Design and Electrochemical Performance of Sodium-Based Batteries

Qipeng Zhang

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State
University in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
In
Mechanical Engineering

Rui Qiao, Chair
Zheng Li, Co-Chair
Alex Aning
Zhenhua Tian

11/22/2024
Blacksburg, Virginia

Keywords: Sodium metal battery, Sodium sulfur battery, Low concentration electrolyte,
Acoustic field, Mechanism and kinetics

Copyright © 2024, Qipeng Zhang



Design and Electrochemical Performance of Sodium-Based Batteries
Qipeng Zhang

ABSTRACT

Low-cost, high-performance energy storage solutions are in great demand for applications
such as vehicle electrification and electricity generation from renewable sources. Lithium-
based batteries have emerged as strong contenders due to their high energy density and
stability. However, their reliance on scarce lithium reserves and high production costs
makes them impractical for many applications. Sodium-based batteries (SBBs) are gaining
traction as a more affordable option, with costs of $50 to $100 per kWh and an abundant
resource base. Despite these advantages, SBBs still face many obstacles, primarily due to
limited research on sodium-based chemistries. Additionally, sodium-based batteries have
inherent limitations, including lower energy capacity and reduced cycle life, which restrict
their viability for long-term use. This thesis addresses several critical challenges faced by
SBBs and explores new strategies for enhancing their performance and viability for large-
scale applications.

First, a low-concentration, non-flammable electrolyte consisting of 0.3 M NaPFs in a mixed
solvent was formulated and tested in SBBs. This electrolyte significantly improves the
cyclability and performance of SBBs across a wide temperature range, with high-capacity
retention at both elevated and sub-zero temperatures. Molecular simulations reveal that the
improved ion-pairing underpins the exceptional performance. This development addresses
major challenges in SBBs by offering a safer, more cost-effective solution for large-scale
applications.

Second, sodium-sulfur (Na-S) batteries were explored to achieve high energy densities. An
external acoustic field was implemented to enhance Na-S battery performance by inhibiting
the shuttle effect and reducing dendrite growth, two key challenges in Na-S systems. This
method offers a scalable, non-chemical solution to improve cycle life and efficiency,
making Na-S batteries a more viable candidate for large-scale energy storage. This progress,
along with the high theoretical capacity of Na-S batteries, helps address the limitations not
resolved by the electrolyte engineering work of SBBs.

Third, the mechanisms of Na>Sx (x<2) precipitation in sodium-sulfur (Na-S) and sodium-
oxygen-sulfur (Na/O>-S) systems were investigated. The results reveal that higher-order
sodium polysulfides display the lowest current density, indicating a stronger driving force
is needed to initiate their reaction. In Na/(O2)-S systems, the transition from high-order to
low-order oxy-sulfur intermediates demands less energy compared to Na-S systems. The
insights gained here help further optimize Na-S/Na/(O.)-S batteries to enhance their
performance and cycle life.

Together, the work in this dissertation addressed several critical needs in the development
of SBBs and helped advance their commercialization.
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As the demand for affordable and efficient energy storage grows, especially to support
electric vehicles and electricity generation from renewable sources, new types of batteries
are needed. While lithium-based batteries are commonly used due to their high energy
capacity, they rely on scarce and expensive lithium resources, making them impractical for
large-scale applications like storing energy for electrical grids. This has led researchers to
explore sodium-based batteries, which use sodium, a much more abundant and cost-
effective element. However, sodium-based batteries still face challenges, such as lower
energy capacity and shorter lifespan compared to their lithium counterparts.

This thesis focuses on improving sodium-based battery performance to make them a more
viable option for large-scale energy storage. The first project introduces a new, safer, low-
cost electrolyte that significantly enhances the performance of sodium-based batteries,
even in extreme temperatures. This solution improves the battery’s ability to retain its
energy over multiple charging cycles, addressing some of the key issues in current sodium-
based battery technology.

In the second project, the focus shifts to sodium-sulfur (Na-S) batteries, which offer the
potential for higher energy storage due to sulfur’s high capacity. To address common issues
in Na-S batteries, such as the polysulfide shuttle effect and dendrite formation, a novel
acoustic approach is explored. This method reduces the migration of polysulfides between
the electrodes, which preserves capacity, and also suppresses the growth of dendrites on
the sodium metal anode, improving both safety and battery lifespan. As a result, the
efficiency and durability of Na-S batteries are significantly enhanced, bringing them closer
to practical, large-scale applications.

Despite these advancements, some fundamental questions remain about how sodium
polysulfides form and behave inside Na-S batteries. The third project focuses on
understanding the precipitation and interaction of these compounds under different
conditions. Gaining insight into these processes is essential for further enhancing battery
performance and ensuring long-term reliability.

In conclusion, this thesis explores several innovative strategies to improve the design and
performance of sodium-based batteries, which help make them more practical for large-
scale energy storage applications and ultimately contribute to a more sustainable future.
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Chapter — 1 Introduction

1.1 Background and motivation

Sodium-based batteries have attracted significant attention as a sustainable and cost-effective
alternative to lithium-based technologies, particularly for large-scale applications like grid storage
and backup power [1-5]. These systems, which include both sodium metal and sodium-sulfur (Na-
S) batteries, offer key advantages over lithium-based counterparts, particularly in terms of resource
abundance and lower system costs [6-8]. Therefore, sodium-based batteries are an attractive option
when cost considerations outweigh the need for high energy density [9-11].

Sodium-based batteries function in a manner similar to lithium-ion batteries, utilizing the transfer
of sodium ions between the anode and cathode via an electrolyte during charging and discharging
cycles as shown in Figure 1.1 [12]. However, the larger ionic radius of sodium introduces specific
challenges, especially in terms of electrolyte optimization [13-15]. Stable, efficient electrolytes are
essential to enhancing the performance of sodium-based systems by ensuring high ionic

conductivity and long-term chemical stability [16-19].



Discharging

Current collector
Current collector

Cathode

Charging

Figure 1.1 Operating mechanism of sodium-based batteries: sodium ion transport in electrolytes
during charge-discharge cycles. Reproduced with permission from Ref. [13]. Copyright 2023

Elsevier.

Electrolyte stability directly influences the efficiency, safety, and lifespan of sodium-based
batteries [20,21]. Sodium ions interact differently with solvents and other ions compared to the Li
ions due to their larger size, often leading to reduced ionic conductivity and difficulties in forming
a stable solid-electrolyte interphase (SEI) [22-24]. While various electrolyte formulations have
been explored, including sodium salts like NaPFs and NaClO4 in organic solvents, finding an
optimized electrolyte remains a key challenge for sodium-based batteries [25-27].

While sodium-based batteries face limitations in energy density and cycle life compared to lithium-
ion systems, Na-S batteries have emerged as a promising alternative, particularly for long-duration
energy storage [28,29]. Na-S batteries offer higher theoretical energy density and benefit from the
low cost and abundance of sulfur as a cathode material [30]. These features make sodium-sulfur
batteries more attractive in large-scale energy storage applications, where cost and resource

availability are critical factors [31].



High-temperature Na-S batteries (HT Na-S), operating above 300 <C, have shown potential for
grid-scale storage due to their higher energy density and longer cycle life compared to room-
temperature sodium-based systems (Figure 1.2). However, maintaining such high temperatures
requires substantial energy input, which reduces overall efficiency. Additionally, prolonged
exposure to heat can lead to material degradation, limiting the practical application of high-

temperature Na-S batteries [32,33].

Beta

Alumina 2 Volts
Tube

Sulfur

Figure 1.2 Schematic diagram of a high-temperature Na-S cell. Reproduced with permission from

Ref. [33]. Copyright 2014 Elsevier.

To address these drawbacks, researchers have turned their focus to developing room-temperature
sodium-sulfur batteries (RT Na-S). These systems aim to retain the high energy density and cost-
effective nature of Na-S chemistry while eliminating the need for high operating temperatures [31].
RT Na-S batteries promise improved efficiency and reduced operational costs, making them more
practical for many applications. However, despite these advantages, significant challenges such as
the shuttle effect and dendrite formation remain barriers to their widespread use as presented in

Figure 1.3 [34,35].



The shuttle effect occurs when soluble sodium polysulfides generated during discharge migrate
through the electrolyte and react with the sodium anode, leading to side reactions that degrade
battery performance. This phenomenon not only reduces efficiency but also causes capacity fading,
which significantly limits the battery's lifespan [36].

Dendrite formation is another major challenge. Needle-like dendrites can form on the sodium
anode during charging, which can breach the separator and trigger internal short circuits,

increasing the risk of safety issues like thermal runaway.
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Figure 1.3 A diagram of a room-temperature sodium-sulfur cell that illustrates several critical
challenges. It highlights the movement of polysulfides through the electrolyte, causing shuttling
effects, while zoomed-in views reveal additional concerns. These include dendrite formation and
unstable solid electrolyte interphases at the sodium anode, as well as the sulfur-based cathode's
issues with volumetric changes and poor conductivity. Reproduced with permission from Ref. [35].

Copyright 2021 Wiley-VCH.

In summary, sodium-based batteries offer a sustainable and cost-effective alternative to lithium-
ion technologies, especially for large-scale energy storage. However, challenges related to

electrolyte stability and performance must be addressed to fully unlock their potential. Na-S



batteries, while offering higher energy densities and cost benefits, are still constrained by technical
issues such as the shuttle effect and dendrite formation. Addressing these challenges is critical for

advancing sodium-based batteries for future energy storage applications.

1.2 Electrolytes for sodium-based batteries

The electrolyte plays a crucial role in sodium-based batteries, facilitating the movement of sodium

ions between the anode and cathode throughout charge and discharge cycles [37-40]. In most

systems, the electrolyte is a sodium salt dissolved in non-aqueous organic solvents. To ensure

optimal battery performance, the electrolyte must meet several requirements:

1. Low internal resistance: High ionic conductivity is essential to minimize resistive heating and
ensure efficient ion transport.

2. Chemical stability: The electrolyte must resist degradation, particularly in contact with highly
reducing anodes, to maintain long-term performance.

3. Electrochemical stability: It should remain stable within the voltage range of the battery's
anode and cathode, preventing side reactions.

4. Thermal properties: A low melting point and high boiling point ensure stability across a wide
temperature range.

5. Safety and cost: The electrolyte should be non-toxic, safe, and cost-effective for large-scale
applications.

Liquid electrolytes are generally favored due to their ease of transport through porous electrodes

[41,42]. However, these batteries face challenges like dendrite formation, which can result in short

circuits. Solid electrolytes, on the other hand, provide enhanced mechanical strength, helping to

inhibit dendrite growth. Unfortunately, solid electrolytes often suffer from higher resistance and

poor contact with electrodes, which can hinder ion transport [43].



To address these challenges, new formulations like super-high concentration electrolytes and
ultralow concentration electrolytes are being explored. These systems are designed to enhance the
stability, safety, and efficiency of sodium-based batteries, paving the way for more reliable large-

scale energy storage solutions.
1.2.1 The evolution of electrolyte systems for sodium-based batteries

Electrolytes are vital for enabling ion movement while insulating the reactive cathode from direct
electronic interaction with the reductive anode [44]. The future of battery innovation depends
heavily on the development of advanced electrolyte systems. While solid-state electrolytes hold
promise for next-generation batteries due to their ability to prevent issues like dendrite formation,
liquid electrolytes still dominate, owing to their optimized interaction with electrode surfaces and
minimized resistance at the electrode-electrolyte boundary [19,45,46].
Modern liquid electrolytes typically consist of salts dissolved in polar solvents, where ion
dissociation is facilitated by solvation structures. These can occur in either aqueous or non-aqueous
solutions. To achieve high-performance electrolytes, researchers must balance several key
properties:
e Physically, an ideal electrolyte should maintain stability over a wide temperature range,
exhibit low viscosity, support high ionic conductivity, and ensure thermal resilience.
e Chemically, the electrolyte must be easy to synthesize and remain inert toward both active
and inactive battery components.
e Electrochemically, it needs a broad stability window, a stable and thin SEI, and
compatibility with high-energy-density materials.
Historically, electrolyte research primarily focused on adjusting the composition of salts, solvents,

or functional additives to improve stability and performance as demonstrated in Figure 1.4a.



However, attention has recently shifted toward exploring the concentration of electrolytes,
breaking away from the “1 molarity (M) legacy,” where the ionic conductivity of non-aqueous
systems was believed to peak around 1 M. Higher concentrations were largely overlooked due to
their presumed diminishing returns. However, recent research has shown that optimizing
electrolyte concentration can unlock new properties that greatly enhance battery performance.

A major breakthrough came in 1985 when McKinnon and Dahn discovered that highly
concentrated solutions could prevent the co-intercalation of propylene carbonate with lithium ions
into ZrS,, which typically damaged the battery at lower concentrations [47]. This revelation
challenged traditional electrolyte theories. By 1993, Angell and colleagues expanded on this idea
by introducing the concept of polymer-in-salt electrolytes, where increasing salt concentrations
beyond a certain threshold reversed the decline in ionic conductivity observed in more dilute
solutions [48]. This opened new possibilities for concentrated electrolytes.

In the early 2000s, further advancements were made. Inaba and colleagues showed that highly
concentrated electrolytes could stabilize the electrolyte-electrode interface without traditional
additives [49]. By 2004, Chen and colleagues developed a room-temperature molten salt
electrolyte by mixing lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) with acetamide,
demonstrating superior physicochemical properties that hinted at broader applications, particularly
in lithium-ion batteries [50].

In 2010, Watanabe and co-workers introduced glyme-based super-concentrated electrolytes,
which exhibited properties similar to room-temperature ionic liquids, with high ionic conductivity
and low volatility [51]. This marked another major leap forward.

The most significant advancement came in 2013 when Hu and colleagues proposed the solvent-

in-salt (SIS) electrolyte system, where the salt-to-solvent ratio exceeded 1.0 [52]. This novel



system suppressed polysulfide solubility and lithium dendrite growth, making it particularly
advantageous for lithium-sulfur batteries. Watanabe and co-researchers created an innovative SIS
electrolyte using LiTFSI dissolved in TEGDME [53]. They discovered that when the molar ratio
of salt to solvent reaches around 1:1, the electrolyte forms a structure akin to ionic liquids. This
arrangement includes distinct [Li(glyme):]" complexes along with individual TFSI anions, which
remain unassociated in the solution. Soavi et al. examined the impact of adjusting salt
concentrations on the stability of intermediates and final compounds in lithium/oxygen batteries
[54]. Their voltammetry analysis indicated a transformation in the Li>O, formation pathway, from
a surface-based process to one within the solution-when moving from traditional salt-in-solvent
systems to SIS solutions. This finding implies that ultra-high concentration electrolytes can greatly
improve the cycling durability of lithium/oxygen batteries. The SIS approach not only improved
the stability of lithium-metal anodes but also opened new possibilities for other battery chemistries,
including sodium-ion, potassium-ion, multivalent-ion, and lithium-air systems [55-57]. The
application of SIS principles has led to improvements in cycle life, safety, and overall battery

functionality.
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Figure 1.4 (a) Key research studies focused on electrolyte concentration in rechargeable batteries
[46-52,58-65]. (b) Solvation and interfacial structures observed in both superhigh and ultralow
concentration electrolytes. Reprinted (adapted) with permission from Ref. [46]. Copyright 2020

American Chemical Society.

1.2.2 Challenges and innovations in sodium-based electrolytes

Despite these advantages, the high cost associated with highly concentrated electrolytes remains a
challenge, as large quantities of salts are required, limiting their commercial viability. To address
this issue, Zhang and colleagues introduced the concept of localized high-concentration
electrolytes (LHCES) [59]. Xin et al. revealed that LHCE provides oxidative stability above 6 V

versus Na/Na'. Using this electrolyte, a cell with a Nao.7Lio.0s3Mgo.03Nio.27MnoeTio0702 cathode



paired with a sodium anode retained 87.3% of its capacity after 200 cycles and achieved a high
discharge rate of 84 mAh g* at 20 C with a cut-off voltage of 4.4 V [66]. In addition, Zhang et al.
demonstrated that LHCE enhances the fast-charging capability of functional batteries. The
selective breakdown of anions results in the formation of a stable and uniform SEI on the graphite
electrode. This SEI layer effectively prevents ether solvents from co-intercalating with the graphite,
thereby promoting highly reversible lithium-ion insertion and extraction [67]. LHCESs create a
local environment that mimics the solvation structure of super-concentrated electrolytes, while the
overall electrolyte remains in a dilute state. This approach balances performance with cost-
effectiveness, preserving the benefits of high-concentration systems without their financial
drawbacks.

Recent research by Wu and colleagues utilized a low-concentration electrolyte (0.1 M) to boost
the lithium-sulfur conversion reaction at lower temperatures, showcasing the broad potential of
this approach [68]. They also investigated a 0.2 M LiPFs electrolyte in FEC and EMC for high-
voltage lithium metal batteries. This formulation significantly improved the electrochemical
performance of both Li||Li symmetric cells and high-voltage LiCoO||Li batteries [69]. Meanwhile,
Hu, Lu, and their teams has shown that not all systems require high-concentration electrolytes [60].
For example, ultralow-concentration electrolytes have been explored in sodium-based batteries,
further reducing costs while expanding the operational temperature range. This trend reflects a
broader movement toward tailoring electrolyte properties to meet the specific requirements of
different battery chemistries.

In parallel, researchers are investigating the fundamental interactions within electrolytes,
particularly focusing on solvation structures and interfacial interactions that directly affect battery

performance (Figure 1.4b) [19,70-72]. Solvation structures describe how cations, anions, and
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solvent molecules interact, impacting electrolyte properties like viscosity, conductivity, and
reactivity. These structures manifest as solvent-separated ion pairs (SSIPs), contact ion pairs
(CIPs), or cation-anion aggregates (AGGs). At the same time, interfacial structures within the
inner-Helmholtz layer influence the SEI’s formation and stability, which are critical to battery
longevity and performance [70,73].

A particularly exciting development in this field has been the application of these electrolyte
principles in aqueous systems. In 2015, Xu, Wang, and their colleagues introduced the water-in-
salt (WIS) electrolyte, expanding the electrochemical stability range of water from 1.23 V to 3.0
V in aqueous lithium-ion batteries [58]. Soon after, Yamada et al. introduced a comparable system
called "hydrate melt," which enhanced the stability of water-based electrolytes by incorporating a
second salt at even higher concentrations [74]. These advances have sparked renewed interest in
aqueous battery systems, which are known for their safety and environmental advantages [75,76].
While super-concentrated electrolytes hold great potential for improving battery performance, they
are not without limitations. Continued research into electrolyte concentration has revealed new
opportunities to better understand electrolyte chemistry and interfacial electrochemistry. As
battery research progresses, innovations in electrolyte design will undoubtedly play a key role in

shaping the next generation of high-performance batteries [77].

1.3 Advancing battery technologies: sodium-sulfur batteries

While improvements in electrolyte technology can significantly boost the performance of next-
generation sodium-based batteries, sodium-based batteries still face challenges, particularly
regarding their relatively low energy density, which restricts their suitability for applications
demanding high energy storage capacity. In response, Na-S batteries have emerged as a viable

alternative, offering several advantages such as the use of abundant, cost-effective materials and
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the potential for higher energy density [29,78,79]. Unlike sodium rechargeable batteries, Na-S
batteries can operate efficiently at room temperature, avoiding some of the complications seen in
high-temperature systems. These factors make Na-S batteries highly appealing for large-scale
energy storage solutions, where affordability and sustainability are essential. However, achieving
efficient and consistent charge—discharge cycling in Na-S batteries requires overcoming several

obstacles.
1.3.1 Intrinsic challenges for Na-S batteries

The following sections will explore these issues and their underlying causes.

1. Sodium metal is highly reactive and oxidizes rapidly upon exposure to air, making storage and
usage conditions quite challenging. The need for controlled environments complicates the practical
application of Na-S batteries [80].

2. The majority of sodium-based batteries use organic electrolytes, which tend to degrade within
the initial charge-discharge cycles. This degradation results in the formation of an unstable SEI on
the sodium anode surface [81]. While this SEI layer can initially protect the anode by preventing
further reactions with the electrolyte, uneven deposition of sodium metal can lead to dendrite
formation. These dendrites not only consume more electrolyte and SEI but can also penetrate the
separator, leading to internal short circuits. This issue worsens under high current or extended
cycling conditions [82].

3. The larger ionic radius of sodium (1.02 A compared to lithium’s 0.76 A) poses additional
challenges in finding suitable storage materials that can facilitate the reversible insertion and
extraction of sodium ions. The repeated sodiation and desodiation processes result in significant
volume changes within the electrode, which can cause structural collapse. When the electrode

structure breaks down, the existing SEI film also deteriorates, requiring additional electrolyte to
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form a new SEI layer. The continual degradation cycle undermines long-term cycling performance
in Na-ion batteries. Moreover, on the sulfur cathode side, the significant 80% volume expansion
from sulfur (S) to sulfide (5%) compounds the instability of the electrode [32].

4. The large radius of sodium (Na*) and S? reduce ion mobility and slow down electrochemical
reactions, resulting in increased polarization, sluggish reaction kinetics, and lower capacity output
[83].

5. During the charge-discharge process, sodium polysulfides (Na2Sx, where 4 < x < 8) are formed
as intermediate products. These polysulfides are highly soluble in organic electrolytes, such as
those based on ethers. While their solubility enhances reaction Kinetics, it also triggers the
polysulfide shuttle effect. Driven by concentration gradients and the electric field, dissolved
polysulfides migrate through the separator toward the sodium anode, where they undergo side
reactions. These side reactions create insoluble sodium sulfides (Na2S2 and Na,S) on the anode,
disrupting the SEI layer and further destabilizing the anode. This process is irreversible, leading
to the gradual depletion of active sulfur material and severely limiting the long-term cycling
stability of Na-S batteries [84].

6. Even when the battery is at rest, a slow internal redox reaction occurs due to the potential
difference between the anode and cathode [85]. This leads to capacity loss over time. Furthermore,
soluble polysulfides can lead to self-discharge by reacting with the sodium anode, further

complicating the stability of Na-S systems.
1.3.2 Storage mechanisms of Na-S batteries

To tackle these challenges, a deep understanding of the reaction mechanisms in Na-S batteries is
essential. As with lithium-sulfur (Li-S) batteries, the electrolyte is a critical factor influencing

overall battery performance. The mechanisms of Na-S reactions are electrolyte dependent. For
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example, ether-based electrolytes allow for the dissolution of NaxSx intermediates, resulting in a
solid-liquid-solid transformation during cycling. In contrast, ester-based electrolytes promote
solid-solid reactions, as sulfur and NaxS species are less soluble in them. Additionally, in solid-
state electrolytes, the reaction pathways are simpler, eliminating many of the complications seen
in liquid systems [86,87].

For instance, cyclic voltammetry (CV) and discharge curves for Na-S batteries using tetraethylene
glycol dimethyl ether (TEGDME) as the electrolyte display two prominent reduction peaks at 2.20
V and 1.65 V as depicted in Figure 1.5. These peaks correspond to two plateaus in the discharge

profile, which can be divided into four reaction regions [88,89]:
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Figure 1.5 (a) Comparison between theoretical and actual discharge capacities, and (b) CV curves
of Na-S cells at room temperature, recorded at a scan rate of 0.1 mV s. Reproduced with

permission from Ref. [88]. Copyright 2014 Wiley-VCH.

Region | (around 2.2 V): The high-voltage plateau signifies the conversion of solid sulfur (Sg) into
dissolved NazSs:
Sg +2Na*+2e~ - Na,Sg (1-1)
Region 11 (2.2 V - 1.65 V) medium chain region reflects the conversion of long-chain polysulfides
(Na2Sg) into medium-chain polysulfides (NazSa):
Na,Sg +2Na* +2e~ - 2Na,S, (1-2)
Region 111 (1.65 V): The lower voltage plateau involves the conversion of Na>S4 into shorter chain

polysulfides, such as Na,Ss, Na.Sz, and Na,S:

3Na,S, +2Na*+2e~ - 4 Na,S; (1-3)
Na,S, +2Na*+2e~ - 2Na,S, (1-4)
Na,S, + 6 Nat + 6e~ - 4 Na,S (1-5)

Region 1V (1.65 V - 1.2 V): The final region corresponds to the solid-state transformation of Na,S>
into NaxS:

Na,S, +2Na*+2e~ - 2Na,S (1-6)
Among these regions, Region Il is the most complex due to the chemical equilibrium between
various polysulfide species in the solution. Side reactions, including the formation of Na»Se and
NazSs, can also occur, further complicating the electrochemical process.
Although the high solubility of Na>Sx intermediates in ether-based electrolytes enhances reaction
kinetics, it also exacerbates the polysulfide shuttle effect, reducing cycling stability. Moving

forward, addressing the shuttle effect and other challenges (e.g., dendrite formation, electrolyte
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decomposition, and self-discharge) is essential to unlocking the full potential of Na-S batteries for
large-scale energy storage applications [90-92].

The key difference between ester and ether solvents lies in their reactivity with nucleophilic Sx*
species. In ester solvents, a violent nucleophilic reaction occurs between polysulfides and the
solvent. However, in ester-based electrolytes, sodium polysulfides (NaPSs) exhibit lower
solubility compared to ether-based electrolytes, effectively reducing the polysulfide shuttle effect.
This improvement enables more efficient sulfur utilization in Na-S batteries employing ester
electrolytes.

Recent studies have increasingly employed ester electrolytes in Na-S systems due to these benefits
[93]. For example, Dou et al. developed a cathode material consisting of core-shell carbon spheres
modified with nano-silver and loaded with sulfur, paired with an electrolyte solution of 1 M
NaClOs in a blend of ethylene carbonate (EC), propylene carbonate (PC), and fluoroethylene
carbonate (FEC) [94]. This combination demonstrated excellent performance and cycle stability.
Na-S batteries based on ester electrolytes display two distinct peaks during the discharge process.
Unlike ether-based systems, which contribute capacity through multiple reaction regions, the
capacity in ester-based Na-S batteries is predominantly derived from two solid-state reactions.
This more straightforward reaction mechanism makes it easier to analyze and address the issues
associated with Na-S battery performance.

A notable characteristic of ester-based Na-S batteries is the high irreversible capacity below 1.4 V
during the first discharge cycle, resulting from SEI formation. Furthermore, electrolyte
decomposition produces a cathode-electrolyte interphase (CEI) on the sulfur cathode. In later
cycles, this CEI facilitates a quasi-solid-state phase transition in sulfur particles, thereby

minimizing the formation of soluble polysulfide intermediates. This simplifies the reaction process,
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allowing for targeted analysis and mitigation of specific performance limitations in Na-S batteries

[95,96].
1.3.3 Strategies for efficient sulfur utilization in Na-S batteries

Given the similarities in working mechanisms between Li-S and Na-S batteries, researchers have
drawn insights from Li-S battery research to address the challenges of Na-S batteries. One common
approach involves using three-dimensional (3D) carbon materials to form composite sulfur
cathodes. These 3D carbon frameworks enhance electron transport, increasing the overall reaction
rate. Furthermore, the carbon structures help limit sulfur dissolution and provide some degree of
adsorption for polysulfides, reducing the polysulfide shuttle effect [97-99].

In Na-S batteries, sulfur is typically encapsulated within 3D carbon frameworks using a thermal
diffusion technique, also known as melt impregnation. This approach incorporates sulfur into
various carbon structures, such as carbon nanotubes, hollow carbon spheres, carbon nanofibers,
and porous carbon networks [100-102]. This method allows better bonding between sulfur and the
carbon structure, thereby improving the electrochemical performance of the cathode. For example,
Wan et al. developed a novel sulfur storage material by wrapping carbon nanotubes (CNTSs) with
microporous carbon tubes (MPCs) to form a concentric circular structure (S/(CNT @ MPC)) [32].
The microporous carbon structure restricts sulfur to smaller molecules (S:-), thereby limiting the
formation of soluble NaPSs. This design also helps trap NaPSs within the carbon framework,
reducing the polysulfide shuttle effect. The CV results showed a sharp initial redox peak due to
the activation of the electrode and SEI formation. Over time, the reaction stabilized, and the battery
exhibited smooth electrochemical performance. At a current density of 0.1 C (1 C = 1675 mA g

1), the sulfur cathode delivered a capacity of 1610 mAh g, with an initial efficiency of 71.3% due
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to electrode activation and SEI formation. After 2-3 cycles, the battery capacity stabilized around
900-800 mAh g*, demonstrating high coulombic efficiency and stability over time.

Dou et al. employed interconnected mesoporous carbon hollow nanospheres (iIMCHS) as sulfur
hosts using a melt-diffusion technique [103]. This technique trapped sulfur inside the hollow
nanospheres, promoting strong interaction with the carbon matrix. This configuration enhanced
electrochemical performance and significantly reduced the polysulfide shuttle effect. X-ray
diffraction (XRD) data indicated that Na>S formed during discharge did not revert to long-chain
NaPSs upon recharging, highlighting the constrained conversion within the iMCHS structure. The
Na-S battery showed impressive performance across different current densities, delivering a
capacity of 300 mAh gt at 0.1 A gt and 127 mAh g at a high current density of 5 A g

Xia et al. synthesized ultra-microporous carbon with pore sizes of approximately 0.5 nm using
coffee grounds as the raw material [104]. Sulfur was introduced into larger pores via melt diffusion,
and subsequent high-temperature treatment allowed S».4 to occupy the ultra-microporous carbon
structure. Theoretical calculations verified that these small pores effectively prevent NaPS
formation, allowing sulfur to remain in small molecular form, with NaxS as the main reaction
product. The strong bonding between NaS and the carbon framework enhanced electronic
conductivity, promoting faster reaction kinetics and better capacity retention. This material
demonstrated outstanding cycling stability, maintaining a steady capacity across 2000 cycles at a
rate of 1 C.

Moreover, research by Dou et al. demonstrated the importance of optimizing the structure and
porosity of 3D carbon frameworks to enhance polysulfide retention and improve overall Na-S

battery performance [105].
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The above studies indicate that 3D carbon frameworks offer a promising direction for improving
sulfur utilization in Na-S batteries. These structures enhance electron transport, reduce polysulfide
dissolution, and provide improved electrolyte wettability. However, the non-polar adsorption
capabilities of carbon are limited, making it difficult to fully bind NaPSs. Additionally, simply
enhancing conductivity does not effectively accelerate NaPS conversion [106].

To address these limitations, researchers have introduced heteroatom doping into carbon
frameworks. This method increases the number of active sites within the 3D carbon structure,
which enhances ion transport, boosts reaction rates, and improves electrode stability. The
incorporation of polar adsorption sites and heteroatoms also enhances the binding of NaPSs,
mitigating the polysulfide shuttle effect. Furthermore, heteroatoms promote catalytic conversion

of NaPSs, enhancing reaction kinetics and overall battery performance [107,108].
1.3.4 Electrolyte design for Na-S batteries

A standard battery consists of electrodes (cathode and anode), an electrolyte, separators, and
current collectors. Battery performance relies not only on the choice of electrode materials but also
significantly on the electrolyte type. Electrolytes enable ion transport and block electron flow
between electrodes, preventing short circuits. In Na-S batteries, liquid electrolytes generally
contain two essential components: a solvent and a sodium salt.

Common solvents include esters, ethers, and other organic compounds. Key properties are
evaluated when choosing a solvent: dielectric constant, viscosity, and electron-donating capacity.
A high dielectric constant promotes sodium salt ionization, strong electron-donating ability aids in
salt dissolution, and low viscosity enables greater ion mobility, thereby enhancing ionic

conductivity [109,110].

19



Sodium salts, as the solute, provide the current-carrying capacity in the electrolyte. Important
factors when choosing a sodium salt include its stability within the battery system, self-discharge
rate, ionic conductivity, and safety profile (non-toxicity, non-pollution). Common sodium salts
used in Na-S batteries include NaPFg, NaClO4, and NaCF3SO:s.

Currently, most Na-S batteries rely on organic electrolytes, but these come with safety concerns.
Sodium dendrite formation and complex side reactions at the cathode lead to the production of
NaPSs. These NaPSs dissolve in the electrolyte and eventually reach the anode, resulting in the
loss of active sulfur material and reduced battery efficiency. As a result, significant research is
focused on electrolyte optimization to enhance the commercial viability and safety of Na-S

batteries [111,112].
1.3.5 Strategies for safe sodium anodes

Sodium metal presents unigue challenges when used as an anode material due to its high reactivity.
It easily reacts with electrolytes, leading to the formation of a SEI on the anode surface. This
reaction, while essential for battery operation, also results in electrolyte consumption and capacity
loss over time. Additionally, sodium's soft nature makes it prone to cracking, which exposes fresh
sodium to the electrolyte, further accelerating degradation [35,113,114].

One of the most critical issues is the uneven deposition of sodium, which promotes the growth of
dendrites-needle-like structures that can pierce the separator and cause short circuits. This poses
significant safety risks, especially in large-scale applications. Furthermore, in sodium-sulfur (Na-
S) batteries, the shuttle effect of sodium polysulfides (NaPSs) exacerbates anode corrosion,

reducing battery performance and long-term stability [36,115].
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Given these challenges, stabilizing sodium metal anodes is vital for the practical use of Na-S
batteries. Several strategies have been proposed to enhance the safety and efficiency of sodium
metal anodes:

1. Optimization of Electrolytes and Additives: The selection of appropriate electrolytes and
additives can encourage the formation of a stable SEI layer on the sodium anode. This layer
helps protect the anode from further degradation, ensuring improved long-term stability.

2. Anode Surface Modification: Pretreating the anode surface through chemical or physical
modifications can create an artificial SEI layer. This engineered layer remains stable over time,
reducing the sodium metal's reactivity with the electrolyte.

3. Designing 3D Electrode Structures: A 3D electrode structure can promote uniform sodium
ion deposition, mitigating dendrite growth. These structures also enhance the conversion

efficiency of sodium ions into sodium metal, which improves battery safety and performance.
1.4 Conclusions

This thesis focuses on solving critical challenges in sodium-based battery technology by exploring
innovative approaches to improve performance and reliability. The research is divided into three
primary projects, each addressing different aspects of sodium-based battery development:
Project 1: Enhancing Electrolyte Formulation for Sodium Metal Batteries

The electrolyte is one of the most crucial components in a battery, facilitating ion movement
between the electrodes. In sodium metal batteries, developing an electrolyte that performs
efficiently over a wide temperature range while maintaining safety and cost-effectiveness is a key
challenge. This project introduces a low-concentration, non-flammable electrolyte that
significantly enhances the cyclability and performance of sodium metal batteries, even under

extreme temperature conditions. Molecular dynamics (MD) simulations show that improved ion-
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pairing mechanisms contribute to better sodium ion transport, resulting in improved battery
performance. Despite these advancements, sodium metal batteries still face limitations in energy
density and cycle life, particularly in high-demand applications like grid storage.

Project 2: Advancing Na-S Batteries

To address the limitations of energy density and cycle life in sodium metal batteries, this project
focuses on the development of Na-S batteries. Na-S batteries offer higher theoretical capacity due
to sulfur’s energy density. However, the polysulfide shuttle effect and dendrite formation are two
significant challenges that hinder the commercial viability of Na-S batteries. The polysulfide
shuttle occurs when sodium polysulfides migrate between the electrodes, causing capacity loss
over time. Meanwhile, dendrite growth on the sodium metal anode increases the risk of short
circuits. This project introduces the innovative use of acoustic waves to suppress dendrite growth
and mitigate the shuttle effect, significantly improving the safety and efficiency of Na-S batteries.
These advancements bring Na-S technology closer to large-scale application in energy storage
systems.

Project 3: Investigating Sodium Polysulfide Behavior

The third project addresses fundamental questions regarding the behavior of sodium polysulfides
in Na-S and sodium-oxygen-sulfur (Na/O2-S) systems. A key focus is understanding the
mechanisms behind the precipitation of sodium sulfides (Na2Sx, x < 2) and how these processes
are influenced by operating conditions such as voltage and solvent composition. By gaining a
deeper understanding of the nucleation and growth of sodium polysulfides, this project provides

crucial insights into optimizing battery designs for improved performance and longevity.
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Chapter 2 - Low-Concentration Electrolyte

Design for Wide-Temperature Operation in

Sodium Metal Batteries

2.1 Abstract

Sodium metal batteries (SMBs) are cost-effective and environmentally sustainable alternative to
lithium batteries. However, at present, limitations such as poor compatibility, low coulombic
efficiency (CE), and high electrolyte cost hinder their widespread application. Herein, we propose
a non-flammable, low-concentration electrolyte composed of 0.3 M NaPFg in propylene carbonate
(PC), fluoroethylene carbonate (FEC), and 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether
(TTE). This low-concentration electrolyte not only reduces cost but also delivers rapid ion
diffusion and superior wetting properties. While the Na||[FePOs system with this electrolyte
demonstrates slightly reduced performance at room temperature compared to standard-
concentration formulations (S-PFT), it excels at both high (55 <C) and low (-20 <C) temperatures,
showecasing its balanced performance. At 0.5 C (charge) / 1 C (discharge), capacity retention
reaches 92.8% at room temperature and 98.5% at elevated temperature, with CE values surpassing
99% and 99.63%, respectively, and significant performance sustained at -20 <C at 0.2 C. This
electrolyte development thus offers a well-rounded, economically viable path to high-performance

SMBs for diverse environmental applications.
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2.2 Introduction

Electric vehicles and electric grids powered by renewable, but typically intermittent energy sources
demand low-cost, high-performance electrochemical energy storage technologies. Due to their
high energy density and stability, lithium metal batteries (LMBs) currently hold a leading position
in meeting this demand. However, LMBs are expensive and largely infeasible for grid-scale energy
storage applications due to a lack of lithium (approximately 0.0065% in the earth's crust). Hence,
itis critical to develop alternative battery technologies. Sodium metal batteries (SMBs) are gaining
popularity due to their low cost ($50-100 kWh™), and abundant sodium (around 0.048% in the

earth's crust) [116-118].

The performance of SMBs, however, is still far from ideal in large part due to limited research in
sodium-based chemistry [3,119,120]. Current research on SMB focuses on electrolyte and
electrode materials, as well as interactions between electrode and electrolyte [12,17,121]. In
particular, electrolytes in SMBs are a crucial element that influences the electrochemical window,
energy density, and properties of the electrode/electrolyte interfaces. However, the mainstream
organic electrolytes for SMBs suffer from flammability, low thermodynamic stability, and
toxicity. Indeed, it remains a great challenge to create SMB electrolytes that are non-flammable,

thermodynamically stable, and eco-friendly.

In developing SMB electrolytes, much effort has been dedicated to introducing flame retardants,
inert diluents, and ionic liquids to address the limitations of existing electrolytes [70,122,123]. For
instance, Chang et al. developed a 0.5 M NaTFSI-incorporated MBP-ionic liquid electrolyte to
replace conventional organic electrolyte, and at a rate of 1 C, the Na||[NaFePO4 cell demonstrated

steady cycling performance with 65% capacity retention [124]. Zhang et al. proposed a non-
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flammable electrolyte containing NaFSI-triethyl phosphate (TEP)/1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether (TTE) (1:1.5:2 in mole), in which the Na||[NaCu1NizgFe13Mn1302 (Na-
CNFM) with a coulomb efficiency (CE) of 99.8-99.9% over 100 cycles at 0.2 C [70]. These studies
effectively tackle some key limitations of standard electrolytes, but they are generally restricted to
room temperature, although an ideal SMB electrolyte should work in a wide temperature range.

As such, new strategies are needed in the development of SMB electrolytes.

Previous works on wide-temperature SMBs generally focused on applying standard or high-
concentration salts to improve the wide-temperature performance. Wu et al. designed sodium
bis(trifluoromethylsulfonyl)imide (NaTFSI) in N-methyl-N-
propylpyrrolidiniumbis(fluorosulfonyl)imide ([Py13][FSI]) and 1,2-bis (1,1,2,2-tetrafluoroethoxy)
ethane (TFEE) (1:3:1 by molar ratio, ~1.15 M). These dedicated electrolytes showed outstanding
long-term cycling performance with a capacity retention of 95.5% at 5 C after 2000 cycles at 25 <C,
CE of ~ 99% after 240 cycles at 60 °C, and specific capacity of 132 mAh g™ achieved by the
NFM||Na cell at -20 <C [125]. Similarly, Chou et al. introduced succinonitrile (SN)-based
electrolyte containing NaClO4/SN/1,3,2-dioxathiolane-2,2-dioxide (~2 M), which delivered a
capacity retention of 82.8% after 800 cycles (25 <C) and 86.3% after 100 cycles (60 <C) [126].
However, given that the Stokes radius and de-solvation energy of Na* are less than those of Li*.
We hypothesize that it is possible to maintain acceptable even better performance from SMBs with

low-concentration electrolytes even at wide temperatures.

To verify the above hypothesis, we report an electrolyte consisting of 0.3 M (hereafter refer to as
L-PFT)/1.0 M (as reference group, S-PFT) NaPFe dissolved in a mixture of propylene carbonate
(PC), Fluoroethylene carbonate (FEC), and 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether

(TTE) (3:3:4 by volume). This well-designed electrolyte exhibits non-flammability, high
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compatibility with both Na metal anode and cathode as well as better electrochemical performance.
Benefiting from this electrolyte, the as-developed Na||FePO4 battery delivered a capacity retention
of 94.8% at 0.5 C (charge) /1 C (discharge) with a very high CE of 99.88% over 350 cycles for S-
PFT. The reduced conductivity of L-PFT still affords acceptable capacity retention and CE, which
are 2% and 0.46% lower than those of S-PFT. The cells with L-PFT showed capacity retention of
90.8% even at a high rate of 2 C after 500 cycles. Surprisingly, the cell performs with L-PFT at
temperatures of 55 <C better than S-PFT due to NaPFe decomposition. The problem of
thermodynamic stability is thus the main one to take into account at high temperatures compared
to the room temperature. Furthermore, the low viscosity, rapid diffusion rate, and improved
wetting performance of the battery with L-PFT allow for significant performance at low
temperatures (-20 <C). The present electrolyte design, in our opinion, offers a fresh approach to
improve the viability of SBM technology, particularly concerning its coulomb efficiency, capacity

performance, and compatibility.

2.3 Experimental section

2.3.1 Electrolytes preparation

Electrolyte was prepared by stirring propylene carbonate (PC, Alfa Aesar), Fluoroethylene
carbonate (FEC, Alfa Aesar) and 1,1,2,2-Tetrafluoroethyl 2,2,3,3-Tetrafluoropropyl Ether (TTE,
Fisher Scientific) by a volume ratio of 3:3:4, along with different amount of sodium
hexafluorophosphate (NaPFs, 99+%, Alfa Aesar) for 1 day. The total NaPFs in the electrolyte were
0.3 M (labeled as L-PFT) and 1.0 M (S-PFT). 1.0 M NaPFe in PC was also prepared. The

electrolyte was dried on molecular sieves for 7 days. The NaPFe salt was dried at 100 <C for 12
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hours. All electrolyte preparation and cell assembly steps were performed inside an argon-purged

glove box (O2 and H20 < 0.1 ppm).

2.3.2 Preparation of materials

Nitronium tetrafluoroborate (NO2BF4, Sigma) in acetonitrile was used to chemically de-lithiate
LiFePOg4 to produce FePO4. 0.85 g of NO2BF4 were dissolved in 50 mL of acetonitrile before being
mixed with 0.5 g of LiFePO4 (MTI Corporation). The mixture is continuously bubbled with argon
for 24 hours at room temperature, then centrifuged and repeatedly washed with acetonitrile and

distilled water. The finished product is dried in a vacuum at 80 <C for 12 hours.

2.3.3 Cell assembly and electrochemical testing

The cathode consists of FePO4, carbon nanotubes, and polyvinylidene fluoride (PVDF) binder with
a mass ratio of 8:1:1 in N-methyl-2-pyrrolidone (NMP). Then homogeneous slurry was cast onto
the aluminum foil. All cathodes were dried at 80 T in a vacuum for 12 hours. The average active
material mass loading is ~1.7 mg cm2. Electrochemical performances of the electrolytes were
tested in FePOus||Na, assembled with FePOs, Na metal and glass microfiber filters (GF/D,

Whatman) with 80 pL electrolyte.

The FePOys||Na cells were galvanostatic cycled between 1.5 and 4.0 V on a LAND test system
(Wuhan LAND Electronics Co., Ltd.) at room temperature and repeated for each electrolyte. The
first three cycles were carried out at 0.1 C (1 C = 154 mA g*) before long term cycling at 0.5 C, 1
C (charge with 0.5 C) and 2 C. Rate cycle performance was measured at 0.1, 0.2, 0.5, 1, 2, 5 and
10 C. Na-Hard carbon||FePO4 was cycled within a voltage range of 1.5-4 V at 0.5 C after formation

under 0.1 C for 3 cycles (1 C = 154 mA g).
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Na||Na symmetric cells were tested at a current density of 1.0 mA cm with a fixed areal capacity
of 1.0 mAh cm™. Cyclic voltammetry (CV) tests with voltages ranging from 1.5 V to 3.8 V for the

FePO, are performed under various scan rates.

2.3.4 Microscopy characterization

Electrolyte viscosities and densities were assessed using a Discover HR-30 rheometer with a UV
option. Conductivity measurements were performed with a HI2020-01 Edge Laboratory
conductivity meter. The electrolyte wetting behavior was evaluated through contact angle analysis
using a Biolin Scientific Theta Flow instrument. To analyze the crystal structure of FePO.
electrodes pre- and post-cycling, X-ray diffraction (XRD) was conducted on a Rigaku SmartLab
system with Cu Ka radiation. The CEI composition was characterized by X-ray photoelectron
spectroscopy (XPS, PHI Quantera SXM). Raman spectroscopy (WITec alpha500) provided

insights into the electrolyte’s solvation structure.

2.3.5 MD simulations

To study the effect of salt concentration and temperature on solvation structure in electrolytes, six
different systems were built: 0.3 M NaPFe in PC/FEC/TTE = 3:3:4 in vol% at (1) 253K, (2) 300K,
(3) 328K; 1M NaPFs in PC/FEC/TTE = 3:3:4 in vol% at (4) 253K, (5) 300K, (6) 328K. The
simulation system is composed of Na* ions, PFg" ions, PC, FEC, and TTE solvents. Each simulation
box measures 50x50x50 A% and is subsequently amorphously packed with solvent and salt using
Packmol [127]. Beginning with a random configuration, an initial 5 ns equilibration was performed
in the NPT ensemble to stabilize the system at 1 bar pressure and 300 K temperature, using a 1 ps
time constant. This was followed by an annealing phase to ensure full melting of the systems and

prevent local configuration constraints. The systems were heated from 300 K to 400 K over 2 ns,
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held steady at 400 K for another 2 ns, and then gradually cooled to the target temperature over a
further 2 ns. A final NVT simulation was conducted at the target temperature for 55 ns, with

statistical data collected from the last 50 ns of the run.

The salts and solvents were described using OPLS-AA force fields [128]. The Lorentz-Berthelot
rule (arithmetic and geometric mean for Lennard-Jones parameters o and ¢, respectively) was used
in all MD simulations [129]. To account for ion polarizability without incurring excessive
computational cost, the computational charges were scaled by 0.8 as is widely practiced in ionic
liquids simulations [130,131]. The atomic partial charges and force field parameters for TTE

solvent are obtained from Saito et al [129].

Simulations were performed using Gromacs 2021 code [132,133]. lon temperature is maintained
at the target temperature using the velocity rescaling thermostat with a time constant of 0.1 ps. A
time step of 2 fs is used to march the system. The electrostatic interactions are calculated using the
Particle Mesh Ewald (PME) method. In the PME method, an FFT spacing of 0.12 nm is taken for
the k-space part of the electrostatic calculation and a cutoff scheme (cutoff length: 1.2 nm) is used
for the real-space part of the electrostatic calculations. A cut-off length of 1.2nm is employed for
the non-electrostatic interactions (Lennard-Jones, LJ). The periodic boundary conditions are

applied to all xyz directions.

2.4 Results and discussion

2.4.1 Design and reveal solvation structures in two electrolytes

Figure 2.1 illustrates the design strategy for our electrolyte. By varying the ratio of different salts,

we modulate the interactions between Na ions and solvents, which, in turn, influence the
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electrolyte's physical properties and interfacial behavior, thereby affecting its electrochemical
performance. Specifically, NaPFs sodium salts were selected for their outstanding electrical
conductivity and strong electrochemical stability. Propylene carbonate (PC) is employed as a
solvent for dissolving sodium salts, known for its good conductivity. Indeed, 1.0 M NaPFg in PC
is a SMB electrolyte. However, this electrolyte is associated with elevated interfacial impedance
at Na metal anodes and accompanied by the continuous growth of electrolyte/electrode interphase.
Recent studies have identified fluoroethylene carbonate (FEC) as a cosolvent (or additive), where
its preferential defluorination generates an interphase rich in NaF, significantly enhancing the
stability of metallic Na [73,134,135]. Despite these improvements, the electrolyte composed of 1.0
M NaPFs in FEC/PC still exhibits substantial flammability, as demonstrated in Figure 2.2a, posing

significant safety concerns for practical applications.

- S-PFT - L-PFT
é | L @& 9 -
oy |5
A , L

Vv Good wetting performance

' High conductivity . .
v Fast diffusion

¥ Better R.T cycling performance + Better H.T/L.T cycling performance

Figure 2.1 0.3 M (L-PFT) and 1.0 M (S-PFT) NaPFs in PC: FEC: TTE (3:3:4 vol%) mixed

electrolytes design principle.

To address the issue of thermal stability, we introduced 1,1,2,2-tetrafluoroethyl 2,2,3,3-
tetrafluoropropyl ether (TTE), a highly fluorinated ether. Recognizing that the inclusion of TTE

may impact initial conductivity, a balanced approach was employed. To optimize both thermal
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stability and conductivity, we developed an electrolyte formulation of 1.0 M NaPFe in a PC: FEC:
TTE mixture with a volumetric ratio of 3:3:4, designated as S-PFT. This formulation demonstrates
high conductivity, an inorganic-derived interphase, and nonflammability, as depicted in Figure
2.2b. In comparison to S-PFT, the L-PFT electrolyte, with a reduced salt concentration of 0.3 M,
exhibits faster sodium ion diffusion, an organic-based interphase, and improved wetting
performance, allowing L-PFT to maintain competitive performance characteristics while

enhancing the overall safety profile of the electrolyte.

(a) (b)

. b d

Figure 2.2 Combustion experiment of FEC/PC-based electrolyte (a) and PC/FEC/TTE (3:3:4

vol%) mixed electrolyte (b).

Electrolytes formulated with various solvents, sodium salts, and salt concentrations can result in
substantial alterations in the Na* solvation structure. These changes can influence the interfacial
composition and impact the plating/stripping behavior, thereby significantly affecting the overall
electrochemical performance. To elucidate the solvation structure of the designed electrolytes, we
conducted Raman spectroscopy experiments, as shown in Figures 2.3. The peak observed in the
710-730 cm region, a distinct feature in this spectral range, was analyzed to identify the different

states of the C=0 breathing bond on the carbonate ring in propylene carbonate (PC) and
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fluoroethylene carbonate (FEC) [136,137]. Upon introducing NaPFs salt into these solvents, the
peak shifted to a higher wavenumber, indicating an interaction between the salt and solvent
molecules. Additionally, a new peak emerges at 742 cm, which corresponds to the coordinated
PFes~ within the electrolyte [138]. In contrast, when NaPFs was utilized as the solute in TTE, no

significant peak shift was observed, suggesting a negligible interaction between Na* and TTE.
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Figure 2.3 Raman spectra of PC (a), FEC (b), and TTE (c) solvent.

The above observation is further corroborated by the Raman spectra of mixed solvents with
varying NaPFs concentrations, where distinct peak blueshifts were detected as the salt
concentration increased to 0.3 M (Figure 2.4). At a high salt concentration of 1.0 M, the peak at
731 cm!, associated with solvent-separated ion pairs (SSIP) and contact ion pairs (CIP), exhibited
a further blueshift, reflecting the formation of these ion pairs in different proportions. Notably, the
L-PFT electrolyte exhibited a higher proportion of SSIP relative to CIP compared to S-PFT,
alongside a reduced fraction of coordinated PFs~ (742 cm™). These comparative results indicate
that the interaction between PFs~ and Na* diminishes progressively from S-PFT to L-PFT, with
the strongest interaction observed in S-PFT. The relative distance (d) between PFs~ and Na*, where
a greater distance signifies a weaker interaction, is used here as a qualitative measure of the

PFs/Na" interaction strength. This analysis is supported by variations in the chemical bonds within
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the electrolyte components, as reflected in the Raman spectra. Consequently, the relative distances

between PFs~ and Na* follow the sequence: S-PFT (d1) < L-PFT (d2).
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Figure 2.4 Raman spectra of pure, 0.3 M, and 1.0 M mixed electrolyte.

To further ascertain the solvation structure inferred from the above measurements, molecular

dynamics (MD) simulations (Figure 2.5) were performed for L-PFT and S-PFT electrolytes.

Figure 2.5 A snapshot of the MD system (a) with solvents and (b) without solvents for clarity. In

(@) and (b), C, O, H, P, F, and Na are colored in cyan, red, white, tan, pink, and blue, respectively.
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Figure 2.6b shows that, in L-PFT, PC, FEC, PFe- participate in Na*’s first solvation shell, while
TTE does not, which is consistent with the previous study [70]. In L-PFT, PC and FEC solvents
dominate Na* ion’s solvation shell: the total coordination number by solvent is 6.1 (3.5 PC and 2.6
FEC) and there is a small coordination contribution from PFe- (1.6 F atoms). In S-PFT (see Figure
2.6d), the total number of coordination solvent molecules decreases from 6.1 to 3.6, with 2 PC and
1.6 FEC, while the coordination by anions’ F atoms in anions increases from 1.6 to 4.6. This trend
indicates that, as the concentration of NaPFs increases, PFe anions are more engaged in the

solvation sheath and solvents are gradually depleted.

(a)

—Na*— 0 (PC) SEE

Na* — O (FEC) i

Na* — O (TTE) /
——Na' —F (PF6) ’
h

1
1
Coordination number

(c)

——Na'— 0 (PC) 1

Na® — O (FEC) i 8
~——Na'— O (TTE)
——Na' — F (PF6)

Coordination number

Figure 2.6 Snapshots of 0.3 M (a) and 1.0 M (c) electrolytes, along with their representative
solvation structures. Radial distribution functions Na atoms in 0.3 M (b) and 1.0 M electrolytes
(d). The dashed lines are the integrated radial distribution function for the coordination number of

O and F around Na* (dashed lines).

From MD trajectories, we can also delineate the molecular state of Na* ions in L-PFT and S-PFT.

lons in an electrolyte can be categorized into three populations with different solvation states:
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SSIPs, CIPs, and AGG [139,140]. As shown in Figure 2.7, in L-PFT, the majority (57.9%) of Na*
ions are dissociated (SSIP); in S-PFT, the fraction of SSIP Na* ions decrease to 38.1% while that
of AGG increases from 18.6% to 39.8%. Physically, increased concentration leads to stronger
screening of electrostatic repulsion between cations or anions and thus allows them to come closer
to form AGG. The MD simulations further indicate that the efficient assembly of a PFs anion-
based structure in S-PFT promotes the formation of an inorganic-rich interphase, attributed to an
increased ratio of CIPs and AGG. In contrast, L-PFT forms solvent-derived structures, aligning
well with the trends observed through Raman spectroscopy. This concordance between MD

simulation results and experimental Raman data supports the validity of the proposed solvation

structures.
AGG AGG AGG
(][]
17.0% 18.6% cIp 21.1%
s 23.5% cip
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Figure 2.7 The population of SSIP, CIP, and AGG species in L-PFT electrolyte at 253 K (a), 300

K (b), 328 K (¢), and in S-PFT electrolyte at 253 K (d), 300 K (e), 328 K (f).
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2.4.2 Performance of designed electrolyte at room temperature

Figure 2.8 presents the X-ray diffraction (XRD) patterns of pure LiFePO4 and chemically de-
lithiated FePO4. XRD patterns are indexed to the orthorhombic (pnma) crystal system and exhibit
excellent agreement with previously reported data in the literature [141]. The absence of any
detectable impurities, including residual lithium, in the FePO4 samples is confirmed by the XRD
patterns. This indicates the high purity of the synthesized materials and validates the effectiveness

of the de-lithiation process.
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Figure 2.8 XRD patterns of pristine LiFePO4 and FePO4 obtained from chemical de-lithiation of

LiFePOa.

We assembled Na||FePOs cells to evaluate the impact of the designed electrolytes on cycling
behavior with FePOa4. As illustrated in Figure 2.9, the initial discharge capacity of the cell with S-
PFT electrolyte is 144.6 mAh g. Furthermore, S-PFT demonstrates remarkable cyclability, with
a capacity retention of 94.8% and an average coulombic efficiency (CE) of 99.88% after 350 cycles

at a charge rate of 0.5 C and a discharge rate of 1.0 C.
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Figure 2.9 Cycling performance of the Na||FePO4 cells with two electrolytes at 0.5 C charge/1.0

C discharge.

However, as illustrated in Figure 2.10, although L-PFT exhibits a lower viscosity (3.09 mPa s)
compared to S-PFT (5.83 mPa s), and superior wetting properties, as indicated by its smaller
contact angle of 17.9°at 0.3 M concentration (versus 27.69 °for S-PFT at 1.0 M concentration,
Figure 2.11), there is a marginal decline in its overall electrochemical performance. This reduction
in performance can be attributed to the slightly lower conductivity of L-PFT (3.83 mS cm™)
compared to S-PFT (5.26 mS cm™). Despite this, the enhanced wetting properties and lower
viscosity of L-PFT could contribute to better electrolyte penetration and ion transport, which may

partially offset the impact of reduced conductivity on long-term cycling stability.
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Figure 2.10 Comparison for viscosity and conductivity of L-PFT and S-PFT at room temperature.
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Figure 2.11 Contact angle of L-PFT (a) and S-PFT (b).

Furthermore, we further tested the diffusion coefficient of L-PFT and S-PFT to evaluate Kkinetics,
which reflects the Na* transportability by CV at various scanning rates. In Figure 2.12, the linear
association between the peak currents and the square root of scanning rates suggested a diffusion-
dominated process. Related calculation is based on the following equation:

I, = (2.69 x 10%) n'S A D5 C v°5 (2-1)
where A is area, C is bulk phase concentration, D is Na* diffusion coefficient, v is scanning rate,
n is valence state (n=1 for sodium ion), and I, is peak current. n, A, and C are consistent among

them. Thus, the question could be summarized as follows:

% (slope) = constant x D°3 2-2)
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The slope value of the fitting line (vlo%) for the same type of cathode represents the level of the; the

greater the slope, the quicker the Na* diffuses. Whether it is oxidation or reduction, as
demonstrated, cells with L-PFT exhibit a bigger slope than cells with S-PFT, which suggests that

L-PFT exhibit higher Dna" than S-PFT.
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Figure 2.12 Cyclic voltammetry curves of cell with L-PFT (a) and S-PFT (b) at different scan

rates. (b) Comparison for diffusion coefficient of L-PFT and S-PFT.

Although the reduction of sodium salt in L-PFT results in decreased conductivity, which
negatively impacts its electrochemical performance, this is somewhat compensated by its faster
diffusion rate relative to S-PFT. Therefore, L-PFT experiences a reduction in capacity retention
and Coulombic efficiency (CE) by approximately 2% and 0.46%, respectively. Despite these slight
decreases, L-PFT still outperforms traditional PC-based electrolytes, which suffer near-total
capacity loss after only 150 cycles. Furthermore, L-PFT exceeds the performance of several other
electrolytes reported in the literature, as highlighted in Figure 2.13 and Table 2.1. These results
indicate that L-PFT maintains superior long-term cycling stability and electrolyte efficiency,

solidifying its potential as a more reliable alternative for advanced battery applications.
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Figure 2.13 Cycling performance of the Na||FePO4 cells with 1.0 M NaPFg in PC.

Table 2.1 Comparison of performance between representative reported SMBs and this work at

room temperature.

Current density

Electrolyte Retention Capacit)ll Ref.
mA g (mAhg™)
1 M NaClOz
in PC+2% FEC 155 ~ 54% 83 [142]
1M NaPFe
in EC/DEC=1:1 vol% 15.4 90% 100 [143]
1M NaClO,
in EC/DMC=1:1 vol% 15.4 90% / [141]
1M NaClO,
in PC/FEC=98:2 vol% .1 88% 110 [144]
1M NaPFs
in EC/DEC=1:1 vol% 20 94% 142 [145]
1M NaClO,
50 / ~ 60 [146]

in EC/DMC 1:1 vol%
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1M NaPFs

~ 0, ~
in EC/PC=1:1 vol% 30 81% 120 [147]
1 M NaClO4
i pC 20 61.1 / [148]
1M NaClOq
in EC/DEC=1:1 vol% 20 / ~60 [149]
+5 vol% FEC
0.3 M NaPFg
in PC/EC=1:1 vol% 30 / ~119(1s) - [60]
0.3 M NaPFs )
in MFE/DEC/FEC=5:4:1 10 ~80% ~122 [150]
vol%
77 (Charge)
L-PFT /154 92.8% 87.2 This work
(Discharge)

The rate capability of the cells was also evaluated at different C-rates (Figure 2.14a). While S-
PFT exhibited the best performance with high C-rates, L-PFT delivered acceptable performance.
The voltage profile of Na||FePO4 cells with L-PFT demonstrates stable discharge capacities of
135.5, 123.7, 109.9, 98.3, 84.7, 65.0, and 47.3 mAh gt at ratesof 0.1 C, 0.2 C,0.5C, 1.0 C, 2.0
C, 5.0 C, and 10 C, respectively. Two voltage plateaus of the voltage profile at approximately 3.2
V and 3.25 V are observed during the charge process (Figure 2.14b), corresponding to the two-
phase reaction from NaFePQOs to NazsFePO4 and the solid solution reaction from NazisFePOa to
FePOg, respectively [143,151]. During discharge process, a single plateau at 2.7 V is consistent

with the results obtained from cyclic voltammetry testing (Figure 2.12).

41



(a) (b)

200 45

o
S

iy
o © 3.
o =z
= ®
< z
E &
= 100 >
S =
© -
Q (o]
© (=}
o s
50 S
15
TR SERl s 10.0 50 20 1.0 05020.1C
—a— L-PFT unit: C
. : : ; . r ; 16 . . .
0 10 20 30 40 50 60 0 40 80 120 160
Cycle number Capacity (mAh/g)

Figure 2.14 Rate performance of batteries (a) corresponding to voltage profiles with 0.3 M

electrolyte (b).

It is noteworthy that the hysteresis between the charge-discharge voltage plateaus of NaFePOa is
larger than that observed for LiFePO4 (Figure 2.15), likely due to the higher energy difference
during phase transitions, slower intercalation kinetics, and greater charge transfer resistance for
Na* ions compared to Li ions. Additionally, L-PFT cells also maintained a capacity retention of
90.8% after 500 cycles at a 2 C rate, indicating that L-PFT can support long-term, high-rate cycling

(Figure 2.16).
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Figure 2.15 Comparison of the voltage curves between LiFePO4 and NaFePOs.
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Figure 2.16 Electrochemical behavior of Na||FePOs cells with L-PFT at 2 C.

Electrode interphase evolution was investigated using electrochemical impedance spectroscopy
(EIS) after extended cycling (Figure 2.17). The electrolyte resistance (Rs) was derived from the
intercept of the high-frequency response with the real axis. Semi-circles observed at mid-to-high
frequencies represent the charge transfer resistance (Rct) in the electrode-electrolyte interphases
and the interfacial resistance (Rinterphase) Of the passivation surface layer, with the total cell
resistance defined as Recen = Ret + Rinterphase [152]. Notably, the S-PFT cell exhibited an R, of 7.89
Q and an Reen of 152.14 Q, whereas the L-PFT cell showed higher values, with R; at 8.78 Q and

Rcell at 20172 Q
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Figure 2.17 EIS results for L-PFT (0.3 M) and S-PFT (1.0 M) after long cycles.

X-ray photoelectron spectroscopy (XPS) was employed to further investigate the differences in
interphase composition as shown in Figure 2.18. The C 1s spectrum reveals a C-C peak at 284.8
eV, indicative of conductive carbon, and a C-F peak at 291.2 eV, associated with FEC, indicating
partial decomposition of FEC and its participation in interphase formation. The C-O (286.8 eV)
and C=0 (287.2 eV) peak in the C 1s spectrum, alongside the C=0 (531.4 eV) and C-O (533.1
eV) peaks in the O 1s spectrum, are attributed to the decomposition of PC and FEC. The O 1s peak
at 536.5 eV corresponds to the decomposition of NaPFg, resulting in POxFy species [153]. The F
1s and Na 1s spectra indicate the presence of Na-F, which is essential for interphase formation. In
L-PFT cells, the peak intensities for organic components (C and O-based elements) are higher,
while those for inorganic components (e.g., Na-F) are lower. In contrast, MD simulations indicate
that in S-PFT cells, an elevated salt concentration results in a 22.1% increase in the CIP ratio and
a 39.8% increase in the AGG ratio. This enhancement promotes greater coordination between PFg-
and Na* ions, facilitating the formation of an anion-derived interphase. This configuration lowers
the de-solvation energy of sodium ions and enhances Na* transfer through the interphase, due to
the low Na* diffusion barrier of inorganic components, thereby improving cycling performance.
These findings are consistent with the results from MD simulations, cyclic performance, and EIS

measurements.
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Figure 2.18 XPS spectra of cycled batteries: C 1s, O 1s, F 1s and Na 1s.

Further evidence of interphase differences was obtained by testing Na||Na symmetric cells at a
current density of 1.0 mA cm and an areal capacity of 1.0 mAh cm (Figure 2.19). For the S-
PFT electrolyte, the voltage hysteresis remained constant at ~70 mV after 1000 hours, attributable
to the formation of an inorganic-based interphase. In contrast, L-PFT exhibited an initial
overpotential of ~170 mV, which stabilized at ~100 mV after 1500 hours, with minimal
fluctuations. This behavior is attributed to the formation of a flexible interphase with a low shear
modulus, which can accommodate sodium metal expansion. Consequently, even when the solvent-

dominated interphase is less effective at preventing dendritic growth, the voltage hysteresis
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Figure 2.19 Na||Na symmetric cells using L-PFT and S-PFT electrolytes at 1.0 mA cm with a

cut-off capacity of 1.0 mAh cm™.

To demonstrate the practical applicability of L-PFT, a full cell with hard carbon pre-embedded
with limited sodium was assembled, replacing sodium metal. As shown in Figures 2.20, a pre-
cycle at 0.1 C was conducted to optimize the electrode/electrolyte interphase before long-term
cycling at 0.5 C. The full cell exhibited a reversible discharge capacity of ~75 mAh g* at 0.5 C
after 150 cycles. These results suggest that L-PFT is a promising electrolyte for the development

of high-performance SMBs.
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Figure 2.20 (a) Voltage profiles of Na-HC||FePOg full cells with L-PFT. (b) Cycling performance

of the full cell at 0.5 C.

2.4.3 Performance of the designed electrolyte at high temperature (55 °C)

The high-temperature applicability of the designed electrolyte was investigated. Figure 2.21a
shows a high initial coulombic efficiency using the L-PFT of ~ 72% at 55 <C, which is greater
than the S-PFT (~ 68%). This result implies that there is less active Na* loss and electrolyte

disintegration to generate the solid electrolyte interphase for L-PFT at the initial stage.
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Furthermore, cycling instability of the S-PFT-based SMB is aggravated at high temperature
(average Columbic efficiency ~ 99.24%), and the capacity retention is just 69.4% after 200 cycles
at 0.5 C charge/1.0 C discharge in Figure 2.21b. Instead, the L-PFT can support a higher CE of
99.63% and a very stable long cycling (capacity retention ~98.5%), indicating good performance

at high-temperature for L-PFT.

(a) (b)

4.0

O e e e e Gt 100
! i

ot
o
L

- 80

&
=}
1

80 -

N
o

Voltage (V, vs. Na/Na*)
Capacity (mAh/g)

(%) Aouaiolye o1qwolno)

40

N
=3

20
—— S-PFT
—— L-PFT

T T
0 40 80 120 160

15

o 0.5 C Charge / 1.0 C Discharge at 55 °C
T

T T
0 50 100 150 200

Capacity (mAh/g) Cycle number

Figure 2.21 (a) Comparison for the initial cycle of L-PFT and S-PFT. (b) Cycling performance of

the Nal|FePO4 cells with two electrolytes at 0.5 C charge/1.0 C discharge.

XPS measurements were performed to further investigate the composition change of electrode
surfaces as shown in Figure 2.22. Although the proportion of inorganic components (Na-F) in
both L-PFT and S-LFT increased significantly compared to room temperature, the increase in S-
LFT was more obvious. It is generally known that during the battery cycle, HF (mainly from NaPFe
decomposition) will be produced at high temperatures, which will impair battery stability [153-
155]. This also explains why the capacity of a cell with L-PFT battery deteriorates at high operating
temperature. EIS measurements following cycles of high temperatures are performed (see Figure
2.23). The S-PFT cell displays Rs (33.98 Q). This resistance is marginally greater than that at room

temperature, which can be related to the breakdown of sodium salt at elevated temperatures.
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Moreover, the constant breakdown of sodium salt raises the percentage of inorganic substances in
the interphase, making it more prone to breakage. Repetitive breakdown and regeneration will
cause the interphase's thickness to grow, consuming electrolytes and raising the interphase's
impedance until it reaches 305.1 Q (Recen). In contrast, the degradation of sodium salt is limited
when compared to L-PFT, and thus the impedance change is not as significant when compared to
room temperature impedance (274.9 Q). These results suggest thermodynamic stability issue is the

key factor to be considered when the SMBs are at a high operating temperature.
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Figure 2.22 XPS spectra of cycled batteries: Na 1s.
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Figure 2.23 EIS results for S-PFT and L-PFT after long cycles.
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2.4.4 Electrolyte performance at low temperature (-20 °C)

Given the low viscosity and high diffusion rate and better wetting performance of the proposed L-
PFT electrolyte, we expect SMB based on this electrolyte to perform well at low temperatures.
The expectation was supported by our test of Na||FePO4 system at -20 °C. As shown in Figure.
2.24, the the L-PFT battery performs well at low temperatures: it has an average CE of ~ 99%
within 300 cycles at 0.2 C. However, the S-PFT battery demonstrated a somewhat steady capacity
of around 65 mAh g in the initial 200 cycles. Following this, the capacity drastically decreased

after 300 cycles. There exist several reasons for this decrease in capacity.
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Figure 2.24 Cycling performance of the Na||[FePO4 cells with two electrolytes at 0.2 C.

Firstly, while charging and discharging at low temperatures, sodium metal may easily precipitate
on its surface. The precipitate will then react with the electrolyte to thicken the interphase film,
hence raising the interface film's resistance [156,157]. Beyond the resistance temperature change
in the interphase, there will also be a noticeable rise in the charge transfer impedance [158]. The
EIS test demonstrates that the internal resistance rises above and that Rs is significantly greater at
low temperatures than it is at room/high temperatures (see Figure 2.25). Moreover, scanning

electron microscopy (SEM) was utilized to examine the morphology of the FePO4 cathode after
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cycling. As depicted in Figure 2.26, the surface of the FePO4 cathode with S-PFT exhibited a
porous and loose structure, which may contribute to increased resistance. In contrast, the cathode

material in batteries with L-PFT demonstrated a relatively flat and densely packed surface

morphology.
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Figure 2.25 EIS results for S-PFT and L-PFT after long cycles.

(b)

Figure 2.26 SEM images of the batteries with S-PFT (a) and L-PFT (b) morphology after cycling.

Additionally, when compared to the ratio at room temperature, we discovered that the SSIP ratio

rose for both L-PFT and S-PFT, suggesting that the organic solvent phase is more tightly bound to
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sodium ions than the anion is (Figure 2.27). Notably, MD results reveal that the SSIP ratio is
highest in L-PFT, reaching 62.1%, compared to 42.5% observed in S-PFT. This ratio promotes the
formation of an organic interphase, which lessens the metal expansion effect caused by the rise in

sodium metal.

S-PFT SSIP CIP AGG

L-PFT SSIP CIP AGG
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Figure 2.27 Comparison for ratio of SSIP, CIP, and AGG for L-PFT and S-PFT.

Secondly, lattice shrinkage of the FePO. also contributes to the capacity decay observed,
particularly at low temperatures. To investigate this, we used XRD to examine the cathodes after
charging, as shown in Figure 2.28. The results reveal the presence of the NaFePO4 phase in both
the S-PFT and L-PFT electrolytes, with a higher fraction observed in S-PFT. This finding suggests
that lattice shrinkage of the cathode material under low-temperature conditions hinders the
complete extraction of Na* ions during charging. Consequently, some sodium ions remain trapped
in the cathode, further exacerbating the observed capacity decay. This behavior is more evident
when Na-HC is used in place of sodium metal in full battery tests, as shown in Figure 2.29.

Specifically, Na-HC||[FePOs full cells with the S-PFT electrolyte exhibit poor capacity retention of

51



only ~27% after 300 cycles. Moreover, a higher fraction of the NaFePO4 phase is observed in full

cells compared to half cells when using S-PFT. This indicates that the combination of Na-HC and
the cathode material under low-temperature conditions exacerbates issues such as sodium ion
trapping and incomplete extraction of Na* ions. These findings highlight the limitations of the

electrolyte in supporting stable cycling, particularly in full-cell configurations.
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Figure 2.28 XRD patterns of Na||FePO4 and Na-HC||FePO4 with two electrolytes after long cycles

at low temperature.
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Figure 2.29 Cycling performance of the full cell at 0.2 C at low temperature.
Lastly, the reduction in conductivity, coupled with the increase in viscosity, is associated with

capacity decay (Figure 2.30). The conductivity decreases from 3.83 mS cm™ at room temperature
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to 2.84 mS cm for L-PFT (3.61 mS cm™ @ S-PFT). The increase in intermolecular force causes
viscosity to climb to 6.72 mPa s for L-PFT. However, S-PFT has double the viscosity of L-PFT,
measuring 12.72 mPa s. These findings imply that when an SMB functions at a low temperature,
the most important component to take into account is the physical and kinetic characteristics of

the electrolyte itself.

I Viscosity (mPa-s)
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Figure 2.30 Comparison for viscosity and conductivity of L-PFT and S-PFT at low temperature.

2.5 Conclusion

In summary, our study demonstrates that sodium metal batteries (SMBs) can operate effectively
with specifically designed low-concentration electrolytes, offering several unexpected advantages.
In Na||FePO4 cells, minimal capacity fading of approximately 0.02% per cycle was observed over
350 cycles at a 0.5 C charge/1 C discharge rate with L-PFT. Additionally, cells using L-PFT
outperformed those with S-PFT at elevated temperatures (55 <C), exhibiting a higher Coulombic
efficiency of 99.63% and stable long-term cycling with a capacity retention of around 98.5%.
Moreover, the low viscosity, rapid ion diffusion, and enhanced wetting properties of L-PFT

contributed to superior performance at low temperatures (-20 <C). These findings underscore the
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potential for developing high-performance SMBs through the strategic design of low-
concentration electrolytes, which significantly reduce costs while maintaining robust performance

across diverse temperatures.
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Chapter 3 - Inhibiting Shuttle Effect and

Dendrite Growth in Sodium-Sulfur Batteries

Enabled by Applying External Acoustic Field

Disclosure

The major part of this chapter has been published by American Chemical Society: Qipeng Zhang,
Luyu Bo, Hao Li, Liang Shen, Jiali Li, Teng Li, Yunhao Xiao, Zhenhua Tian, and Zheng Li. "
Inhibiting Shuttle Effect and Dendrite Growth in Sodium-Sulfur Batteries Enabled by Applying

External Acoustic Field" Nano Lett. 2024, 24, 10711.

3.1 Abstract

Although electrolytes play a crucial role in enhancing the electrochemical performance and
stability of sodium-based batteries, the energy density remains insufficient. To address this
limitation, sodium-sulfur batteries have been explored, with sulfur selected as the active material
due to its high theoretical capacity and potential to significantly improve energy density. Sodium-
sulfur batteries offer several advantages, including the abundance and low cost of sodium and
sulfur, as well as their environmental friendliness. Additionally, the high theoretical energy density

and the ability of sulfur to undergo multi-electron redox reactions make sodium-sulfur batteries a
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promising candidate for large-scale energy storage However, the sodium polysulfide shuttle effect
and dendritic growth pose significant challenges to its practical application. In this study, we apply
diverse disciplinary backgrounds to introduce a novel method to stimulate polarized BaTiOz (BTO)
nanoparticles on the separator. This approach generates more charges due to the piezoelectric
effect under stronger driving forces produced by applying a controllable acoustic field at the outer
edge of the cell. The acoustically stimulated BTO attracts more polysulfides, thus reducing the
shuttling effect from cathode to anode and ultimately enhancing the battery performance.
Meanwhile, the acoustic waves create additional streaming flows, improving the uniformity of the
sodium ion dispersion, enhancing sodium ion transport, and reducing the possibility of sodium
dendrite development. We believe that this work offers a new strategy for developing high-

performance Na-S batteries.

3.2 Introduction

The battery industry is pursuing new energy-storage technologies beyond standard lithium-ion
systems to cut costs, enhance energy density for electric vehicles, and advance renewable energy
storage capabilities [159]. In the past decade, extensive research has centered on advancing Li-S
batteries, motivated by sulfur’s abundance and the high theoretical capacity of 1675 mAh g™,
These features make Li-S batteries a strong contender for use in electric vehicles [160,161].
However, Na-S batteries are the "dream technology" in terms of sustainability and economics
because of their similar chemistry, comparative cost ($50-100 kwWh™), and the abundance of

sodium compared to lithium [4,83,116,117].
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High-temperature sodium-sulfur batteries (HT Na-S), which utilize molten electrodes and a -
alumina solid electrolyte, have been developed for large-scale energy storage systems. However,
these batteries’ working temperature (300-350 <C) significantly exceeds the melting points of
sodium (98 <C) and sulfur (115 <C), which raises operation and maintenance expenses as well as
safety issues [32]. These drawbacks have driven interest in exploring room temperature sodium
sulfur batteries (RT Na-S) for safer operation [162]. A high theoretical specific energy of 1274
Wh kg for RT Na-S has been reported since 2006 [163]. However, some technical issues, such
as self-discharge, limited cycle life, and low active material usage rate, hinder its growth. In
addition, the poor compatibility between sulfur cathode and electrolytes results in the high
solubility of sodium polysulfide intermediates (NaPSs), particularly in ether-based electrolytes.
As a result, sodium polysulfides shuttle to the sodium anode, leading to the loss of active
substances, deterioration of interface, rapid capacity decay, and low Coulombic efficiency (CE)
[32,85,164]. At the anode, on the other hand, the inhomogeneous growth and deposition of sodium
dendrites pose significant safety issues, low CE, and poor cycle life [115,165]. These challenges
have greatly limited the practical applications of RT Na-S batteries.

To address these challenges, researchers have discovered compositing carbon-based hosts with
sulfur and electrolyte modification [166-169]. For instance, Pint et al. constructed a microporous
confinement cathode using the processing of sucrose [170]. The polysulfide shuttle on the cathode
was reduced by the restraint method, which delivered more than 300 mAh gt at 1 C. Wang et al.
formulated “cocktail optimized” electrolyte system that combined carbonate electrolytes, highly
concentrated sodium salt, and indium triiodide as an additive [162]. This tailored electrolyte in the
Na-S batteries exhibited outstanding performances with a specific capacity of 1170 mAh g2t at0.1

C.
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In addition to the methods mentioned above, since the strong bonding affinity between
anions/cations and polysulfides effectively inhibits the shuttle effects, it has been demonstrated
that filling metal materials- such as oxides, sulfides, nitrides, and carbides - as well as their
heterostructures composited with separator or cathode, can serve as polysulfide traps [171-173].
Among these materials, the improved additive BaTiO3z (BTO) has gained increasing interest due
to its potential to capture more polysulfides through ferroelectric effects [174,175]. Wei et al.
proposed a composite C/S cathode incorporating ferroelectric BTO materials, suggesting that BTO
spontaneously polarizes under the action of an internal electric field. This polarization carried an
electric charge on the surface that can absorb polar polysulfides. The cell has a discharge capacity
of 835 mAh g* after 100 cycles, which is higher than its C/S equivalent without BTO [176]. Chen
et al. demonstrated that using a defective ferroelectric B-BTO as a multipurpose sulfur immobilizer
improves Li-S battery performance. The shuttle effect is both electrostatically and chemically
constrained due to the inherent ferroelectricity of B-BTO and the chemical interactions between
B-BTO and polysulfide molecules [177]. The shuttle effect can be mitigated more effectively by
leveraging the spontaneous polarization of BTO induced by ferroelectric action. This approach is
particularly effective in Li-S systems with additives such as LiNO3, however, it remains inadequate
for Na-S systems, where the uncontrollable shuttle effect of sodium polysulfide is further
exacerbated by the significantly higher solubility of higher-order NaPSs compared to the lithium
polysulfide system during the multistep reaction process. This increased solubility of sodium
polysulfide leads to a reduced cycling life [178,179]. Additionally, sodium dendrites exhibit lower
chemical stability compared to lithium dendrites, making it more difficult to find solutions to these

combined issues.
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Beyond the ferroelectric properties of BTO, the asymmetric crystal structure of BTO leads to a
change in the distribution of positive and negative charges within the crystal when subjected to
external mechanical stress, known as the piezoelectric effect. This change can be modified based
on the intensity of the applied driving force. Consequently, the BTQO's piezoelectric action
generates more polarization than the previously discussed ferroelectric effect. Based on this
principle, it is feasible to apply an externally controllable field to the battery, inducing BTO to
generate additional charges under stronger driving forces through the piezoelectric effect. This
approach can attract more sodium polysulfides, thereby enhancing the electrochemical
performance of the system using a common ether electrolyte without the additives.

In this chapter, building on diverse disciplinary expertise, we propose the use of BTO nanoparticles
coated onto commercially available glass fiber (GF) separators by a straightforward drop-coating
procedure. To make the effect more obvious, we pre-polarize the BTO. When exposed to an
external acoustic field, the driving force stimulates the polarized BTO, resulting in an increased
charge accumulation on the surface of the BTO nanoparticles due to the piezoelectric effect. This
process enables BTO to absorb more sodium polysulfides and lessen the shuttling effect,
enhancing the capacity of the Na-S battery to reach 300 mAh g after 50 cycles compared to zero
without acoustic waves. Additionally, to our surprise, the sodium metal anode was further
stabilized by applying an external acoustic field compared with the base one by testing symmetric
Na-Na cell and long cycle Na-Cu cell. Finite element simulation indicates that the mechanical
waves generated cause the electrolyte flow, improving sodium ion diffusion and lowering the
likelihood of sodium dendrite formation in the sodium ion consumption region, thus stabilizing

battery performance.
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3.3 Experimental section

3.3.1 Preparation of the BTO-contained separator

To prepare the BTO-contained separator, 1 g BaTiOs (BTO) nanoparticles (US Research
Nanomaterials, Inc) was dispersed in 20 mL N-methyl-2-pyrrolidone (NMP) using a high-speed
mixer at room temperature for 12 h. The BTO dispersion was then dropped in the glass fiber
membrane separators (Whatman GF/A) and dried under vacuum overnight. The loading amount

of the BTO particles was ~ 0.6 mg cm™.

'\ /
l Drop coating Drying
N 4

BTO nanoparticles  NMP GF BTO-GF

Figure 3.1 Schematic illustration on the preparation procedure of the BTO-coated separator by a

drop coating process.

3.3.2 Preparation of the cathode

The sulfur/carbon (S/C) composite was prepared following a melt-diffusion strategy through
mixing sulfur powder and mesoporous carbon powder (CMK-3, Xfnano, Inc.) in the weight ratio
of 3:1, followed by heating the S/C mixture in a sealed vessel at 155 <C for 12 h under vacuum.
The battery electrode slurry consists of S/C composite, Super P, and polyvinylidene fluoride

(PVDF) binder with a mass ratio of 8:1:1 in NMP solvent. Then homogeneous slurry was cast onto
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the aluminum foil. All of the cathodes were dried at 60 °C in a vacuum for 12 h. The sulfur mass

loading was about 1.0 mg cm 2.
3.3.3 Cell assembly and electrochemical testing

Electrochemical tests were performed using CR2032-type coin cell with sodium metal as the anode,
BTO-contained membrane as the separator, the S/C composite as the cathodes, and 1.0 M
bis(trifluoromethane)sulfonimide sodium salt (NaTFSI, Alfa Aesar) in tetraethylene glycol
dimethyl ether/1,3-dioxolane (TEGDME/DOL, 1:1 vol %) as the electrolyte. TEGDME and DOL
were dried by 3 A molecular sieves for over two weeks. Each cell contained 80 uL of electrolyte.
The Na-S cells were galvanostatic cycled between 1.0 and 2.8 V on a LAND test system (Wuhan
LAND Electronics Co., Ltd.) at room temperature (~ 26 °C). The cells were cycled at 0.1 C (1 C
= 1675 mA g™). For Na-S cells with acoustic field, we apply two parallel transducers to the cell
case, which form stable acoustic field.

Na-Na symmetric cells were tested at a current density of 0.1 mA cm with a fixed areal capacity
of 0.1 mAh cm™2. The coulombic efficiencies of Na depositing/stripping were investigated via Na-
Cu coin cells in corresponding electrolytes at a current density of 0.1 mA cm with a fixed areal
capacity of 0.1 mAh cm using the method described by Zhang et al. [180] Plating a specific

amount of Na metal onto a Cu substrate which is initially devoid of Na (represented by @,), Na

metal is then stripped from the Cu substrate until a cut-off voltage of + 1 V (shown by Q,). The

average CE over n cycles can be calculated as:

1 S
CEavg =7 Zg_p (3-1)

EIS measurements were performed Bio-Logic SP-150 potentiostat. All Na-S cells were measured

using a 5-mV amplitude over the frequency ranging from 100 kHz to 10 mHz.
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3.3.4 NaPSs permeability tests

A volume of 5 mL of electrolyte was contained in an H-cell, and 5 mL of the NaPSs solution was
contained in the other side. The NaPSs solution was prepared by adding S and sodium sulfide (Alfa
Aesar) in electrolyte. A divider that was placed in between the two bottles served as their

connection. The 24-hour monitoring of NaPSs migration.
3.3.5 Material characterization

Structural characterization of BTO and BTO-contained separator were conducted by a Rigaku
SmartLab XRD instrument using Cu Ko radiation. SEM were performed on a FEI Quanta 600
FEG environmental scanning electron microscope. To examine the elemental composition and
distribution on the separator surface, EDX mapping images were also obtained. The composition
of the interphase layer was examined using X-ray photoelectron spectroscopy (XPS, PHI Quantera

SXM).
3.3.6 Finite element simulation

Simulations were performed using the finite element method (FEM)-based software, COMSOL
Multiphysics. Our model was established according to the 3D schematic of the device containing
a battery, a silica glass, and an acoustic transducer. The piezoelectric module was applied to the
separator (i.e., containing BTO), and the fluid domain (i.e., electrolyte) was simulated with the
pressure acoustics module. The circular region (radius, 11.5 mm) at the bottom of the silica glass
was set to the “boundary load” condition, and the remaining boundaries were set to the “free load”
condition. Then, the model was solved through COMSOL’s frequency domain analysis to obtain
the displacement on the battery’s surface, the electrical potential on the surface of the separator,

and the pressure in the fluid domain.
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In order to simulate the streaming pattern in the fluid domain, the laminar flow physics module
was used. The body force stemming from acoustic pressure was calculated based on the simulated
acoustic pressure. The no-slipping condition was set to all boundaries surrounding the fluid domain.

Then, the model was solved by a “stationary” solver to obtain the streaming velocity in the

electrolyte [181,182].

3.4 Results and discussion

3.4.1 Comparison of piezoelectric and ferroelectric effects

To examine the differences between piezoelectric and ferroelectric effects, we investigated two
distinct crystal systems of BTO under an applied disturbance (Figure 3.2). For the cubic phase of
polarized-BTO, where the material only exhibits piezoelectric behavior, the polarization generated
is solely a result of the piezoelectric effect. Upon applying a disturbance, the resulting polarization
leads to a measured amplitude of approximately 10.8 mV. This amplitude directly corresponds to
the material's response due to piezoelectricity, given the absence of ferroelectricity in the cubic
crystal structure.

In contrast, the tetragonal phase exhibits both piezoelectric and ferroelectric properties. In this case,
the polarization is a superposition of both effects, which results in an amplitude of about 11.6 mV.
This increase in amplitude reflects the combined contributions of both piezoelectric and
ferroelectric phenomena in the tetragonal system.

The comparison of these two amplitudes highlights a key observation: the polarization produced
by piezoelectricity in the polarized BTO is significantly larger than that produced by

ferroelectricity. This suggests that, although ferroelectricity contributes to the overall polarization
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in the tetragonal phase, the piezoelectric effect remains the dominant mechanism, especially when

comparing the cubic and tetragonal phases of BTO.
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Figure 3.2 Comparative analysis of BTO nanoparticle polarization. (a) Cubic and (b) Tetragonal.

3.4.2 The effect of acoustic waves on the stability of Na-S battery

Figure 3.3a depicts the X-ray diffraction (XRD) patterns of pure BTO, GF, and the polarized
BTO-coated separator (referred to as BTO-GF). A broad band around 25° is observed,
corresponding to the GF. The cubic (Pm3m) crystal system in which the XRD pattern for pure
BTO is indexed in good accordance with those described in the literature [183]. After the dropping
and pre-polarized process, no detectable impurities or new peaks were detected in the BTO-GF
samples, indicating that the crystal system of BTO remains unchanged during this process.
Additional SEM analysis of the BTO-GF after the dropping display a 2-um thick GF with a

homogeneous distribution of BTO nanocrystals (Figure 3.3b).
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Figure 3.3 (a) XRD pattern of GF, BTO, and GF-BTO. (b) SEM images of the BTO-GF.

To verify the impact of acoustic waves on mitigating the NaPSs shuttling issue and enhancing
battery stability, Na-S cells were assembled and cycled both with and without acoustic field. We
created a small-sized acoustic device to oscillate the battery. The device was made by a transducer
and attached to the anodal with a glass slide. The transducer could generate the 22 kHz sine wave,
and the duty cycle was 50% (Figure 3.4a). The vibration's amplitude at this frequency is 0.5408

nm, which agrees with the computation (Figure 3.4b-c).
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Figure 3.4 (a) Photo of the test setup with a piezoelectric transducer and a battery bonded on a

glass wafer. (b) Laser measured mode shape of battery. (¢) Computational mode shape of battery.

The results of Na-S battery are shown in Figure 3.5, where two voltage plateaus are observed

during the discharge process for both types of cells. The higher voltage plateau, around 2.2 V,
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corresponds to the solid-liquid transformation from S to long-chain polysulfide Na,Ss. The lower
plateau, at approximately 1.6 V, represents the conversion from soluble NaSs4 to insoluble NazSx
(x<3), a typical “solid-liquid-solid” conversion [89]. For the charge curve, however, they are quite
different. An undesirable lengthy charging platform at about 2.2 V is noticed after the acoustic
field is turned off. This is a sign of a significant NaPSs shuttling that leads to low reversibility and
capacity deterioration [184]. Therefore, the cell without acoustic field displays poor discharge
capacity dropping rapidly to almost zero after 10 cycles. In contrast, the cell with acoustic waves
exhibits a complete charging curve, with two platforms at ~ 1.8 VV and 2.2 V, corresponding to the
conversion from lower-order to higher-order polysulfide, consistent with previously reported
literature [89]. The battery delivers a capacity of around 300 mAh g after 50 cycles in the absence
of additives, demonstrating a significant reduction in the shuttling effect and a clear improvement

in both longevity and reversible capacity.
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Figure 3.5 (a) Voltage profiles of Na-S cells without acoustic field. (b) Voltage profiles of Na-S

cells with acoustic field. (c) Cycling performance of the Na-S cells w/o acoustic field.

Additionally, XPS and EIS measurements were provided more evidence of decreased capacity
from different perspectives, as shown in Figure 3.6 and Figure 3.7. In the XPS testing, the Na-F
peak at 683.2 eV, a crucial composition of the interphase layer, was observed under both battery

conditions in the F 1s spectrum [123]. However, a new peak corresponding to the TFSI anion
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signal at 687.8 eV emerged in the absence of an external acoustic field [184]. This is likely due to
the decomposition of sodium salts after numerous cycles, resulting in a reduction in capacity.
Contrarily, the interphase layer composition under the application of an acoustic field revealed
only one peak, showing that the external acoustic field could increase stability during cycling.
Furthermore, the EIS measurements of cells with the acoustic field show lower interfacial
resistance, with Rf and Rt values of 254.6 Q and 768.1 Q, respectively, compared to the cell

without acoustic field, which exhibit Rf and Rct values of 436.9 Q and 1637 Q after 50 cycles.
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Figure 3.6 XPS spectra of cycled cell with and without acoustic field.
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Figure 3.7 Electrochemical impedance spectroscopy (EIS) of Na-S cells with/without acoustic

field after 50 cycles.

SEM characterization and corresponding elemental mapping of BTO-GF and based-batteries after
50 cycles were tested to provide further evidence supporting the previously discussed results. As
shown in Figure 3.8, when the acoustic field is turned off, only a minor portion of sodium
polysulfide is captured, indicating that the shuttling effect cannot be fully suppressed. However,
as the electrochemical reaction proceeds, most sodium polysulfides are trapped on the glass fiber
separator, suggesting that more sodium polysulfides are attracted to the BTO in the presence of an

acoustic field.

Figure 3.8 (a) SEM image of the cells without acoustic wave. (b) SEM image of the cells with

acoustic wave.

Furthermore, the color changes observed in the sodium metal anode corroborate the SEM findings.
We observe that when the acoustic field is turned off, the majority of sodium polysulfides are
deposited on the surface of the sodium metal through the glass fiber separator, leaving only a small
amount on the separator itself. This deposition turns the surface of the sodium metal yellow, as

shown in Figure 3.9. In contrast, the sodium metal in the battery exposed to the acoustic field
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retains a dull white color. This suggests that the acoustic field effectively inhibits the diffusion of
sodium polysulfides to the anode side, as a significant amount of polysulfides are trapped within

the BTO-GF separator.

Acoustic off Acoustic on

i

Figure 3.9 Photo images comparing the sodium anodes without (left) and with (right) acoustic

field.

To directly identify the diffusion of soluble NaPSs in the presence or absence of an acoustic field,
the permeability of NaPSs through a BTO-modified glass fiber separator was monitored by
tracking color changes, as illustrated in Figure 3.10. In the container without an acoustic field,
significant migration of NaPSs to the opposite side is observed. After one hour, sodium polysulfide
diffuses across the container and settles at the bottom. By 24 hours, the NaPSs have fully migrated
to the other side. In contrast, under an acoustic field, no NaPSs migration is detected within the
first hour. Only partial transfer of NaPSs is observed between 2 to 6 hours. Only approximately
half of the NaPSs have migrated to the opposite side after 24 hours. This shows that the container

with an acoustic field effectively inhibits NaPSs diffusion.
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Figure 3.10 Visual observation of NaPSs diffusion for battery w/o acoustic field.

In addition, visual observation of NaPSs diffusion in the acoustic field using a GF without BTO
was also conducted, as shown in Figure 3.11. Upon initial activation of the acoustic field, no
migration of sodium polysulfide is observed. However, after one hour, NaPSs begins to diffuse to
the opposite side and settle at the bottom. By the two-hour mark, approximately half of the NaPSs
have migrated to the other side, and by ten hours, complete transition is achieved. This rate of
transition is notably quicker than in scenarios where BTO is present, highlighting that the acoustic
field alone cannot halt the diffusion of sodium polysulfide.
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Figure 3.11 Visual observation of NaPSs diffusion for battery in the acoustic field using GF
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without BTO.

Finite element simulation was employed to comprehend why the majority of NaPSs are inhibited
in the presence of an external acoustic field. The cathode and anode were located on either side of
the separator and the electrolyte (Figure 3.12a). An effort was made to match the vibrometer
readings by modeling the boundaries at the acoustic transducer region as required displacement.

With this model, we obtained the battery's deformations at various eigenfrequencies by providing
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an oscillating excitation signal to the transducer. Our findings are consistent with the experiment
(Figure 3.12b). Although the polarized BTO has a piezoelectric effect in the absence of an acoustic
field, it is unable to produce a larger field force due to the formation of a weak composite field as
shown in Figure 3.12c. In contrast, when present in an external acoustic field, BTO nanoparticles
are more polarized under stronger driving forces produced by coupled field, leading to the
generation of more charges on the surface, which makes more NaPSs readily are adsorbed, thus

suppressing the shuttle effect and eventually enhancing performance as shown in Figure 3.12d.
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Figure 3.12 (a) 3D skematic of the battery model for finite element simulations. (b) Simulated
mode shape of a cell. (¢) Simulated electric fields for cases without acoustic wave. (d) Simulated
electric fields for cases with acoustic wave.

3.4.3 Suppressing dendrite growth for sodium metal anode.

While exploring the effect of the acoustic field on the sulfur cathode, a preliminary evaluation was

also conducted to assess the impact of acoustic waves on the sodium metal anode. Although the
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research is not yet comprehensive, some initial observations are worth discussing. The average Na
plating/stripping coulombic efficiencies of Na-Cu and longer cycle life of Na-Na symmetric cells
were evaluated on the impact of acoustic field on Na anode. As demonstrated in Figure 3.13a,
drastic side reactions on the sodium anode surface result in a low average coulombic efficiency
(CEavg) 0of 61.57% in the absence of acoustic waves and additives. In contrast, when the acoustic
field was applied, the CEay improved to 76.84%, suggesting that the acoustic field enhances
sodium plating/stripping behavior. Furthermore, the Na ion nucleation overpotentials were
assessed (Figure 3.13b). Without the acoustic field, the nucleation overpotential was 158.1 mV.
In contrast, a much lower nucleation overpotential of 67.6 mV was observed with the acoustic

field, further indicating the improved sodium plating/stripping.
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Figure 3.13 (a) Na-Cu cells using BTO-GF w/o acoustic field. (b) Comparison of the nucleation

overpotentials for Na-Cu cells batteries w/o acoustic field.

The long-term cycling performance of Na-Na cells was tested to further evaluate the reversibility
of sodium plating and stripping at a current density of 0.1 mA cmand an areal capacity of 0.1
mAh cm2 (Figure 3.14a). Cells without the acoustic field exhibit generally gradual increase in

overpotentials with cycling time, reaching the cut-off voltage of 250 mV at 250 h, which is lower
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than those with cells using regular glass fiber separators (Figure 3.14b). This difference may be
attributed to the inherent piezoelectric properties of BTO, as the field generated by BTO can inhibit
dendrites growth [185]. In contrast, the voltage hysteresis of the cell with an acoustic field is further

reduced and stabilized at around 110 mV without noticeable variations.
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Figure 3.14 (a) Voltage profiles of Na-Na symmetric cells w/o acoustic field. (b) Voltage profiles

of Na-Na symmetric cells using regular GF.

We also employed finite element simulation to provide an explanation by which the external
acoustic field influences the stability of sodium. In the absence of an acoustic field, inadequate
diffusion leads to the uneven distribution of sodium ions within the anode, resulting in the irregular
formation of sodium dendrites. These dendrites generate a strong electric field, which attracts
additional sodium ions with each cycle, further accelerating their growth, as seen in Figure 3.15

[186].
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Figure 3.15 (a) Simulation result for the battery when acoustic waves are off. (b) Simulated

electric field distribution in a region near the sodium dendrite when acoustic waves are off.

However, the addition of an acoustic field can create an additional flow field, which provides an
extra drive force (Figures 3.16), causing the electrolyte to flow. In order to simulate the acoustic
streaming, the continuity and the Navier-Stokes equations are used, expressed as follows [187,188]:

poV:v =0 (3-2)
po(V:-V)V = —Vp + uv?v + (yb + %,u) V(V:-v) —F (3-3)

where p, is electrolyte density, v is streaming velocity, p is pressure, u, u, are shear and bulk

dynamic viscosities, respectively, and F is the body force, which can be expressed as [189]:

F = —12 Re (piv) (3-4)

Iz
where I's is damping coefficient, w is angular frequency, c; is the sound speed, p; represents
acoustic pressure, and v, is the acoustic velocity. Numerical simulations were performed using
the commercial finite element software COMSOL Multiphysics. The flow rate obtained based on
our simulation is around 300 um s, which is often higher than the electrolyte flow rate in the
porous electrode [190]. The presence of flow rate enables more effective transport of sodium ions

within the designated depletion zone, thereby slowing the formation of sodium dendrites.
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Figure 3.16 (a) Simulation results of velocity and pressure in the electrolyte with an acoustic wave.

(b) Simulation results for electric field distribution of sodium dendrite with an acoustic wave.

3.5 Conclusion

In conclusion, an interdisciplinary method to control the shuttle effect of NaPSs by applying an
external acoustic field to both sides of the battery case is proposed. Additional surface charges are
generated when BTO nanoparticles are exposed to an external acoustic field, where these
nanoparticles become more polarized under the stronger driving force created by coupled fields
due to the piezoelectric effect. This increased surface charges attract more sodium polysulfides,
thus mitigating the shuttle effect. Sodium polysulfide transfer visualization experiments, along
with comprehensive electrochemical characterizations, and finite element simulations, provide
strong evidence for the method's validity and effectiveness. Furthermore, the enhanced streaming
flows generated by the acoustic field promote a uniform distribution of sodium ions, reducing the
risk likelihood of sodium dendrite formation. This dendrite growth inhibition was demonstrated
through long-term stability tests, including Na-Na symmetric batteries and Na-Cu cells. The

application of acoustic fields significantly improves the performance and cycle life of various
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battery systems. Given these beneficial effects advantages, we believe that this technology offers

a novel approach to producing high-performance Na-S batteries.
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Chapter 4 - Mechanism and Kinetics of Na Sy (x=

2) Precipitation in Sodium - Sulfur and

Sodium/(Oxygen)-Sulfur Batteries

Disclosure
The major part of this chapter has been published by The Electrochemical Society: Qipeng Zhang,

Tairan Yang, and Zheng Li. " Mechanism and Kinetics of Na>Sx (x<2) Precipitation in Sodium -

Sulfur and Sodium/(Oxygen)-Sulfur Batteries. " J. Electrochem. Soc. 2024, 171, 010503.

4.1 Abstract

In the previous chapter, an innovative approach using acoustic fields was introduced to enhance
the performance of sodium-sulfur batteries. However, despite these improvements, the basic
mechanism and kinetics have not been involved yet, especially in discharge product growth, which
affects electrochemical performance. Meanwhile, additional redox activities (in the presence of
oxygen) could simultaneously suppress sodium polysulfide shuttling and enhance energy density.

However, the kinetic study of the intermediate has not been explored. In this project, we discussed

77



the deposition of low-order sodium polysulfide (Na2Sx, x<2) in different potentials and type of

glyme-solvents in Na-S and Na/(O2)-S system. The results show that the morphology of deposition

NaxSx (x<2) is affected by interfacial energy barrier controlled by overpotentials and the radius

of sodium ions, which produced the precipitation of particle shape rather than film. Potentiostatic
experiments show the Kinetics are elevated in the presence of oxygen. In addition, exchange current
density of different sodium polysulfides were studied. The high-order sodium polysulfide has a
lower exchange current density than that of low-order sodium polysulfide in Na-S system,
requiring greater driving force, while transformation of the intermediate from high-order oxy-
sulfur to low-order oxy-sulfur species require less impulse in Na/(O2)-S systems. This study

provides a new idea to understand the deposition mechanism and kinetics of Na>Sx (x<2) in Na-

S and Na/(Oz2)-S system, guiding the selection of suitable solvents and potentials

4.2 Introduction

Affordable, high-energy-density electrochemical storage technology is essential for advancing
electric vehicles and modernizing power grids [2]. The development of Li-S batteries with a
lithium-metal anode and a sulfur cathode has received a lot of attention over the past ten years
because of their high theoretical capacity of 1675 mAh g*. However, due to a paucity of lithium
resources (the earth's crust only contains about 0.0065% of it), Li-S batteries are prohibitively
expensive and especially impractical for grid-scale energy storage applications [191-193].
Therefore, it is urgent to explore and develop a new alternative battery system. RT Na-S batteries
are garnering more attention due to their low price ($50-100 kWh™?), abundant source of elements

(sodium have elements of 2.7%), and same theoretical capacity (1675 mAh g~ when Na-S battery
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is fully converted to Na.S) [35,194]. RT Na-S and Li-S batteries are chemically similar, but not
identical. Both of them mainly undergo multi-step reactions between metal anode and S cathode,
which is a typical multi-platform phenomenon in discharge profile. However, the discharge
behaviors are actually different, which might be due to the inherent differences between sodium
and lithium. With a larger ionic radius than lithium, sodium ions exhibit slower reaction kinetics,
especially in solid-phase conversion processes, alongside a significant volume expansion (260%
from S to NaxS). Furthermore, high-order sodium polysulfide discharge products display increased
solubility in liquid electrolytes [195].

Therefore, in the past decades, people have been trying to find electrode and electrolytes suitable
for sodium ion embedding and have successfully developed many new Na-based materials and
solvents, achieving high energy-density. For instance, Jiang et al. developed sulfur-doped
disordered carbon. The advantageous inclusion of sulfur into the carbon structure may offer more
reaction sites for Na* accommodation. This design enabled the Na-S batteries to deliver strong
performance, retaining a specific capacity of 271 mAh gt at 1 A g** over the course of 1000 cycles
[169]. Li et al. proposed a new hybrid strategy using oxygen in sodium sulfur system, which alter
the underlying reaction pathway, achieving a high discharge capacity of over 1400 mAh g* [196].
Although these mentioned RT Na-S batteries show better electrochemical performance, NaSx (x

<2) growth in RT Na-S battery has not been systematically elucidated [197].
Herein, the kinetics and morphology of electrodeposition of Na»Sx (X< 2) on carbon surface with

three glyme-based polysulfide solutions in Na-S and Na/(O)-S batteries were studied. For Na-S

system, the deposition mechanism of Na>Sx (X< 2) was determined by kinetic analysis and direct
observation of the morphology of Na,Sx (x<2) in different deposition time. The results reveal that

the morphology of electrodeposited Na>Sx (with x<2) is determined by the density of nucleation
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and the relative rates of nucleation and growth. These parameters can be manipulated by selecting
appropriate overpotential and solvent in the Na-S system, leading to the formation of particulate
structures instead of a film. However, the deposition of discharge products is solvent sensitive but
seems to be less sensitive to overpotential in system Na/(O2)-S system. In addition, the exchange
current densities of different high-order polysulfide compounds were also evaluated. The results
show that the exchange current density of high-order sodium polysulfide solution is lower than
that of low-order sodium polysulfide solution for system in the absence of oxygen, which means
that the driving force required is larger. Meanwhile, we found, compared with the Na-S system,
when the high-order goes to the low-order sodium polysulfide, less drive is needed in Na/(O>)-S.

This work provides a way to understand the deposition of Na,Sx (X<2).

4.3 Experimental section

4.3.1 Preparation of materials

Sodium polysulfide (NaxSx, 4 < x < 8) solution was prepared by stirring 0.5 M sodium

trifluoromethanesulfonate (NaSO3CF3z, Alfa Aesar) in Diglyme, Triglyme, and Tetraglyme
electrolyte first, and then 1.5 M sodium sulfide (Na.S, 99%, Alfa Aesar) and 4.5, 6.0, 7.5, 9.0, 10.5
M sulfur (Alfa Aesar), respectively were added into electrolytes at 60 <C for 8 h. The total sulfur
concentration in the polysulfide solution was 1.5 M. The electrolyte was dried on molecular sieves

for 7 d. The NaSO3CF3 salt was dried under vacuum at 120 <C for 8 h.
4.3.2 Potentiostatic experiments

Graphite felt with a diameter of 14 mm and thickness of 1-1.5 mm was used as a working electrode.

Na polysulfide (nominal NaSe) solution of 40 uL was uniformly dropped on the graphite felt. The
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sulfur loading was calculated to be around 1.25 gm cm. Na metal was used as a counter/reference
electrode, and glass microfiber filters (GF/D, Whatman) were used to separate the electrode. All
Na-S cell were performed in CR2032-type coin cells in an argon-filled glovebox (O2 < 0.1 ppm,
H20 < 0.1 ppm). For the Na/(O2)-S cell, the coin cell with 4 side holes was assembled and tested
in the oxygen-filled box. The cells were first discharged galvanostatically. Subsequently, a
potentiostatic experiment was carried out where the potential was held at different voltages (1.64,

1.66, 1.67, and 1.68 V) for the reduction of polysulfides.
4.3.3 Electrochemical impedance spectroscopy Measurements

EIS measurements were performed Bio-Logic SP-150 potentiostat. All sodium polysulfide
solution was taken with in Tetraglyme with 0.5 M NaSO3CFs supporting electrolyte. Na-S cells

were measured using a 5-mV amplitude over the frequency ranging from 100 kHz to 10 mHz.
4.3.4 Exchange current density measurements

In the galvanostatic polarization test, a specified current was applied to the H-cell using a 3 mm
glassy carbon working electrode (CH Instruments, Inc.), and the potential was averaged over a 30-
minute constant-current step. For the Na/(O2)-S cell configuration, experiments were performed

within an oxygen-filled chamber.

4.3.5 Microscopy characterization

SEM of the graphite felt was carried out using JSSM-IT500HR SEM (JEOL, Peabody, MA, USA).
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4.4 Results and discussion

4.4.1 Synthesis and characterization of Na2Ss, Na2S7, and NazSs polysulfides

The characterization of sodium polysulfides (Na2Ss, Na>S7, and Na,Ss) presents significant
challenges due to their toxicity and deliquescence. These properties complicate handling and
measurement, particularly with conventional analytical instruments. To overcome these issues,
sodium polysulfides were dissolved in tetraglyme (TEGDME) electrolyte for Raman spectroscopy
analysis. As shown in Figure 4.1, the Raman spectrum of NaSs exhibits a weak but distinctive
peak at approximately 427 cm?, attributed to the presence of the Ss? species [198]. This distinct
feature allows for differentiation from other polysulfide species, which show variations in their

spectral signatures.
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Figure 4.1 Raman testing for Na.Ss, Naz>S7, and Na2Sg in TEGDME electrolyte.

Further analysis of the Raman spectra (Figure 4.2) reveals that as the sulfur content increases, a
new characteristic peak emerges around 490 cm™ for Na;S7 [199]. This peak is indicative of the
formation of the S7%> species, highlighting a structural transition with increasing sulfur

concentration. In contrast, Na>Sg does not exhibit any distinctive peaks in this region, suggesting
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a different bonding environment or molecular structure. Additionally, the Raman signal for NazSs
shifts slightly to higher wavenumbers compared to Na»S7, further supporting the notion that the
molecular structures of Na,S7 and Na,Sg differ significantly despite both containing high sulfur

content.
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Figure 4.2 Raman testing for Na>S7 and Na.Sg in TEGDME electrolyte.

Open-circuit voltage (OCV) measurements provide further insight into the electrochemical
behavior of Na>S7 and NaxSg electrolytes. As shown in Figure 4.3, the OCV of Na,Sg is initially
higher, changing from 2.28 V to 2.27 V over a period of 1500 seconds, which is greater than the
OCV observed for Na>S7 under the same conditions. This difference in OCV highlights the distinct
electrochemical properties of these polysulfides and underscores the importance of further

exploring their behaviors in practical applications.

83



2.30

—=— Na,S,

—®— Na,S,

2.28 —MN

2.26

T T
1} 500 1000 1500
Time (s)

Voltage (V)

34

[§)

-~
L

2.22

2.20

Figure 4.3 Comparison of OCV for Na>S7 and NaxSs.

4.4.2 Mechanism and Kinetics in Na-S systems

In the potentiostatic experiment, a constant driving force (i.e., overpotential) is provided and the
time evolution of sulfur reduction is monitored by constant current so that the potential is kept
below the equilibrium potential (determined at 1.805 V in the electrolytic cell, Figure 4.4).
Starting solutions consisted of 1.5 M NaxSe as the sulfur source, dissolved in three different
solvents (diglyme, triglyme, and tetraglyme respectively) with 0.5 M sodium
trifluoromethanesulfonate (NaSO3CF3) as a supporting sodium salt (glyme-based ether solvents
are typically used in electrolytes, which provide the exceptional reversibility in Na-S batteries).
When the Na-S battery is discharged, several polysulfides can coexist in the electrolyte in a

balanced and reduced state. To distinguish the electrodeposition of Na>Sx (X <2) from the

reduction of NazSs or higher order sodium polysulfides (i.e., Na2Se) in solution, each cell is first
discharged with a constant current at a C/24 rate to a potential of 1.7 V. Subsequently, a
potentiostatic experiment was carried out where the potential was held at different voltage

(between 1.64 and 1.68 V vs. Na/Na") for the reduction of polysulfides.
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Figure 4.4 (a) GITT profile for a Na>Se electrode solution in tetraglyme, showing C/24 current
pulses with 10-minute relaxation intervals. (b) Expanded view of the initial relaxation phase at the

start of the precipitation plateau (indicated by the black circle in (a)).

The evolution of polysulfides reduction over time is recorded via the current flow and the change
of voltage and current is shown in Figure 4.5a. Using tetraglyme electrolyte for example, during
the initial galvanostatic discharge process, the voltage was observed to decrease monotonically
due to the gradual conversion of higher-order polysulfide (Naz2Sx, x>4) into NaSa in the solution.
The potentiostatic discharge began at around 12000 s and the current decreased significantly at the
beginning. This was attributed to the reduction of the remaining higher-order sodium polysulfides
(Naz2Sx, x>4). Following that was a current peak which was due to the nucleation of NaxSx (x<2)
and its growth to impingement [200]. The curve (in red) is well fitted as the sum of two exponential
functions, representing the reduction of Na>Se and Na>S4 (blue and red, respectively), and a peak
resulting from the electrodeposition of Na>Sx (x<2) in Figure 4.5b. Since the equilibrium potential
for the reduction of Na.Se is higher than that of Na>Sa, there is a greater overpotential for the
reduction of the former species, and hence a greater initial current. Besides, the reduction current

of the former species fades rapidly due to the relatively lower concentration, and then the current
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asymptotically approaches zero, which is attributed to the deposition of Na,Sx (x<2) practically

ceases.
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Figure 4.5 (a) Voltage and current density vs time for the baseline Na-S cell, which was
galvanostatically discharged to 1.70 V first and then potentiostatically discharged at 1.68 V. (b)
Fitting of current vs time curve. The curve was fitted as the sum of two exponential functions,

representing the reduction of Na>Se and Na>S4 (blue and orange, respectively).

Next, based on the phase transition theory, is carried out and reveals the behavior characteristics
of two-dimensional island nucleation and growth (precipitation) process. The sum of two
exponential functions was first used as the background fitting of the current-time curve, and the
peaks are isolated by the subtraction of the exponential functions (Figure 4.6a). The current peak
value is sigmoidal cumulative distribution function (Figure 4.6b), and its distribution obeys
Avrami form (Equation 4-1) [201]:

Y(t) = 1 - exp(—mwAK?t"/3) (4-1)
where Y is the fraction of the material that has been transformed, n is the Avrami exponent, and A
and k are the nucleation and growth rates, respectively. Both AK? and n are related to the
dimensionality of growth [202]. Fitting the data with the equation 4-1 (Figure 4.7) gives an

Avrami exponent is 2.998 (close to 3), which is consistent with progressive nucleation [203].
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Figure 4.7 Avrami plot resulting from the Figure 4.6b.

Direct imaging by scanning electron microscopy (SEM) confirmed the dimension and deposition
morphology inferred from kinetic analysis. Figure 4.8 shows the potentiostatic deposition curve
measured, as well as the image of the pristine carbon fiber. Morphology of NaxSx (x<2)

precipitation at times of 0, 1, 2, and 3 h, respectively,
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In the first 1 h, the discharge products are relatively small and evenly distributed due to small
overpotential. With the increase of deposition time, the overpotential increases continuously,
resulting in higher surface energy barrier to absorb S+% and the formation of new nuclei. Thus, the
growth of NaxSx (x<2) is restricted. When the deposition time is 2 or 3 hours, deposition of NaxSx
(x<2) mainly grows, accompanied by other new nuclei. Chiang’s group studied morphology of
Li2S electrodeposited on carbon-based materials by glyme-based non-aqueous polysulfide solution
[204]. They discovered that the electrodeposited Li2S has the shape of a thin 2D film. Unlike the
deposition of lithium sulfide, the radius of sodium ion is much larger than that of lithium ion, and
the insufficient surface area also makes the deposition of deposition of NazSx (x<2) not as uniform
as that of lithium sulfide [205,206]. Thus, the precipitation of particle shape to the NaxSx (x<2)

rather than film.

(a)
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Figure 4.8 (a) SEM image of fresh graphite felt. SEM images taken following (b) 1 hour, (c) 2

hours, and (d) 3 hours of processing.

It is also worth noting that the incomplete NaxSx (x<2) transformation also affects the precipitation,
but this is mainly limited by the kinetics of the surface reaction. Meanwhile, additional
experiments were performed to verify that the chemical transformation of Na>Sx (x<2) must be
limited by the kinetics of the surface reaction, rather than by the supply of sulfur or mass transfer
to the growth interface. Cyclical voltammetry was used on graphite felt to see if mass transport
might be constrained. In the 19000 s experiment, where the diffusion length is more than 1mm,
the diffusion coefficient of Na,Sx is 9.37 10”7 cm? s%, as shown in Figure 4.9. Mass migration of
the polysulfide to the deposition site cannot be prevented if the distance between electrode fibers

is about 20 um (Figure 4.10).
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Figure 4.9 Cyclic voltammetry using a graphite felt electrode. The peak current is used to

determine the diffusion coefficient of sodium polysulfides.
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Figure 4.10 SEM image of graphite felt.

Based on the above morphological and kinetic observations, we proposed the possible growth
mechanism of Na>Sx (x<2), as shown in Figure 4.11. We think the first Na,Sx (x<2) particle
deposition was characterized by relatively tiny and homogeneous particles because of the initial
nucleation density and minimal overpotential. However, the interfacial energy barrier starts to rise
as the amount of precipitation rises. More new places cannot be discovered to continue to deposit
and expand since the surface area is constrained and the sodium ion itself is huge. Therefore,
particles make up the majority of the Na>Sx (x<2) deposition. Additionally, because Na>Sx (x<2)
has a very low conductivity, it is difficult for the reaction to proceed when it is deposited on the

graphite felt surface. As a result, the final current decreases until it almost reaches zero.

Na metal

S/ f

Na,Sy (x<2)
Ry

Graphite felt
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Figure 4.11 Proposed mechanism for the reduction of sodium polysulfides.

By performing the potentiostatic discharge at different voltages in tretaglyme electrolyte, the
nucleation-growth rate constant could also be calculated at different voltages. To be more specific,
the baseline Na-S cells were galvanostatically discharged to 1.70 V at a rate of C/24, and then
potentiostatically discharged at 1.68 V, 1.67 V, 1.66 V, and 1.64 V in Figure 4.12a. It is clear that
the reduction of current provides a greater overpotential for the electrodeposition process.
Therefore, the deposition rate of NaxSx (x<2) is significantly increased. In the meanwhile,
potentiostatic discharge at different voltages using other two ether-based solvents were also
performed in Figure 4.12b and 4.12c. When the solvent is changed to triglyme or diglyme, the
deposition rate of Na>Sx (x<2) increases significantly, which may be due to the chain lengths of
triglyme and diglyme are significantly decrease compared with the tetraglyme. As the length
decreases, the number of oxygen molecules decreases, as well as the viscosity. In addition, the
viscosity of the solvent also affects the diffusion rate of sodium ions. CV curves of 1 M NaSs in
three different solvents with different sweep speeds were obtained in Figure 4.13. We can see that
the diffusion rate of sodium ion in three different solvents is diglyme > triglyme > tetraglyme. This
shows that in solvent diglyme, sodium ions can be constantly replenished and react on the surface
of the graphite felt. This increases the rate of subsequent deposition. It's worth noting that two
current peaks were observed in diglyme electrolyte. The first peak is possibly due to the
electrodeposition of Na>Sx (x<2) from higher-order polysulfides that has not been fully reduced to
Na>Ss4 during the galvanostatic discharge process, which is assigned to significant reduction in
viscosity (tetraglyme is about four times as viscous as diglyme) [207]. Therefore, the second
current peak in the curve was used for fitting and calculating the nucleation-growth rate constant.

Figure 4.12d shows the nucleation-growth rate constants at different voltages. The decrease of
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voltage provides a larger overpotential for the electrodeposition process and therefore increased
nucleation-growth rate constants are observed. This increase is especially noticeable (even two
orders of magnitude higher) when the voltage goes down to 1.64 V. This pattern is also consistent

with the electrodeposition of Li.S on carbon surfaces [204].
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Figure 4.12 Potentiostatic discharge current-time curves in different solvents: (a) tetraglyme, (b)
triglyme, and (c) diglyme. (d) Rate constants for nucleation and growth calculated from fitting the

current peaks.
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Figure 4.14 illustrates the deposition kinetics of Na>Se at different concentrations (1.5 M, 2.0 M,
and 2.5 M) in three different ether-based electrolytes: diglyme, triglyme, and tetraglyme. Figure
4.14a-c shows the current density as a function of time during potentiostatic discharge for each
electrolyte at varying NaSe concentrations. Figure 4.14d against the concentration of NaxSe for
each electrolyte.

As the concentration of sodium polysulfide in the tetraglyme electrolyte increases, the deposition
rate also increases. This is likely due to the higher concentration leading to more frequent collisions
between reactant species, accelerating the overall reaction process. Similarly, in triglyme, the
increase in concentration also enhances the deposition rate, further confirming the influence of
concentration on the kinetics.

However, diglyme shows a notable difference in behavior. Despite the increase in concentration,
the deposition rate in diglyme does not significantly rise, as reflected in both the current density

plots and the rate constant trend. This could be due to the distinct physicochemical properties of
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diglyme, such as its viscosity or its interaction with sodium polysulfides, which might limit the
enhancement of deposition kinetics even at higher concentrations.

Therefore, while increasing the concentration of Na»Se generally promotes faster deposition in
tetraglyme and triglyme, the same effect is not observed in diglyme. This highlights the importance

of selecting appropriate solvents for optimizing deposition processes in sodium-sulfur battery

systems.
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Figure 4.14 Potentiostatic discharge current-time profiles at different Na>Se concentrations across

solvents: (a) tetraglyme, (b) triglyme, and (c) diglyme. (d) Nucleation and growth rate constants

derived from peak current fitting analysis.

The exchange current density measurement can be used independently to test the Butler-Volmer
kinetics at the carbon-solution interfaces, helping us to understand the impedance contributions of

various polysulfides and calculate overpotentials. Figure 4.15 depicts the use of three-electrode
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cells in tetraglyme solvent to perform galvanostatic polarization at a glassy carbon macroelectrode
in order to study the kinetics of Na>Se at "model” carbon surfaces. By retracing the linear segment
of the Tafel diagram back to the intercept at the equilibrium potential, one may calculate the
exchange current density. The exchange current density of Na,Se was calculated to be 0.019 mA

cm? (Figure 4.16).
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Figure 4.15 (a) In the galvanostatic polarization test, a 3 mm glassy carbon working electrode
applied a constant current to the cell for 30 minutes. (b) The average potential over this 30-minute

current step is recorded as the resulting potential.
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Figure 4.16 Tafel plot of galvanostatic polarization measurements showing electrochemical

kinetics in a 1.5 M NazSe solution with a 0.5 M NaSO3CF3 supporting electrolyte in tetraglyme.
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Dashed lines represent linear extrapolations, while the open-circuit voltage is marked by a dashed

vertical line.

Figure 4.17 and Table 4.1 summarize the exchange current densities measured from NaxSg to
NaSs4 solutions. The exchange current densities of NaxSg, Na2S7, Na2Se, Na>Ss, and NaxSs were
0.011 0.014, 0.019, 0.021, and 0.024 mA cm respectively. An increasing exchange current
indicates a rapid exchange of substances, which means that the reaction encounters little resistance

as it changes.

(a) 0.5 . Nos] (b) 0.5 . NaS,
| \ | ,
l \ | v
— DOL ' — oof i [ ’
e .l : o e : ’
) .\'\1 | ‘/-‘ ) b‘. | :’!
< ! g . 1
E .05f . | ,.; E -05f A ¢
= L. » = ‘* h K
= . | b = e 1 /®
o Ny o o /
o 10 log |, LR o w 0\\|’t-
BLE pee T -Er log j, \J'/
5 [ 1
1 1
| 1
15 L | o L L 1.5 L L M L L
1.2 1.5 1.8 21 24 2.7 3.0 1.2 1.5 1.8 21 24 2.7 3.0
Potential vs. Na/Na® (V) Potential vs. Na/Na® (V)
(C) 0.5 1 (d) 05 . s
X Na,S, i 2,5,
[ 1 1
1 1
— DO | X , — 0of . ' ;
1 Z, 1 I
E "q' 1 .h'. E .\." 1 ‘t' *
< S : J < % : J
E .05+ . | ‘ E o5t . .
= » | » = \0\ | {‘
— \ 1 /. f— 'Y 1 »
4 ‘c\ : f’o g’ .\ : p”
\
2 -1.0 - vt = 1.0 ALY
logj \\: ” \\ :/’
________ e O ____>7I0917______¥
1 1
15 L . L1 L L 15 L L L1 . )
1.2 1.5 1.8 21 2.4 2.7 3.0 1.2 1.5 1.8 2.1 24 2.7 3.0
Potential vs. Na/Na' (V) Potential vs. Na/Na" (V)

Figure 4.17 The Tafel plot of galvanostatic polarization measurements of electrochemical kinetics

in (a) Na2S4 solutions, (b) NazSs solutions, (c) Na.S7 solutions, and (d) NazSg solutions.
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Table 4.1 Summary of measured exchange current densities in Na-S systems

Composition Exchange current density (mA cm™)
1.5 M NazSg 0.011
1.5 M NazSy 0.014
1.5 M NazSs 0.019
1.5 M NazSs 0.021
1.5 M NazS4 0.024

To verify the above interpretation, we performed EIS tests (Figure 4.18). It is clear that Na>Sg has
the highest impedance and NaS4 has the lowest, which is consistent with the result of exchanging
current density measurements. At the same time, because Na,Sg involves more reaction steps than
Na>Ss4, more reaction energy is required (the driving force of the reaction is the largest), so the

exchange current density is the smallest.
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Figure 4.18 Electrochemical impedance spectroscopy (EIS) of different sodium polysulfide.
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In addition, the galvanostatic intermittent titration technique (GITT) was employed to investigate
the electrochemical reaction kinetics of various sodium polysulfides in a tetraglyme-based
electrolyte. The GITT measurements were conducted using a pulse duration of 1800 s and a
relaxation time of 600 s. As illustrated in Figure 4.19a, the voltage profile of Na>Sg shows the
characteristic behavior during the GITT test. The study then extended to include other sodium
polysulfides (Na2Ss, Na>Ss, Na>Se, NazS7) in the same experimental setup to determine their
diffusion coefficients, as shown in Figure 4.19b.

The results reveal that NaxSs exhibits the highest diffusion coefficient throughout the entire
discharge process, surpassing the other sodium polysulfides. Specifically, at a 10% depth of
discharge (DOD), NazSs shows a diffusion coefficient of 3.38x10° cm? s, while NazSs, NaSs,
Na2S7, and NazSg display lower values of 3.13x107°, 2.94x10°, 2.73x10°, and 2.12x10° cm? s°?,
respectively. This suggests that Na>S4 encounters lower resistance during ion transport, in line with
the results of the exchange current density measurements.

The observed trend is consistent with literature reports [208], confirming that Na>S4 has superior
ionic mobility compared to other sodium polysulfides, further reinforcing its potential advantages
in sodium-sulfur batteries. The enhanced diffusion coefficient of NazSs indicates its role in

facilitating faster charge transfer and reducing polarization effects during the discharge process.
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Figure 4.19 (a) GITT curve for a Na,Sg electrode solution dissolved in tetraglyme. (b) Diffusion

coefficient and discharge profiles derived from GITT measurements.

4.4.3 Kinetics in Na/(O2)-S systems

According to our previous research [196], NaO»-Na>S, (4<n=<8) was formed through combining
Na*, 0%, and S»* (4<n<8) at the stage of the discharge process when the oxygen is present, which

may prevent the polysulfides from diffusing to the sodium side, improving the electrochemical
performance. However, the kinetic study of the intermediate has not been explored. This part we
investigate interfacial kinetics during the electrochemical reactions in the Na/(O2)-S system using
potentiostatic and exchange current density experiment. The results were shown in Figure 4.20.
There is no significant difference in the shape of the curves at the same voltages, the biggest
difference is in the deposition time and the magnitude of the current density. The deposition time
and current intensity of Na/(O2)-S systems are greater than those of Na-S system in different three
solvents, indicating that the kinetics are elevated in the presence of oxygen (this is proved by
calculating nucleation-growth rate constants at different voltages). It is also noted that the
intermediate appears to be more dependent on viscosity, while it does not seem to be sensitive to
the increase in voltages. For example, when we change the solution from triglyme to diglyme at
1.66 V, the value of the constant in Na/(O2)-S system goes up by a factor of 100, compared to Na-
S system, it only goes up by a factor of 10. When we increased voltage from 1.66 to 1.64 V at
diglyme solution, we found no significant increase in the constant, but a 100-fold increase

compared to the Na-S system.
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Figure 4.20 Current-time diagrams of potentiostatic discharge in different solvents in the Na/(O2)-
S system: (a) tetraglyme, (b) triglyme, and (c) diglyme. (d) Aggregate rate constants for nucleation

and growth.

Exchange current density measurement was also conducted to understand estimate overpotentials.
Figure 4.21 shows the galvanostatic polarization of different sodium polysulfide are measured in
tetraglyme solvent when the oxygen exists. The exchange current density is also calculated. Table
4.2 summarizes the exchange current densities carried out from NaSs to NaxSe species. The
exchange current densities of NazSs, Na.S7, and NazSe were 0.024 0.025, and 0.027 mA cm™
respectively. Compared with Na-S system, the exchange current density is greater than the base
one, which indicates a fast exchange of substances when NaO>-Na.S, was formed, meaning that
less resistance is required for the reaction. It is worth noting that the exchange current density

changes very little when the sulfur source changes from Na>Sg to Na>Se, which means that the
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transformation of the intermediate from high-order (NaO2-NaxSn, 4<n=<28) to low-order species

(NaO2-NaxSh, 1<n<4) requires less impulse compared with the NaS, in Na-S systems.
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Figure 4.21 Tafel plot of galvanostatic polarization measurements illustrating the electrochemical

kinetics in 1.5 M solutions of (a) Na:Ss, (b) Na>S7, and (c) NaxSg in tetraglyme.

Table 4.2 Summary of measured exchange current densities in Na/(O.)-S systems

Composition Exchange current density (mA cm?)
1.5 M NaxSg 0.024
1.5 M NaxSy 0.025
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1.5 M NazSe 0.027

4.5 Conclusion

In summary, we studied the deposition of Na>Sx (x<2) in different potentials and solvents
with/without oxygen. The results show that the deposit of Na>Sx (x<2) was mainly controlled by
overpotential and solvent in Na-S system. The effect of the interface barrier regulated by
overpotentials, and the larger sodium ion radius compared with lithium ion cause the
electrochemical deposition to take the shape of a particle rather than film. For Na/(O2)-S system,
oxy-sulfur species are mainly affected by solvents. In addition, the effect of different sodium
polysulfide on the exchange current density is also discussed. The results showed that the higher
order sodium polysulfide had the lowest current density, meaning that it needed a greater push to
react. Transformation of the intermediate from high-order oxy-sulfur to low-order oxy-sulfur
components requires lesser driving force in Na/(O2)-S than Na-S systems. This study provides an
insight into the mechanism of NaxSx (x<2) deposition and a new idea for the selection of suitable

solvents and potentials.
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Chapter 5 — Summary of Contributions and Future work

5.1 Summary and contributions

5.1.1 Chapter 2 - low-concentration electrolyte design for wide-temperature operation in

sodium metal batteries

In this chapter, we propose a low-concentration, non-flammable electrolyte, consisting of 0.3 M

NaPFs dissolved in a mixed-solvent system of propylene carbonate (PC), fluoroethylene carbonate

(FEC), and 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE). This composition is

optimized for sodium metal batteries, with the goal of improving their cyclability and performance

over a wide temperature range while maintaining safety and cost-efficiency.

Key Contributions: Through a combination of analytical characterization, MD simulations, and

practical device testing, we demonstrate several critical advancements enabled by this electrolyte:

1. Improved cyclability and extreme-temperature performance: Our study shows that a
Na||FePO4 system employing the proposed electrolyte achieves a remarkable capacity retention
of 92.8% at room temperature and 98.5% at 55 <C, with a Coulombic efficiency exceeding
99%. Moreover, the low viscosity, rapid ion diffusion, and enhanced wetting properties of L-
PFT contributed to superior performance at low temperatures (-20 <C).

2. Enhanced safety and cost-effectiveness: The non-flammable nature of the electrolyte
significantly improves the safety profile of sodium metal batteries, reducing risks of thermal
runaway. Furthermore, the low concentration of NaPFe not only reduces the cost of materials

but also helps in the scalability of sodium metal batteries technology for larger applications.
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Impacts: The findings from this research provide a comprehensive solution to several major
obstacles currently faced by sodium metal batteries. By addressing both performance and safety,
our low-concentration electrolyte design represents a pivotal step forward in the commercialization
of sodium metal batteries. Its ability to maintain superior electrochemical performance over a
broad temperature range, coupled with its safety and cost advantages, makes it a promising

candidate for future large-scale energy storage applications.

5.1.2 Chapter 3 - inhibiting shuttle effect and dendrite growth in sodium-sulfur batteries

enabled by applying external acoustic field

This chapter explores the effects of applying an external acoustic field on the battery’s performance.
We utilized BTO nanoparticles coated on commercially available glass fiber separators and
stimulated them via a controllable acoustic field. By leveraging the piezoelectric properties of BTO,
the acoustic field generates surface charges that attract sodium polysulfides, thereby reducing their
migration to the sodium anode. Additionally, the acoustic field creates streaming flows in the
electrolyte, which enhances sodium ion dispersion and reduces dendrite formation. Our
experiments and simulations provide a comprehensive analysis of how this approach mitigates
both the shuttle effect and dendrite growth.

Key Contributions: Our work makes several contributions to the field of sodium-sulfur battery
research:

1. Reduction of shuttle effect: The external acoustic field stimulates BTO nanoparticles,
which polarize and attract more NaPSs, thereby mitigating the shuttle effect and enhancing
battery stability.

2. Inhibition of dendrite growth: The acoustic field also promotes uniform sodium ion

distribution, reducing the formation of sodium dendrites and improving battery cycle life.
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3. Experimental and simulative validation: We combined electrochemical measurements,
SEM, and finite element simulations to validate the effectiveness of the proposed method.
The results demonstrate a clear improvement in battery performance, with Na-S cells
showing a capacity retention of 300 mAh g* after 50 cycles under the influence of the
acoustic field.
Impact: The method we propose offers a new approach to improve Na-S battery performance
without requiring chemical additives or complex materials. By addressing both polysulfide
shuttling and dendrite formation through the application of an acoustic field, this work opens new
pathways for enhancing the cycle life, safety, and efficiency of Na-S batteries. This
interdisciplinary method has the potential to significantly impact the development of sustainable

energy storage technologies.

5.1.3 Chapter 4 - mechanism and Kkinetics of Na2Sx (x<2) precipitation in sodium-sulfur

and sodium/(Oxygen)-sulfur batteries

In this chapter, our study focuses on the fundamental behavior of Na>Sx (X<2) precipitation in

both Na-S and Na/(O>)-S systems. Specifically, we investigate how different operating potentials,
and solvent compositions influence the deposition of sodium polysulfides. The scope of our
research includes potentiostatic discharge experiments and electrochemical analysis to determine

the nucleation and growth characteristics of Na2Sx (x<2) on carbon surfaces. By addressing both

the Na-S system and the hybrid Na/(O2)-S system, where oxygen is used to modify the reaction
pathways, our work provides a comprehensive understanding of how to control sodium polysulfide
deposition for enhanced battery performance.

Key Contributions: Our research makes several significant contributions to the field of energy

storage, particularly in the development of RT Na-S batteries:
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1.

2.

Mechanistic understanding: We reveal that the nucleation and growth of Na>Sx (x<2) are

influenced by the interplay between solvent properties and overpotential, resulting in the
formation of particle-like deposits rather than films. This mechanistic insight is crucial for
designing better electrode materials and electrolyte systems.

Hybrid Na/(0:)-S systems: We extend the understanding of sodium-sulfur chemistry by
exploring how oxygen in Na/(O2)-S systems affects polysulfide kinetics. Our findings show

that the presence of oxygen significantly enhances the deposition kinetics of NaxSx (x<2),

offering a potential solution to mitigate the polysulfide shuttling effect and improve battery
capacity.

Practical guidelines: Our results provide practical recommendations for choosing the optimal
solvent and potential conditions in Na-S systems. These insights can directly contribute to the

development of high-performance sodium sulfur batteries for large-scale applications.

Impact: The impact of this research lies in its potential to inform the next generation of sodium-

based energy storage systems. By advancing the understanding of NaxSx (X < 2) deposition

behavior, our study helps address one of the challenges facing Na-S battery technology: improving

energy efficiency and cycle life. Moreover, the insights gained from our hybrid Na/(O2)-S system

could open new avenues for using oxygen as a redox mediator, further enhancing the

electrochemical performance of these batteries. These findings have far-reaching implications for

scaling up Na-S batteries in energy-intensive industries.

106



5.2 Future work

Optimization of low-concentration electrolytes for long-term stability: This study highlights
the use of low-concentration electrolytes to improve battery performance, but there is room for
deeper exploration into the formulation of these electrolytes. Future work could focus on
optimizing the composition and concentration of the electrolyte to balance between maintaining
high conductivity and interfacial stability. Additionally, investigating how different solvent
systems and additives interact with the low-concentration electrolyte under long-term cycling
conditions could provide valuable insights into improving the overall stability and lifespan of the
battery. Understanding how these variables affect the electrolyte-sodium interface would be

crucial for developing more efficient sodium metal battery systems.

Exploration of alternative materials with enhanced acoustic response: While BTO was
utilized in Chapter 3 for its piezoelectric properties, future work could focus on identifying and
testing other materials that also exhibit strong piezoelectric or ferroelectric effects. These
alternative materials could potentially provide better control over NaPSs shuttling and sodium ion
transport under varying acoustic field conditions. Further studies could investigate how different
acoustic field frequencies, intensities, and waveforms impact the behavior of these materials. By
optimizing these parameters, it may be possible to discover more effective methods to enhance
battery performance, particularly in mitigating the shuttle effect and promoting uniform ion

transport.

Development of advanced acoustic field designs for improved performance:

The current study employs an external acoustic field to influence the behavior of BTO
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nanoparticles and the electrolyte flow. Future research could explore the development of more
advanced or integrated acoustic field systems that are tailored to different battery architectures.
This could include the miniaturization of acoustic field devices that could be integrated directly
into the battery cell for more localized control over ion distribution and dendrite suppression.
Furthermore, modeling the effects of acoustic streaming on a broader range of battery
configurations and scaling the technology for larger cells could provide insights into

commercializing this approach for grid-scale energy storage and electric vehicles.

Investigation into dendrite growth mechanisms in the presence of acoustic fields: While this
study demonstrates the suppression of sodium dendrite growth through the application of an
acoustic field, a deeper mechanistic understanding of how acoustic fields interact with the anode
surface and influence dendrite formation is needed. Future studies could utilize in-situ microscopy
and advanced imaging techniques to directly observe how dendrites grow and dissolve under
various acoustic conditions. This could lead to the development of more targeted strategies for
eliminating dendrites entirely or delaying their growth to extend the cycle life of sodium-sulfur

batteries.

Integration with next-generation sodium-sulfur battery systems: Future work could also focus
on integrating this acoustic field method with other emerging advancements in sodium-sulfur
battery technology. For instance, combining acoustic field stimulation with new types of solid-
state electrolytes or novel electrode materials could offer a more comprehensive solution to the
challenges facing Na-S batteries. Additionally, exploring the scalability of this technique in full-
cell configurations could provide valuable insights into the commercial feasibility of this approach

for large-scale energy storage applications.
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By focusing on these future works, we could continue to advance the development of high-
performance sodium metal (sulfur) batteries, pushing the boundaries of what is possible in

sustainable and scalable energy storage technologies.
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