstream cathode, Chevrel phase MosSs, has
low voltage and theoretical capacity, insufficient for high-capacity needs. Although some
high-capacity cathodes, such as layered transition metal oxides/sulfur, show relatively high
energy density, they are limited in availability, and the mechanisms are not fully understood.
Future research should focus on developing new high-performance cathodes to meet
practical development needs.

(3) Stable anodes: While the Mg metal anode is the most ideal choice due to its stability, safety,
and low reduction potential, most commercial electrolytes are incompatible with Mg metal,
leading to severe passivation and poor cycling life. To achieve MRB’s stable operation, it
is essential to modify and protect the Mg metal anode or develop suitable anode alternatives

to pair with other battery components.
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