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ABSTRACT

The worldwide energy consumption is growing rapidly nowadays and renewable energies are
playing a critical role in alleviating this energy crisis. Batteries, as sustainable energy storage
systems, are emerging as the key solutions to effectively integrate renewable resources. The
lithium-ion battery is the most widely used rechargeable battery nowadays; however, limitations
in uneven distribution of raw materials and high risk of increasing costs have motivated researchers
to seek for alternatives such as sodium-ion batteries or metal sulfur batteries, mostly summarized
as post-lithium-ion batteries. Different storage mechanisms and new materials are potentially able
to maintain structural stability and offer high energy density, among which nanomaterials have
attracted a lot of attention. As a low-cost, controllable and scalable method of nanomaterial
fabrication, electrospinning was applied in three different aspects in post-lithium-ion batteries in
this work: (i). Carbon nanofibers (CNFs) were synthesized as anode material in sodium-ion
batteries; (ii). Nanocomposites from maricite NaFePO4 and carbon nanofibers were developed as
cathode material in sodium-ion batteries; (iii). Modified separator aided with electrospinning was

applied in magnesium-sulfur batteries.

(). Free standing carbon nanofibers in the form of fiber mats were successfully prepared by
electrospinning and directly used as negative electrode in sodium-ion batteries. Different
carbonization temperatures were carried out to generate various carbon structures containing both
graphitic domains and defects. Morphologies of the electrodes before and after cycling were
analyzed. From extensive electrochemical analysis such as cyclic voltammetry and in situ Raman
spectroscopy, the behavior of each kind of CNFs was characterized. The CNFs carbonized at 600
and 800 °C exhibited a capacitive behavior from surface charging while the CNFs treated at 1000
°C followed a mixed diffusion-controlled and surface-controlled behavior. In situ Raman spectra
showed that the G-band was shifted upon discharge, which proved an intercalation of sodium ions
into the carbon host. However, the irreversible high capacity loss in the first cycle is the main

reason of hindering the application of such CNFs as anode materials in sodium-ion batteries.

(if). A self-standing, collector-free, binder-free maricite NaFePO4 / carbon nanofiber hybrid
positive electrode was successfully prepared via electrospinning. An increased capacity was
observed in the initial cycles and finally the electrode reached a capacity of 108 mAh g based on

the mass of active material NaFePO4 (30 wt%) at a 0.1C rate after 200 cycles. In comparison, a
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slurry-based NaFePOQ, electrode yields a capacity of only around 20 mAh g. A comprehensive
study of the hybrid electrode’s morphology, structure, and electrochemical performance was
conducted. Mdsshauer spectra showed an increasing Fe** content from 43.2% at the first charged
state to 63.0% at the charged state after 100 cycles, demonstrating an activating process of maricite
NaFePQO4 upon extensive charge-discharge cycling. This study on self-standing positive electrodes
revealed the change in activity of maricite NaFePO4 from electrochemical inactive to active within

the network of carbon nanofibers upon charge-discharge cycles.

(ii). Magnesium-sulfur (Mg-S) batteries, with a high theoretical volumetric energy up to 3200
WHh/L, are considered to be competitive post-lithium battery systems. However, the known “shuttle
effect” of soluble polysulfides during cycling typically leads to rapid capacity fade that greatly
hinders their practical applications. Although considerable efforts have been made in cathode
design and electrolyte development, the functionalization of separators is often neglected. In this
study, a one-side coated glass fiber separator with polyoxometalate/carbon composite materials
was prepared via electrospinning as a “polysulfide-phobic” shield. Mg-S batteries assembled with
such a coated separator showed significantly enhanced cycling stability with a capacity of 350 mAh
g for over 100 cycles. Furthermore, a compact and low-cost battery design was realized with
conductive carbon/S as cathode, Mg foil as anode and additive-free Mg[B(hfip)s]> as electrolyte.
This electrospun functional separator is expected to enlighten future separator design for metal-

sulfur batteries towards practical applications.



Zusammenfassung

Um dem weltweit rasch wachsenden Energieverbrauch heutzutage Herr zu werden, spielen
erneuerbare Energien eine entscheidende Rolle. Batterien als nachhaltige Energiespeichersysteme
entwickeln sich zu den wichtigsten Lésungen fur eine effektive Integration erneuerbarer Energien.
Die Lithium-lonen-Batterie ist heutzutage die am weitesten verbreitete wiederaufladbare Batterie;
jedoch haben Einschrankungen bei der ungleichmaRigen Verteilung der benétigten Rohstoffe und
das hohe Risiko steigender Kosten die Forscher dazu motiviert, nach Alternativen wie Natrium-
lonen-Batterien oder Metallschwefelbatterien zu suchen, die generell als Post-Lithium-lonen-
Batterien zusammengefasst werden. Alternative Speichermechanismen und neue Materialien sind
potenziell in der Lage, die strukturelle Stabilitit von Post-Lithium-lonen-Batterien
aufrechtzuerhalten und eine hohe Energiedichte zu bieten. Insbesondere Nanomaterialien haben
hier groBe Aufmerksamkeit erlangt. Als eine kostengunstige, kontrollierbare und skalierbare
Methode zur Herstellung von Nanomaterialien wurde in dieser Arbeit das Elektrospinnen in drei
verschiedenen Aspekten bei Post-Lithium-lonen-Batterien angewandt: (i). Kohlenstoff-
Nanofasern (CNF) wurden als negative Elektrode in Natrium-lonen-Batterien hergestellt; (ii).
Nanokomposite aus Marizit NaFePO4 und Kohlenstoff-Nanofasern wurden als positive Materialien
in Natrium-lonen-Batterien entwickelt; (iii). Ein modifizierter durch Elektrospinnen hergestellter

Separator wurde in Magnesium-Schwefel-Batterien eingesetzt.

(i). Freistehende Kohlenstoff-Nanofasern in Form von Fasermatten wurden erfolgreich durch
Elektrospinnen hergestellt und direkt als negative Elektrode in Natrium-lonen-Batterien
verwendet. Es wurden verschiedene Karbonisierungstemperaturen durchgefiihrt, um verschiedene
Kohlenstoffstrukturen zu erzeugen, die sowohl graphitische Doménen als auch Defekte enthielten.
Die Morphologien der Elektroden vor und nach dem Zyklisieren wurden analysiert. Durch
umfangreiche elektrochemische Analysen wie z.B. zyklische Voltammetrie und in situ Raman-
Spektroskopie wurde das Verhalten der einzelnen CNFs charakterisiert. Die bei 600 und 800 °C
karbonisierten CNFs zeigten ein kapazitives Verhalten durch Oberflachenaufladung, wéhrend die
bei 1000 °C behandelten CNFs ein gemischtes diffusionskontrolliertes  und
oberflachenkontrolliertes Verhalten aufwiesen. In-situ-Raman-Spektren zeigten, dass die G-Bande

bei der Entladung verschoben wurde, was die Interkalation von Natriumionen bewies. Der
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irreversible hohe Kapazitatsverlust im ersten Zyklus ist jedoch der Hauptgrund warum solche

CNFs als Anodenmaterial in Natrium-lonen-Batterien bisher keine Anwendung gefunden haben.

(if). Eine selbststehende, kollektor- und bindemittelfreie Maricit NaFePOs / Kohlenstoff-
Nanofaser-Hybrid-Positivelektrode wurde erfolgreich durch Elektrospinnen hergestellt. In den
ersten Zyklen wurde eine Zunahme der Kapazitat beobachtet, und schlieBlich erreichte die
Elektrode nach 200 Zyklen eine Kapazitat von 108 mAh g? basierend auf der Masse des aktiven
Materials NaFePOys bei einer Rate von 0,1C. Im Vergleich dazu ergibt eine auf Slurry basierende
NaFePOs-Elektrode nur eine Kapazitit von etwa 20 mAh g*. Eine umfassende Studie zur
Morphologie, Struktur und elektrochemischen Leistung der Hybridelektrode wurde durchgefihrt.
Mossbauer-Spektren zeigten einen Anstieg des Fe®"Gehalts von 43,2% im ersten geladenen
Zustand auf 63,0% im geladenen Zustand nach 100 Zyklen, was einen Aktivierungsprozess des
Maricits NaFePOs nach zahlreichen Ladungs-Entladungs-Zyklen zeigte. Diese Studie einer
selbsttragenden positiven Elektrode zeigte die Aktivitdtsanderung von Maricit NaFePOs von
elektrochemisch inaktiv zu aktiv innerhalb des Netzwerks von Kohlenstoff-Nanofasern durch

Lade-Entladezyklen.

(iii). Magnesium-Schwefel-Batterien (Mg-S) mit einer theoretisch hohen volumetrischen Energie
von bis zu 3200Wh/L werden als wettbewerbsféahige Post-Lithium-Batteriesysteme angesehen.
Allerdings fuhrt der bekannte "shuttle effect" l6slicher Polysulfide wahrend des Zyklierens
typischerweise zu einem schnellen Kapazitatsschwund, der die praktische Anwendung von Mg-S
Batterien zurzeit noch verhindert. Obwohl erhebliche Anstrengungen im Kathodendesign und in
der Elektrolytentwicklung unternommen wurden, wird die zusatzliche Funktionalisierung von
Separatoren als Polysulfid-Sperre oft vernachlassigt. In dieser Studie wurde ein einseitig
beschichteter Glasfaserseparator mit Polyoxometalat/Kohlenstoff-Verbundmaterialien durch
Elektrospinnen als "polysulfid-phobe” Abschirmung hergestellt. Mg-S-Batterien, die mit einem
solchen beschichteten Separator gebaut wurden, zeigten eine signifikant verbesserte
Zyklenstabilitat mit einer Kapazitat von 350 mAh g* fir iber 100 Zyklen. Dariiber hinaus wurde
ein kompaktes und kostengtinstiges Batteriedesign mit leitfahigem Kohlenstoff/S als Kathode, Mg-
Folie als Anode und additivfreiem Mg[B(hfip)4]2 als Elektrolyt realisiert. Von diesem
elektrogesponnenen Funktionsseparator wird erwartet, dass er zukiinftige Separatordesigns fir

Metall-Schwefel-Batterien bereichern wird und zu praktischen Anwendungen fuhren kann.



Abbreviation

CNF Carbon nanofiber

Cv Cyclic voltammetry

GF Glass fiber

DEC Diethyl carbonate

DMC Diethyl carbonate

DME Dimethoxy ethane

DMF Dimethylformamide

EC Ethylene carbonate

EDX Energy-dispersed X-ray spectroscopy
EIS Electro impedance spectroscopy
es- electrospun

ESS Energy storage system

GIC Graphite intercalation compound
HT High temperature

KB Ketjen black

LIB Lithium-ion battery

Li-S Lithium - sulfur

Mg-S Magnesium - sulfur

MSB Magnesium - sulfur battery

NMP N-Methyl-2-pyrrolidone



6 Abbreviation
PAN Polyacrylonitrile
PC Propylene carbonate
PEO Poly(ethylene oxide)
Pl Polyimide
PMMA Poly- (methyl methacrylate)
POM Polyoxometalate
Post-LIB Post-lithium-ion battery
PVAC Poly- (vinyl acetate)
PVdF Poly (vinylidene fluoride)
PVP Poly(vinyl pyrrolidone)
RT Room temperature
SEI Solid electrolyte interphase
SEM Scanning electron microscope
SHE Standard hydrogen electrode
SIB Sodium-ion battery
TGA Thermogravimetric analysis
VvOC Open-circuit VVoltage
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction



1 Introduction

Fossil fuels such as coal, oil and gas are the most widely used energy resource worldwide.! Risks
related to resource depletion, environmental pollution and climate change have been constantly
increasing since the industrialization of modern society.? Moreover, the competition over the
limited traditional energy resources have constantly caused uneven development, economic
conflict and political unrest. With the changing lifestyles of an increasing global population, the
energy demand of human beings will double from 14 TW (2010) to 28 TW (2050), as shown in
Figure 1.1. This ever-growing energy demand and depleting fossil fuels have accelerated the
significant reform and concerted transition in energy sources.> Renewable and cleaner energy
alternatives such as wind, solar and wave energy start to play more and more important roles in
reducing environmental impacts by emitting significantly less pollutants (e.g. CO, CO2, ChHm, SOy,
NOx; heavy metals, ashes, etc.).*> Within the last decades, a significant expansion in renewable
energy resources has solved many urgent needs in electricity demands especially in developing

countries like India and China.®
v
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Figure 1.1 The energy demand worldwide based on TOE (tonnes of oil equivalent) from the past to the

future (Reprinted from ref.3, Copyright (2014), with permission from Springer Nature)
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Nature itself provides multifold and abundant energy powers. However, when harvesting energy
resources from nature, uncontrollable weather conditions and day-night time variations have a huge
impact on energy availability and converting efficiency. Thus, a large-scale energy storage system
(ESS) is critical for a highly efficient transmission in order to transfer these renewable energies
into the electrical grid, storing during surplus energy and outputting it when needed.’
Unfortunately, the storage grids only have the capacity to obtain around 1% of the energy
consumed worldwide.® Efficient, reliable, sustainable and low-cost energy storage devices and
systems are in high demand. Current energy storage technologies can be generally divided into five
types: mechanical, electrical, chemical, electrochemical and hydrogen storage.® Among all these
technologies, electrochemical energy storage possesses some desirable features, including
pollution-free operation, flexible power and energy characteristics, long cycle life and low

maintenance.’

The rechargeable battery system is considered to be a promising energy storage facility with high-
value opportunities. Representatives such as lithium-ion batteries show advantages among the
energy storage systems which allows for small size and lightweight applications. In nowadays daily
life, one can interact with lithium-ion batteries multiple times: starting with an electronic
toothbrush in the morning, riding an electric bicycle to work, working with a laptop and using a
cellphone through the whole day. Portable electronic devices have become such an important part
of our lives that one can get anxiety by being without one. Moreover, rechargeable lithium-ion
batteries have made electrical vehicles possible with the potential to decrease CO2 emission in a
long run. From large scale systems to portable small devices, the improvement of rechargeable

batteries is of great importance for sustainable technology development.



2 Background

2.1 Post-lithium-ion batteries

2.1.1 Lithium-ion batteries

The ongoing industrialization and technology development have led to a more and more energy
powered and electricity driven society. Facing the crisis from limited traditional energy sources
and unavoidable pollutions, humans are devoted to seek alternative energy sources. Since the debut
of commercialized lithium-ion batteries (LIBs) by Sony in 1991, LIBs has accelerated the growth
of portable devices, electrical vehicles and novel energy resources.® Lithium is the lightest metal
(6.94 u), offers a low standard reduction potential (-3.04 V), and is capable to deliver a significant
high energy density and a high working voltage up to 3.6 V compared to traditional lead or zinc

batteries.!t

e e .
S—— P s Discharge
(A :0:
Anode (-) — N/ — Charge Cathode (+)
° Charge
gy e
Li*
) ’X’
Current collect 1 3 . * nt collector
Copper = Baehdeie Li* Aluminum
isc =
® x
Li* ® e
Graphite Li* conducting Lithium cobalt oxide
Li,Cs electrolyte Li,.,Co0,

Figure 2.1 Schematic illustration of the charge-discharge process in lithium-ion cell consisting of lithium
insertion compounds as both anode and cathode of work. (Reprinted from ref.12, Copyright (2012), with

permission from John Wiley and Sons)
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The working principle of a typical rechargeable battery is based on a reversible redox-reaction
between a cathode material and an anode material. The structure of the LIB is illustrated in Figure
2.1 using lithium cobalt oxide (LiCo0O2) and graphite as example electrodes. The cathode material
and the anode material are spatially separated by a separator but externally connected through an
electrical circuit and ionic conductively connected via an electrolyte.*® Upon discharging (battery
delivering an electric current), the anode releases lithium ions to the cathode, generating a flow of
electrons externally from one side to the other. The charges released as free electrons accompanied
with the movement of lithium ions reach the poles through the current collectors. Reversely, upon
charging, the electrons and lithium ions are moving in the opposite directions, being extracted from
the cathode material and reinserted into the anode to store the electric energy in form of higher
energetic chemical bonds. Cathode materials and anode materials participate in an
oxidation/reduction (redox reaction) by releasing or receiving electrons. The reversible

electrochemical process is as follows:
Positive electrode (cathode): LiCoO2= LigxCo002+ X Li*+ xe,0<x<05 (2.1)
Negative electrode (anode): Ce +y Li* +ye = LiyCs, 0 <y <1 (2.2)

It is noteworthy to point out that the definitions of anode and cathode in rechargeable batteries are
different from the traditional terms in electrochemistry, which are based on the direction of current
flows. Hence, the anode is the negative electrode that releases electrons during discharge, while
the electrode that receives electrons during discharge is defined as cathode, i.e. the positive

electrode.

The electrode consists of a large majority of electrochemically active material, but also of a
polymer binder and a conductive additive. Separator, usually a porous membrane that is filled with
liquid electrolyte, is also a critical component of a battery especially for safety issues.'® The current
collector serves as a vital bridge in supporting the electrode, at the same time electrochemically

connecting the overall structure of anodes and cathodes with an external circuit.'*

The open-circuit voltage Vo in a battery cell is defined as the difference in the lithium chemical

potential between the cathode (pciy) and the anode (paci):

_ Hewiy—Ha(Li)
¥y = e beu 23)
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Where F is the Faraday constant. The redox energies of anode (Ea) and cathode (Ec) need to lie
within the band gap of the electrolyte (Eg), as shown in Figure 2.2, so that no unexpected reduction
or oxidation of the electrolyte will occur during the charge — discharge process. Different structures
and geometry of the electrodes will affect the thermodynamic transfer of Li* and electron, thus
determine the amount of energy involved in the whole cell. The enhancement in operating voltage

window is one of the appropriate approaches to increasing the cell energy.®®

E
A

LIJMO I,La(u) E
a

N

Cathode Anode
Electrolyte/separator

eVoe

E.

Figure 2.2 Schematic energy diagram of a lithium cell at open circuit. HOMO and LUMO refer to the
highest occupied molecular orbital and lowest unoccupied molecular orbital in the electrolyte.®

(Reprinted from ref.16, Copyright (2009), with permission from Springer Nature)

The electrochemical performance of such a cell is also characterized by a few important parameters
such as capacity, energy density, power density, and cycle life. The capacity of a battery defines
the total amount of charge that can be released during a complete discharge. In another expression,
capacity means the potentiality of the amount of electricity able to be released by a pre-charged
secondary battery. Cell capacity can be measured by gravimetric specific capacity (Ah/kg, mAh/g)
or volumetric specific capacity (Ah/I, mAh/cm?®). Energy density (Wh/kg) is the amount of energy
stored per unit mass or volume, which means that a lower amount of passive material such as
current collectors and battery housing results in a higher energy density under the same
circumstances. On the other hand, power density is measured in watts per kilogram (W/kg) from

the integral of the product of current and voltage over time per weight. A higher operating voltage
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will lead to a higher power density, as well as a higher energy density. Cycle life is an indicator of
how long the battery can operate and sometimes can only be improved on the cost of charging-
discharging rate and energy density. Overall, the electrochemical parameters of a rechargeable
battery will inevitably have to be compromised in real-life applications to deliver a reasonable

comprehensive performance.

However, the speed of the development of LIBs has been limited by several disadvantages.
Challenges in safety, lithium-dendrite formation, unstable long-term structure and poor low-
temperature performance have not yet been solved to satisfy the endless demand for better
performing batteries. The major challenges come not only from the lithium metal, but also from
the components such as intercalation material (cobalt, graphite) and combustible organic
electrolyte. Progress in pursuing longer operating time, longer life time, faster charging and lower
production cost are continuously being pushed forward. In 2020, research and development of LIBs
has reached a phase where an innovative leap is highly welcomed to satisfy the growing customer

and technology demands.

2.1.1 Post-lithium-ion batteries

Lithium will eventually reach its limit to meet the ever-growing demand in energy storage industry
with its uneven distribution on the earth and increasing production costs.}” During the last two
decades, researchers have explored new electrode materials to develop various battery systems and
increase economic efficiency of the rechargeable batteries. Alternative cell configurations
composed of the elements such as sodium (Na), magnesium (Mg), potassium (K), aluminum (Al)
and sulfur (S) are gaining attention due to their advantages over LIBs in terms of high abundance
and potentially lower cost.'® The concept of post-lithium-ion batteries (post-LI1Bs) has been brought
out to represent sustainable replacements of lithium-ion batteries. It is necessary to point out that
some scientists also define post-LIBs on the basis of distinct reactions, such as alloying and

conversion, which is beyond the traditional “intercalation” mechanisms.*®

Presently, the options of post-LIBs are in general consisting of different battery technologies: (1)
Sodium-ion batteries (SIBs): as an alkali metal sodium shares similar chemical properties with
lithium and hence a large portion of the knowledge that has been accumulated for LIBs can be
transferred to SIBs. Moreover, due to the low cost and natural abundance of Na precursors, Na-ion
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batteries are considered as a promising alternative to Li-ion technology. Another possible candidate
is the K-ion battery which also started to gain momentum in recent years;? (2) Multivalent-ions
such as Mg-, Al- and Ca-ions batteries: by storing more than one electron per ion, these batteries
can offer very high energy densities.?* The Mg anode is an outstanding candidate due to its high
volumetric capacity, abundance and safety.???® (3) Metal-Sulfur batteries: sulfur is one of the most
promising active materials with vast abundance and a higher energy density (1675 mAh g) than
LIBs; (4) Metal-air batteries: though having received attention since 1970s, metal-air batteries are

still at a situation far away from commercialization due to a poor reversibility.?4

Table 2.1 Comparison of physical properties of some metal elements as charge carriers for rechargeable

batteries.
Li Na K Mg Al
Relative atomic mass 6.94 22.99 39.10 24.30 26.95
Cation radius (A) 0.76 1.06 1.38 0.72 0.535
E0 (A™aq/ A) (V Vs. SHE) -3.04 271 -2.93 -2.38 -1.66
Cost (USD / kg) 81.4-85.6 2.57-3.43 12.1-13.6 2.32 1.79
Abundance (crust) (ppm) 17 23,000 15,000 29,000 82,000
Gravimetric capacity (mAh g ) 3861 1166 6852 2205 2980
Volumetric capacity (mAh cm) 2062 1128 609 3833 8046

Data collected from: ptable.com, chemicool.com, hyperphysics.phy-astr.gsu.edu and Wikipedia

As the replacement of lithium, several metals and their physical properties related to battery
applications are shown in Table 2.1. In spite of higher standard reduction potentials than Li, all
other metals have noticeable advantages in cost and abundance over lithium. Among the research
of last decade, Na-ion battery has received the most attention among all post-LIB candidates with
an abundance in crust of 23,000 ppm of sodium compared to 17 ppm of lithium. The battery
components, electrical storage mechanism, and intercalation chemistry of cathode materials of
SIBs are very similar to those of LIBs except for the ion carriers.” As for potassium, with a larger
radius, it requires a much higher structural stability of the electrode material for a fast K* ion

insertion and extraction compared to Na* ion. Besides, considering the higher chemical activity and
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softer physical property due to the weaker metallic bonds, it is harder to handle K metal than Na

metal in a battery assembly.

Another competitive next-generation battery system is the Mg battery, which started to receive
intense attention in recent years. The ionic radius of Mg?* is 0.86 A, similar to the 0.9 A of Li*.
However, multivalent metals have higher volumetric capacities (3833 mAh cm™ for Mg vs. 2205
mAh cm? for Li) than lithium metal. Moreover, the reduction potential of Mg?*/Mg (-2.4 V vs.
standard hydrogen electrode) is 0.72 V lower than that of AI¥*/Al, which is critical for a higher cell
voltage window even though Al has the highest volumetric capacity. Alternative charge-carriers,
new chemistries, novel materials, and nanotechnologies have broadened the definitions of post-
LIBs. However, great efforts are still to be undertaken in terms of establishing stable structures of
the active materials and controlled reactions at the electrode/electrolyte interface to tackle the
problems in inferior reversibility and performance stability.°

Since the main part of this thesis deals with sodium-ion batteries and magnesium-sulfur batteries,
a detailed introduction on the working principles and material options of these two battery systems

will be given in the following sections.

2.1.2 Sodium-ion batteries

Sodium-ion batteries (SIBs) were investigated at the same time as LIBs back in 1970s and 1980s.
With the great success of LIBs, the research work on SIBs was almost paused for three decades. In
recent years, SIBs started to regain people’s attention considering the risks in increasing production
cost of lithium due to the limited sources.?” Detailed studies have demonstrated that replacement
of lithium with sodium can lead to effective cost advantages.?® This saving results not only from
the metal substitution, but also from the possibility of using aluminum foils as both current
collectors. In LIBs, a copper current collector must be used for the anode side as lithium forms a
binary alloy with aluminum at a low potential, which does not apply for SIBs.?® Moreover, sharing
the same working principle and architectures as LIBs, SIBs have become the most widely

investigated batteries among all post-LIBs so far.

Despite the similarities in synthetic strategy, intercalation/alloying/conversion chemistry and cell
structures, two major differences have limited the applications of SIBs compared with LIBs: a

higher standard reduction potential of Na (0.3 V higher than Li) and a larger ionic radius (0.3 A
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larger than Li). The higher potential of Na metal along with the higher reactivity with organic
solvents made Na a less suitable candidate to be utilized as an anode material compared to Li.*
Satisfactory reversible intercalation hosts are required to provide the channels and sites for larger
Na* ion. Moreover, the host material needs to maintain a stable structure that can stand the volume

change for long cycle life and reasonable high rate capability.

1
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Figure 2.3 Operation voltage vs. specific capacities of SIB anode materials. (Reprinted from
ref.19, Copyright (2016), with permission from Springer Nature)

Possible anode candidates in SIBs are carbon-based materials, metal oxides (TiO2, Sb204 and
NiCo0204) and intermetallic anode materials (Sn-Sbh, Fe-Sb and Ni-Sn), as shown in Figure 2.3.
Carbonaceous materials have played a fundamental role as anode materials in both LIBs and SIBs
owing to their large abundance, low toxicity and acceptable price.3! Graphite, as a layered material,
which is the most commonly used anode material in commercial LIBs, cannot be applied to SIBs.
Graphite intercalation compounds (GICs) are unable to be formed between Na and carbon (C) due
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to a weakening ionic bonding with the decrease of ion size from Cs to Na in the alkali group. The
even smaller lithium ion behaves as an exception due to a negative formation energy from a
covalent component of Li-GICs.3? Up to date, hard carbon, as a non-graphitic, graphene-containing
structure, has received the most attentions and can deliver a reversible capacity of 210 — 335 mAh

g depending on the precusors.®?

Very different from the intercalation mechanism of Li* ions into graphite, Na ions interact with
carbonaceous material following a more complicated behavior. Taking hard carbon as an example,
the discharge profiles when using Na as counter electrode are shown in Figure 2.4. Dahn et al. have
first developed a detailed study of the Na storage mechanism in hard carbon.®* There are two
distinct steps including a first sloping region assigned to the insertion of Na* ions between the
graphene layers and a second low-potential plateau close to the metal potential which is related to
the adsorption of ions in the micropores.®® Carbon nanostructures such as carbon nanofibers have
also received tremendous attention due to a promising performance in flexibility, low cost, and
structural stability. Moreover, it is suggested that the unique structure of these one-dimensional
(1D) nanomaterials can offer short diffusion path for ionic and electron transport.

4

Insertion within the grabhene Iayers‘ Adsorption within the microporosity

First cycle
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Figure 2.4 Representative potential vs. capacity profile with step explanations for hard carbon against

sodium metal. (Reprinted from ref.34 under CC BY license, with permission from I0OPscience)
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Fruitful research has resulted in many options for cathode materials for SIBs. However, aspects
concerning limited cell voltage windows, low capacity at higher current rates and fast capacity
decay are still hindering the process of finding a suitable cathode structure for SIBs. In Table 2.2
some common cathode materials are listed as examples with their electrochemical performances in
sodium half cells. Layered materials can exhibit large specific capacities but insufficient structural
stability during long-term cycling.!® Among all the structures, metal-phosphate based, also named
as phosphate polyanion based electrodes, are believed to be very promising cathode materials. Such
polyanionic compounds are able to offer chemical and structural stability due to the stable P-O
covalent bond that is responsible for the stability against oxygen release.®” The use of low-cost
iron (Fe) also avoids environmental unfriendly heavy metals such as cobalt (Co) and toxic elements

such as vanadium (V).%

Table 2.2 Summary of some representatives as cathode material with their electrochemical performances

for SIBs.
Categories Materials Working voltage  Capacity Rate Retention

(Vvs.Na*/Na)  (mAhg?) (%, cycles)
Fluorides NaFeF3;% 15-45 170-181 0.01C -
NASICON NagV2(PO4)/C* 2.7-37 107 0.1C 93% after 80
Phosphates NaFePO,* 15-45 115 1C 91.3% after 800
Vanadium Oxides Bilayered V,0s5* 1.5-3.8 250 20mA gt 85% up to 350
Transition-Metal Oxides NaxCo00,* 20-35 75.2 0.08C 93.6% up to 90

NaNiy3CoysFe 302+ 20-42 165 0.05C 92%

Nag.4sMnO; Tunnel Nap.44MnO; nanowire*® 2.0-4.0 110 01Ag! 88% after 20

Among iron-based phosphate cathode materials, NaFePO4 offers the highest theoretical capacity
with up to 154 mAh g* and a decent working voltage up to 4.5 V vs Na*/Na.*®*” Olivine and
maricite structures are two crystal structures of NaFePOa, of which the olivine structure is not
thermodynamically stable and the maricite structure is inhibited from applications due to its
electrochemical inactive nature.*®-°° Detailed structural sketches of olivine-type and maricite-type
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NaFePQO4 are shown in Figure 2.5. The crystal structures of both olivine and maricite consist of
slightly distorted FeOs octahedra and POs tetrahedra.®® The major difference for these two
polymorphs is the FeOg connecting patterns, which is corner-sharing in olivine phase and edge-
sharing in maricite phase. A 1D Na* diffusion channel can be clearly seen along the b-axis in the
olivine phase whereas in maricite NaFePO4 it shows no cationic channels for Na® movement.
However, olivine NaFePO4 have to be accessed via chemical or electrochemical displacement
methods from olivine LiFePO. which is neither easy nor effective.*

a Possible sodium-ion diffusion pathway

t’ y Olivine t’ y Maricite

Figure 2.5 Schematic illustrations for Na diffusive mechanism. (a) Possible sodium-ion diffusive

pathways and atomistic structure for amorphous NaFePOu; Structural sketching diagrams of (b) olivine-
type NaFePO, and (c) maricite-type NaFePO, (Reprinted from ref.41, Copyright (2020), with permission

from Elsevier)

LiFePO4 was also once believed incapable of performing as a cathode material due to its low
electrical conductivity until approaches of particle size reduction and conductive material coating
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were utilized for its commercialization.>* Consequently, efforts in improving maricite NaFePO4’s
electrochemical performance such as downsizing and carbon addition have been undertaken to
improve specific capacities of maricite NaFePO..*1>? A successful attempt has been made with a
voltage window of 1.5 — 4.5 V, a good high-rate performance and a long cycle retention over 90%
after 800 cycles as listed in Table 2.2.4* It was confirmed in most studies that maricite NaFePO4
was transformed into an amorphous phase including FePO4 and NaxFePO4 upon charging to over
4.5 V.37'52’53

2.1.3 Magnesium-sulfur batteries

Because of the abundant reserve of multivalent elements (e.g. Mg, Al, and Ca) and their suppressed
dendrite growth, the corresponding multivalent batteries are thought to be potential candidates as
post-lithium energy storage solutions.?* Unfortunately, the higher charge density of Mg?* (120 C
mm=3vs. 52 C mm= for Li*) is accompanied by sluggish kinetics of Mg?* solid-state diffusion or
irreversible cation trapping in many crystal structures.> Oxide materials could provide the required
energy densities, but Mg?* cannot be intercalated into oxide materials as they tend to undergo

conversion reactions, resulting in the formation of MgO.%>:%¢

Alternatively, elemental sulfur is cost-effective and attractive as a positive electrode material due
to its high capacity of 1670 mAh g*.>” A high theoretical energy density (nearly 2600 Wh kg™)
combined with a lithium anode has drawn wide attentions for lithium-sulfur (Li-S) batteries.
However, lithium erosion, volume expansion and safety issues from lithium dendrite growth have
limited the performance of Li-S batteries.®® Magnesium generally does not plate in a dendrite
manner; thus, the replacement of Mg, which can behave as a more suitable metallic anode than Li,
has gained substantial interest. Magnesium-Sulfur (Mg-S) batteries, offering a theoretical energy
density of over 3200 Wh L only experience a volume expansion of 24%, while in Li-S batteries

the active material expands by 72% when Li,S is formed.>®

A schematic illustration of the working mechanism of Mg-S batteries is shown in Figure 2.6, where
the cell is constituted by Mg as anode, S as cathode, separator and organic electrolyte. Electrons
are released via the oxidization of Mg to Mg?" and received by the reduction of sulfur into

polysulfide (Mg-PSs) with various chain lengths. Stepwise, elemental sulfur on the cathode side is
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first converted to long-chain polysulfides (MgSg), then cleaved into lower-order polysulfides

(MgS4) and in the end transformed to MgS followed by a solid-state transition illustrated as:

Sg — MgSg (MgSs) — MgSs — MgS> — MgS

2e’ 2e
'V
MgZ+ @ Mg2+
-
(]
]
‘@
®
@ o - o
L] ® ¢ ®
L]
@ P
@
Mg Separator S Cathode

Figure 2.6 Schematic illustration of Mg-S batteries working mechanism.

These steps can be described as:

Sg+ 4e + 2Mg?" — 2MgS4

(2.4)
MgSs + 2e + Mg?" — 2MgS>

(2.5)
MgS: + 2e” + Mg?* — 2MgS

(2.6)

With an anodic reaction:
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Mg — Mg?* + 2¢”
(2.7)

Despite the advantages of Mg-S batteries, similar to Li-S batteries, the major challenge is to
efficiently tackle the notorious “polysulfide shuttle effect”. Specifically, long-chain polysulfides
(Sn?, n = 4 - 8), the first reduction products from sulfur (Ss), can easily dissolve in the liquid
electrolyte and diffuse to the anode resulting in serious anode passivation problems and hence a
very fast capacity decay.®®®* Mitigating this shuttling effect of polysulfides in Mg-S batteries is
considered to be imperative to enhance the reversible discharge capacity and cycling stability.®?
Efforts in solving this problem by designing hierarchical sulfur hosts®3®, developing new
electrolytes and/or additives %67 as well as investigating anode/electrolyte interfaces®® have
been reported. Another important route to suppress polysulfide-shuttling is the modification of

separators, which has received less attention so far.5%7°

2.2 Electrospinning technology

Nanotechnology is offering new structures, different perspectives and novel breakthroughs in the
field of energy storage technologies. One-dimensional nanostructures such as nanofibers and their
composites have been broadly studied as anode materials, cathode materials, separators and even
solid electrolytes in rechargeable batteries. Among all the methods of nanofiber fabrication
methods, electrospinning, as a simple, versatile, controllable and cost-efficient technique, has been
widely investigated to produce designed architectures in lithium-ion batteries and post-lithium-ion
batteries.

2.2.1 Electrospinning principle

The basic principles of electrospinning are based on the uniaxial elongation of a viscous polymer
solution under an electrostatic repulsive force.” In general, an electrospinning equipment consists
of three parts (Figure 2.7): (1) a plastic syringe filled with electrospinning solution with a stainless
needle; (2) a high voltage power supply; (3) a grounded collector.”> The polymer solution is
pumped to the surface of the needle edge shaping a pendant droplet at a constant rate, and the
collector is placed at an adjusted distance away from the droplet. During electrospinning, a high

electric field is applied in between the tip of the needle and the collector, charging the surface of
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the polymer solution. When the electrostatic forces are significant to overcome the surface tension
and viscosity of the fluid, a liquid jet will travel in the track of the collector. At this time, the
charged droplet forms into a so called “Taylor cone” and its shape is influenced by the applied
voltage as shown in Figure 2.7. Solvent evaporates on the way travelling to the collector leaving
solid (as-spun) fibers depositing on the collector. A variety of parameters can be tuned to make an
effect on the fibers development which made electrospinning a flexible and controllable method,
see in section 2.2.2.

Solution

Polymer
solution

High Voltage
power supply

_— Electrospinning jet
i Taylor cone

Pendant
drop

Induced charges
.- from electric field

Collector e Jelinitiation

Figure 2.7 Illustration of electrospinning device” (left) and the different tip forms used for
electrospinning solution’™ (right). (Reprinted with permission from ref. 73 and 74, Copyright (2006)
I0Pscience and (2010) Elsevier)

2.2.2  Electrospinning of nanofibers

Nanofibers can appear in different macroscopic forms via electrospinning: random fibers, aligned
fibers, core/shell fibers and composite fibers shown in Figure 2.8. Technically, the easiest
fabricated fiber is a random fiber mesh by using a single nozzle of injecting needle and a flat metal
plate or graphite paper collector.”t New set-ups such as rotating collector with high speed are
required for aligned fibers and a unique co-axial nozzle has to be utilized to synthesize core/shell
fibers. The type of composite fibers can be formed mostly on the basis of random fibers with
additives generated from a composite electrospun solution, to introduce certain functionalities in

different research fields.
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The properties and the micro-structures of as-spun fibers depend on (a) solution properties such as
polymer molecular weight (M), viscosity, solution conductivity and compositions; (b) operating
parameters such as applied voltage, solution feed rate, spinning distance, environment temperature
and humidity.” The values and significance of some important factors such as viscosity, surface

tension, applied voltage and feeding rate are discussed in detail as follows.

Figure 2.8 Scanning electron microscopy images of different types of fibers: (a) random fibers’, (b)
aligned fibers’, (c) core/shell fibers™, and (d) composite fibers™. (Reprinted with permission from ref. 76-
79, Copyright (2013) WILLEY-VCH, (2003) American Chemical Society, (2013) Elsevier B.V., and
(2016) Elsevier B.V.)

Q) Viscosity

Viscosity, 7, of the precursor solution is among the most important factors in bead formation
and diameter of the fibers. For a linear polymer, the Mark-Houwink-Sakurada equation can be

written as:
n = kiM? (2.8)

where the constants “k1” and “a” relay on the polymer, solvent and temperature. Also, viscosity

can also influence fiber diameter ds:
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dr = kon" (2.9)
where k2 is a constant and n depends on the type of polymer precursor.
(i) Surface tension

The surface tension of the electrospun solution should be kept low to diminish the required

applied voltage. Typically, soft and smooth fibers are formed at low surface tension.
(iii))  Applied voltage

The applied voltage will directly affect the form of charged polymer solutions. A higher voltage

will pull the solution tip into a more threadlike shape and thus decrease the fiber diameters.
(iv)  Feeding rate

The feeding rate of precursor solution directly determines the electrospinning efficiency. The
flow rate needs to be taken into account when choosing the applied voltage and together they
affect the fiber diameters.

(V) Humidity

Humidity can affect both the processability and morphology of fibers. In general, the humidity
should be kept low to avoid possible reactions between highly hygroscopic polymers and

moisture.

2.2.3  Electrospinning of carbon nanofibers

The ultimate structure and composition of nanofibers is powerfully reliant on precursors, in most
of the cases polymers are solubilized in a solvent. The precursors can be classified into two
categories, which are host precursor acting as a framework and guest precursor offering void space.
Some commonly used precursors are poly(vinyl pyrrolidone) (PVP), polystyrene (PS), poly-
(methyl methacrylate) (PMMA), polyacrylonitrile (PAN), poly(vinyl acetate) (PVAC),
poly(ethylene oxide) (PEO), and poly(vinylidene fluoride) (PVdF), dissolved in one or more than
one solvent.3® The polymeric fibers then will undergo post treatments such as high temperature
treatments and chemical activations depending on the targeted structures and function of the

nanofibers.
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Carbon nanofibers (CNFs) have received a vast interest in the applications in energy storage
devices thanks to its high electrical conductivity. Two main methods can be applied for the
production of carbon fibers with a submicron or nanometer dimension: vapor growth and
spinning.®® In the approach of vapor phase growth, graphitic carbon nanofibers are grown from
carbon-containing gases by using metallic catalysts.®-®2 However, this method requires expensive
equipment and the CNFs are relatively short and difficult to be aligned or assembled.
Electrospinning, on the contrary, provides a straightforward method to produce CNFs at
submicrometer (usually 100 — 1000 nm) scale with a controllable and scalable manner which has

gained an enormous interest in the past decade.®®

Polyacrylonitrile (PAN) is one of the most common polymer precursors for constructing
electrospun CNFs with a high carbon yield of 50%. Moreover, PAN fibers are thermally stable due
to the nitrile groups forming a ladder structure with adjacent groups (Figure 2.9). A subsequent
two-step thermal treatment is required to convert the polymeric fibers into CNFs. First, a
stabilization step needs to be performed at low temperature (below 400 °C) in air, during which the
cyano side groups of PAN form cyclic rings by a dehydrogenation process.* In the second step,
high temperature carbonization under inert gas will be performed to obtain the final CNFs product.
The carbonization temperature can be adjusted to control the carbon structures and hence the

mechanical and electrochemical properties of carbon nanofibers.
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Figure 2.9 Proposed ladder structure of PAN.
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Unlike the conventional CNF production methods, single CNFs from electrospun PAN can exhibit
weak mechanical strengths. PAN polymer chains will relax when deposited on the collector and
start to lose their initiald orientation after some time. The loss of macromolecular orientation in the
final electrospun PAN may lead to some structural imperfections and inferior mechanical
properties pf the final CNFs.838 However, the microstructures of CNFs such as porous structures

can be tuned by modifying the precursor solutions and electrospinning paramters.2® Additionally,
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composite nanofibers consisting of CNFs and other functional materials have been fabricated and
studied via electrospinnig by introducing functional material’s precursors into the electrospinning
solutions or directly combining the materials into the electrospun CNFs. In the following section,
applications of electrospun nanofibers, carbon nanofibers and their composite materials for post-

LIBs will be introduced.

2.3 Applications of electrospinning in post-lithium-ion batteries

The method of electrospinning can be utilized in a wide range of components for energy storage
applications such as electrode materials, separators and solid electrolytes. A variety of material
options are offered via electrospinning based on the varieties in precursors and the following
processing. Target materials explored by electrospinning can be divided into the following
categories: (1) nanoparticles synthesis; (2) nanofibers synthesis; (3) composite material synthesis
and (4) modifications such as coating and doping. Challenges in post-LIBs concerning poor cycle
stability caused by factors such as unstable electrode structures for bigger ions insertion/deinsertion,
volume change, shuttle effect in sulfur batteries are yet to be solved. Therefore, electrospinning
can provide new nanomaterials options and possible modifications, hence introduce appealing

enhancement for post-LIBs performance.
2.3.1 Applications in anode materials for SIBs

Among the alternatives for graphite as anode material for SIBs, many options can be prepared by
electrospinning into the forms of nanostructures. First, for nanoparticles synthesis, starting
materials are dissolved in a polymer solution (aqueous or organic solvent) and the crystalline
nanoparticles are synthesized during subsequent calcination along with the decomposition of the
polymer.88 Second, carbon nanofibers have been widely applied as anode materials itself or as
conductive substrates to further improve the electrochemical performance of active materials. In
many cases either PVP or PAN is used as precursor to generate CNFs serving as both supporting
skeleton and electrically conductive matrix.®”® PVP is often used in metal oxides/carbon
composites for neat metal oxides with a low carbon yield of 15% while PAN is more favored in
CNFs fabrications and the CNFs hybrid materials where a high carbon yield is needed. A
representative synthesis route of carbon nanofibers modified anode material is shown in Figure

2.10 by Xiong et al. where nanosized TiO> is embedded in the conductive CNFs. An improved
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long cycle performance with nearly 100% capacity retention over 1000 cycles was achieved with

a high redox capacity of 302 mAh g* at a high current of 2 A g1.%
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Figure 2.10 Schematic synthesis route for the TiO./C nanofibers (Reprinted with permission from ref. 89,
Copyright (2016) American Chemical Society)

Some other options of electrospun anode materials for SIBs are listed in Table 2.3.%° In most of the
cases, carbon is added to increase electrical conductivity and buffer the volume expansion.
Moreover, carbon nanofibers can offer a shorter diffusion pathway relative to the powder materials
and a larger number of ion sites. In spite of the significant research of carbon nanofiber-based
anodes, the mechanism of sodiation and desodiation in CNFs still remains a complex subject. A
high surface area can facilitate a faster ion diffusion but also lead to more side reactions. A careful
analysis of the CNFs structure and its effect on the mechanism in sodium ion storage is worth being

investigated.

Besides the flexibility in material preparations, there are some other advantages that can be used
by electrospinning compared to a conventional slurry electrode. Binder-free and self-standing are
two common concepts where the usage of passive materials such as binder and collectors can be
excluded which can increase the overall cell energy density and might reduce the cost. In a
traditional battery assembly, binders, mostly PVdF, are used to fix the conductive agent and the

active materials on the current collector by a coating method.®>°2 However, in the cases of some
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Table 2.3 Examples of various electrospun anode materials for SIBs application.
Materials Precursor Process SIB Performance
Hard Carbon® PVC/THF, DMF (3.5 : 6.5) 700 °Cin Ar 2LLmAN g after 221

N — doped CNFs%

F6203@C95

Free-standing Porous
CNFs®

Bi/C nanofibers®”

SnSh@C®’

LisTisO1.@C®®

TiO.@C*

Urea/PAN/DMF

Fe(NO3); - 9H,0 DMF/PAN

PAN, triblock copolymer
Pluronic F127/DMF

BiCly/Bi(NO3)s/DMF/PAN

SnO; NPS, szOs
NPs/PMMA, PAN/DMF

Li(aC)z . Hzo,
TiO(acac)./PVPV/EtOH

Ti (OC4Ho)4/PVP/C2Hs0H
and CH3;COOH (10:1 by wt)

250 °C -2 hiin air
700°C-3hinN;

260 °C—2hinAr
290 °C -2 hin Ar/H;

280 °C -3 hinair
1000 °C in Ar

350°C—-2hinAr
650 °C -3 hin Ar/H>

280 °C —-5.5hinair
700 °C — 3 hin air

400 °C—-2hinAr
800°C—-5hinAr

280 °C —-5.5hin air
450, 550, 650 and 750 °C

cycles at 12 mA g*

201.5 mAh g after 1000
cycles at 50 mA g*

345 mAh g* after 1000
cycles at 2000 mA g*

266 mAh g* after 100
cycles at 50 mA g*

273.2 mAh gt after 500
cycles at 100 mA ¢!

356 mAh g* after 200
cycles at 500 mA g'*

163 mAh g after 100
cycles at 35 mA g*

68.2% ICE after 100
cycles at 30 mA g

novel materials for post-LIBs, the weak interfacial interaction between binders and active material

can result in particle self-aggregation and even separation from current collector.}?® Binder-free

electrodes, facilitated by the network within electrospun carbon nanofibers, show potentials in the

improved ionic and electronic transportation, cycling performance and energy density. Instead of

conventional aluminum and copper foils, carbon material such as carbon paper and carbon fiber

mats were also investigated as current collectors with superb electronic conductivities. 02192 Self-

standing (also named as free-standing) electrodes based on electrospun CNFs are expected to bring

more flexibilities in both manufacturing and cost savings.0%1%
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2.3.2 Applications in cathode materials for SIBs

Unsatisfied performances in cathode materials concerning practical capacity, cycle stability and
rate capability have limited the real-time applications of SIBs. The main reason lies in the sluggish
electrode Kinetics due to the large radius of Na* ion.!%* Therefore, modification and optimization
of cathode materials are essential for achieving high-performance SIBs. For example, in
NASCION-type cathode material, the poor electronic conductivity of phosphates makes it difficult
to achieve a high capacity close to their theoretical values.® Efficient strategies to overcome these
shortcomings are mainly focused on designing nanomaterials or/and providing conductive coatings.
Electrospinning, as introduced above, is able to realize nanostructures fabrication with carbon
additives. Many studies have been reported with the help of electrospinning to tune cathode active

materials in different morphologies and introduce carbon coatings and thus enhance the overall
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Figure 2.11 Morphology and cycle performance of NasV2(PO3)/C nanofiber cathode material. (Reprinted with
permission from ref. 108, Copyright (2015) Elsevier)

electrochemical performance.’®1% Wu and co-workers synthesized NaszV2(POs) nanoparticles
anchored on and encapsulated in carbon-based nanofibers via electrospinning.'®® As presented in
Figure 2.11, the nanoparticles are embedded among the nanofiber structures. The composite

cathode showed a reversible capacity of 107.2 mAh g after 125 cycles at a current density of 0.2C.
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We can see the interconnected structure of nanofibers from the SEM image, which was proposed

to facilitate the diffusion of Na* ions and thus increase the overall electrical conductivity.
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Figure 2.12 Schematic synthesis route of the maricite NaFePO,4 nanodots in N-doped carbon nanofibers
(NaFePO,@C) (Reprinted with permission from ref. 53, Copyright (2018) John Wiley and Sons)

Some representative cathode composite materials prepared by electrospinning are shown in Table
2.4 listed with a variety of precursors and heating processes. Maricite NaFePO4 has been mentioned
to have a lack of Na*-ion pathways due to a “closed” framework.*” Fan’s group has utilized
electrospinning for nanoparticle synthesis realizing an embedding of NaFePO4 nanodots (=1.6 nm)
in N-doped carbon fibers to obtain a high reversible capacity of 145 mAh g at 0.2C with a
schematic synthesis route shown in Figure 2.12.%® In most of the reported work, water was used as
solvent in the cathode synthesis where the majority of inorganic salts can be dissolved in. The
choice of solvent leads to a more often utilization of PVVP as polymer matrix than PAN, which can
only be dissolved in a limited number of solvents such as DMF. CNFs have been demonstrated to
be good conductive additives and improve the electronic conductivity and sodium-storage
performance.881% A direct carbon coating from PAN precursor can also offer promising chances
for material modifications. % Bachtin et al. prepared LiFePOs/carbon composite with an improved
overall electrical conductivity and cycle stability via a direct electrospinning from the hybrid
solution of LiFePO4 and polyacrylonitrile (PAN) resulting in a carbon decorated LiFePO4 after
carbonization of PAN.®
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Table 2.4 Examples of various electrospun cathode materials for SIBs application.

SIB
Materials Precursor Content Process
Performance
o 107.2 mAh g*
NazV2(POs3)/C NaH2PO4, NHsVO3 and citric carbon 300 °C 3h
] . ] after 125 cycles
nanofiber'® acid, PVP/water 9.13 wt% 800 °C 8h in Ar
at0.2C
NasV2(POs)/C NaH.PO., NH4V O3 and citric carbon 500 °C and 101 mAh g* at
nanofiber® acid, PEO/water 18 wt% 800 °C in Ar 0.1C
] ] ] ] 166 mAh g*
Nazss(Fe12Mny2)O2 sodium acetate, iron nitrate, ) Stepwise up to
. Not available o after 80 cycles
nanofibers! manganese acetate, DMF/PVP 900 °C 2 hiin air
at0.1C
NaVPO4F/C NHsVO3, H2C204, NH4H2PO4, carbon 400 °C 2 hand 126.3 mAh g!
nanofibers!! NaF, PVP/water 258 -6.07wWt% 750°C4hinAr at1C
. o 140 mAh g for
Maricite NaFePO4 NaH2POy, citric acid, NaFePO4 300°C2h
. 300 cycles at 20
nanodots®® Fe(NOs)s 9H.0, PVP/water 70.2 wt% 600 °C 3 hin N; Agl
mA g

2.3.3 Applications in modified separators for Mg-S batteries

Among the battery components, the separator plays an important role in safety and long-term
performance though it does not directly participate in battery reactions. Improvements of thermal
stability, mechanical property and porosity for higher ion transportation efficiency are still needed
to fulfill the higher standards of battery performance and to adapt to more diverse materials for
post-LIBs. Electrospun separators can be divided into five major types: monolayer separator,
multilayer separator, composite separator, modified separator and gel polymer electrolyte
(separator).12 Polymer electrospun membranes can be directly used as separators such as PVdF,
PAN and polyimide (P1) in the form of nanofibers. Besides, it is noteworthy to mention that
modified separators can also lead to improved properties such as suppressing polysulfide-shuttling

in Li-S and Mg-S batteries and hence improve cell performance.®® "

The criteria for an ideal separator for sulfur batteries does not only depend on an outstanding ionic
conductivity but also the function to block “shuttle effect” of polysulfide.!*® Electrospinning can

be applied in separator preparations for metal sulfur batteries in multiple folds: polymer separators
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with functional groups, doped-separator with additives, and an interlayer between cathode and
separator as an extra shield for polysulfide. As mentioned, the shuttle effect from dissolved
polysulfide is one of the biggest obstacles in the development of metal sulfur batteries. To suppress
this shuttle effect, functionalized separators can act in either one or more of the following modes:
1) physically or chemically anchoring polysulfides;'*4%6 2) electrostatic repulsion of
polysulfides;!"-11° 3) adding up to the upper current collector and thus increasing the utilization of
sulfur species.'?%122 For example, Zhou et al. have developed a “polysulfide-phobic” separator in
Li-S battery by immobilization of two-dimensional VOPO4 sheets onto a PP membrane through
suction filtration. The cell implementing such a VOPOg4 layer showed a high reversible capacity of
840 mAh g after 300 cycles with capacity retention of 75.3%, while a battery with pristine PP
separator in comparison, maintained only a capacity of 310 mAh g* after 300 cycles with capacity
retention of merely 28.1%. The enhanced battery performance was attributed to the vanadium-rich

layer that formed intramolecular V-S interaction to efficiently block the shuttling of polysulfides.

It is worth to mention that a vanadium-rich functional separator based on polyoxovanadates (i.e.
highly redox-active vanadium-based polyoxometalates) has also shown potentials in alleviating of
polysulfide-shuttling.'?® Polyoxometalates (POMs) are based upon metal oxide building blocks
with a general formula [MOx],, where M=Mo, W, V and x=4~7. Precisely, POMs are one family
of redox-active molecular metal oxides with vast structural, chemical and redox tunability, which
have shown promising performances in lithium-ion batteries.'?*'?" Heteropolyanions, the most
frequently investigated subset of POMs, are metal oxide clusters including heteroanions such as
S04% and PO4> 128128 The breakthrough “Molecular Cluster Battery” hypothesis of POMs was
proposed by Awaga et al.,*?***° and the following developments of POMs as lithium-ion battery
materials are mainly based on heteropolyanions, including the archetypal Keggin [XM12040]™
181132 and Wells-Dawson [X2M1s0e2]™ 313 anions (where M=W or Mo, X is a tetrahedral
template). Whereas decavanadate [V1002g]™, a typical type of isopolyanions (POM subset without
internal heteroatom/heteroanion), is regarded to possess high theoretical specific capacity, owing
to low atomic weight in contrast to traditional Mo-based (95.95 g mol™) and W-based (183.84 g
mol?) isopolyanions. A reversible transfer of 10 electrons by a single [V1002s]™ molecule,
accompanied by reduction of all ten \V°* centers to V**, gives a theoretical capacity of over 200
mAh g1.1% The research of using POM in enhancing the performance of Metal-Sulfur batteries is

still at an infant phase.
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3 Scope and objectives

In this work, the applications of electrospinning in post-lithium-ion batteries are to be developed
in three different aspects: anode material for sodium-ion batteries, cathode material for sodium-ion
batteries and modified separator for magnesium-sulfur batteries. The main scope is focused on
electrode materials and modified separators prepared mainly via electrospinnng, and their

electrochemical performance and fundamental mechanisms.

(1) Studying the mechanism of self-standing carbon nanofibers as anode material for SIBs:

Carbon nanofibers and their composites have been widely researched as anode material in lithium-
ion batteries and sodium-ion batteries. Unlike hard carbon, which usually has to undergo high
temperature (over 1000 °C) treatment, CNFs carbonized at lower temperatures can also offer Na*
intercalation sites and thus function as anode materials for SIBs. With a more amorphous phase
and disordered structure compared to hard carbon, CNFs may interact with Na* ions following a
very different mechanism. Self-standing CNFs were synthesized via electrospinning from PAN /
N,N-dimethylformamid (DMF) without additional collectors and binders. Effects of carbonization
temperatures in low range (under 1000 °C) on electrochemical performance are investigated. A
detailed study on morphology and structural changes of such self-standing CNFs and its

electrochemical performances during cycling was carried out.

(2) Self-standing NaFePOy4 / carbon nanofiber cathode for SIBs:

Self-standing composite cathode materials can be realized in a network of carbon nanofibers via
fabrication from the electrospinning. NaFePOs, as a promising cathode for SIBs, its two different
structures and the corresponding limitations have been introduced. To solve the issues like
insufficient diffusion channels for Na* ions in maricite structure, efforts with carbon coatings and
downsizing to nanostructures have proven successful. Aided by electrospinning, a new composite
electrode material from maricite NaFePO4 and CNFs was prepared. In this way, not only improved
electrical conductivity will be introduced, the CNFs can also function as the current collector
realizing a self-standing and collector-free electrode material with potentials to be utilized in
flexible, soft and wearable batteries. Herein, | synthesize self-standing NaFePOs / carbon
nanofibers (NaFePO4/CNF) electrodes via electrospinning of ball-milled NaFePO4 and PAN /
DMF solution. A comprehensive investigation of the electrode morphology, structure, and
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electrochemical performance before and after cycling is conducted. The study of such a composite
electrode material will enlighten the knowledge on: (a) Na* ion transfer mechanism in carbon
containing cathode material, (b) the capacitive contribution of carbon content and nanomaterials in
SIBs, and (c) potentials of such self-standing, collector-free, binder-free electrodes in the field of

energy storage systems.

(3) Polyoxometalate/carbon-based modified separator for Mg-S batteries:

Modified separators using electrospun material coating layers have proven effective to
substantially moderate the “shuttle effect” of polysulfide species in metal sulfur batteries.!'? In this
part of work, a “polysulfide-phobic” coating was prepared by electrospinning a mixed solution of
decavanadate clusters (POM), Super P carbon and PVdF on a commercial glass fiber separator.
Mg-S cells are assembled with the modified separator and the electrochemical performances are
compared to the ones using pristine separators. Battery setups are assembled with Ketjen black / S
composite as cathode, neat Mg[B(hifp)s]. (CI" free, no-additive-containing) dissolved in DME as
electrolyte (0.3 M) as well as pure Mg foil as anode. For this, the functionality of the modified
separator to block polysulfides is expected to be more reliable with less inactive components. In
addition, in order to investigate the mechanism of polysulfide-shuttling suppression, the as-
fabricated POM-based separator is immersed in synthesized magnesium polysulfide solution. X-
ray photoelectron spectroscopy (XPS) is conducted to detect the interaction between polysulfide

species and decavanadate clusters.
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4 Mechanisms of carbon nanofibers as anode materials for SIBs

4.1 Experimental part

4.1.1 Material preparation

Polyacrylonitrile (PAN) (Mw=150,000, Aldrich) powder was first dried in a drying oven at 80 °C
for 12 hours before being dissolved in N,N-dimethylformamide (DMF) (99.9% GPR Rectapur,
VWR Chemicals) solvent. The polymer was dispersed in DMF in a 20 mL glass vial and got
dissolved gradually under strong stirring on a magnetic stirrer with a weight percentage of 10 wt%
for 24 hours. A homogeneous and viscous polymer solution was obtained and then loaded into a 1
mL syringe attached to an assembled injecting needle with an inner diameter of 0.8 mm. Normally,
about 1.1 — 1.2 mL solution was added to allow a practical 1 mL spinning amount with filling the
gap in the needle attachment. The syringe was set in an ultrasonic cleaner for 10 minutes to get rid
of possible existing bubbles. A climate-controlled electrospinning apparatus (EC-CLI, IME
Technologies) was utilized, where the temperature and humidity can be fixed to provide a stable
environment for fiber formation. The electrospinning temperature was set to 25 °C and the relative
air humidity (H20) to 20%. The needle tip was placed 15 cm away from collector, which was
covered by a sheet of smooth and clean aluminum foil. A high voltage of 13 kV was first applied
to form a steady tailor cone and gradually was increased to 16.5 kV keeping a steady polymer
solution shape at the tip of the needle. Electrospun solution was pumped with a flowing rate of 0.5
mL/h using an electrical pump (11 Elite, Harvard Apparatus). A total 2 mL solution was spun onto
one fiber mat and then two fiber mats were attached on the surface of each other. The combined
fiber mats were then placed in between two pieces of smooth glass plates after drying at 80 °C for
6 hours. The glass plates can keep the dimensional stability of the fiber mats during the following

heating treatment processes.

The first step of heating treatment was a stabilization procedure where the glass plates with the
fiber mats in between were placed in a calcination furnace in air. Heating program was set with
segments: 2 hours at 180 °C with a heating rate of 120 °C/h from room temperature, 12 hours at
240 °C with 60 °C/h, and 4 hours at 280 °C with 120 °C/h. The stabilized fiber mats were then

punched into round shape with a diameter of 12 mm. The second heating process was carbonization
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carried out in a horizontal furnace under the atmosphere of argon at a flow rate of 0.55 Is/min. The
stabilized electrodes were placed in between ceramic plates with carbon mats on top serving as
surface protections. The carbonization was performed at different temperatures of 600 °C, 800 °C,
and 1000 °C for 3 hours with a heating rate of 5 °C/min. Samples obtained were named as
CNF_600, CNF_800, and CNF_1000.

Details on electrospinning equipment, syringe setup, and operating procedures have been

introduced in the reference.3¢

4.1.2 Material characterization

SEM

The morphology of all the samples was observed with a Merlin thermal field emission scanning
electron microscope (FE- SEM) (Carl Zeiss SMT AG). Carbon tapes were used as substrates. Self-
standing CNF anodes were directly attached on the carbon tape without any coating. Cycled
samples were obtained after cell disassembly, thoroughly washed with DMC, and then dried under
vacuum at 65 °C in a glovebox for at least 2 hours prior to the test. A vacuum transport tube was

used for transferring the cycled ex situ samples.
Raman Spectroscopy

Raman measurements were performed on a LabRam Evolution HR instrument (HORIBA Jobin
Yvon) applying a 532 nm wavelength laser. Each spectrum was taken as the average of three 10-
second accumulations. The peaks were fitted with the Labspec 6 Spectroscopy Suite Software
following a Gauss-Lorentz function. In situ Raman was carried out on the same instrument utilizing
a coin cell with glass window. The cell was being discharged at a current density of 5 mA g* and
charged at a current density of 10 mA g. Spectra were taken every 10 minutes with an autofocus
function at the beginning of each measurement. The baseline of each spectrum was subtracted and

the intensities were normalized to a maximum value of 100.
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4.1.3 Electrochemical performance

The self-standing CNF anodes were dried under 65 °C for 8 hours prior to use. Coin cells (CR2032)
were assembled with sodium metal as the counter/reference electrode, glass fiber (Whatman,
GF/D), (Y = 17 mm) as the separator and 0.8M NaClO4 in EC:DEC 1:1 w:w as electrolyte. The
electrospun fiber mats were punched into the right size (& = 12 mm) after stabilization and before
carbonization. The self-standing electrodes were directly assembled in the coin cells without any
additional current collector. Galvanostatic cycling with potential limitations, cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were carried out on a multichannel
potentiastat (VMP3, Bio-Logic). The voltage ranges of galvanostatic cycling and CV tests are 0.01
V - 2.0 V vs. Na*/Na. EIS tests were carried out at charged state (2.0 V) and discharged state (0.01
V) with an alternating current signal of a 5 mv amplitude ranging from 1MHz and 0.01Hz. The
calculation of the specific capacity of CNF electrodes is based on the mass of carbon determined
from C/H/N/S analysis. CVs were carried out under different scan rates: 0.1, 0.25, 0.5, 1, 2.5, 5,
10, 25, 50, and 100 mV s1. Galvanostatic cyclings were done with a current density of 100 mA g
! Rate capabilities were carried out at current densities of 50, 100, 200, 500 mA g?, 1 A g and
again at 50 mA gL,

4.2 Results and discussions

4.2.1 Morphology and structure

Self-standing carbon nanofiber electrodes were prepared following the route introduced in 4.1.1,
illustrated in Figure 4.1a. A white polymeric fiber mat was collected after spinning a total amount
of 2 mL solution. After drying the fiber mats in the oven at 80 °C for 6 hours, they underwent
heating treatments including stabilization and carbonization. During the stabilization process, the
fiber mats not only turned brown as shown in Figure 4.1b, but also ended up with a higher
mechanical stability which helps to sustain the fiber structure through the next higher temperature
treatment. The stabilized fiber mats were then punched into discs with a diameter of 12 mm. All
carbonized fibers were black and featured a good flexibility. The electrodes were then directly used
in coin cell assemblies without any binder and current collector, hence, called self-standing

electrodes.
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Figure 4.1 (a) Schematic synthesis route of self-standing carbon nanofibers electrode applied in coin cell
and (b) pictures of electrospun self-standing electrodes at each preparation stage.

The morphology of each CNF sample carbonized at different temperatures was analyzed by SEM,
as shown in Figure 4.2. All samples consisted of randomly arranged nanofibers with no preferential
alignment detectable. The fiber diameters and porous structures varied with the different
carbonization temperatures. From 600 °C to 1000 °C, the average diameters of the fibers
decreased, with CNF_600 having an average diameter of 275 nm, while CNF_800 (average of
173nm) and CNF_1000 (average of 142 nm) exhibited smaller diameters. Moreover, CNF_600
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Figure 4.2 SEM pictures of CNF electrodes carbonized at different temperatures: (a-b) CNF_600, (c-d)
CNF_800, and (e-f) CNF_1000.
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contained macropores with an average pore size of 140 nm (longer sides), where the defects
appeared smaller in CNF_800 with an average value of 12 nm in diameter. In CNF_1000, the fiber
surface was smoother and showed much less defect sites. This correlates with previously published
studies where a significant weight loss and structure change was observed at temperature higher
than 700 °C.13"1% The carbon content and other heteroatom compositions, except oxygen (O), of
each CNFs were determined by elemental analysis, with C/H/N/S contents shown in Table 4.1. The
high-temperature treatment led to a decrease in heteroatom concentration as expected. At low
carbonization temperature (600 - 700 °C), it is believed that the stabilized fibers still undergo
further cyclization in the uncyclized parts with further cross-linking and chain-scission reactions.'
With increasing temperatures higher than 700 °C, condensation reactions start to be dominant with
detectable gas formation of HCN and N2.13 Thus, CNF_600 stands out with a different morphology
compared to CNF_800 and CNF_1000, which share a similar fiber morphology and chemical

compositions with only small variations.

Table 4.1 Element C/H/N/S composition of CNF_600, CNF_800, and CNF_100 determined by elemental

analysis.

Sample N (Wt%) C (wt%) H (wt%) S (wt%)
CNF_600 22.56 63.75 2.25 0.08
CNF_800 10.30 72.99 2.00 0.12
CNF_1000 5.53 87.99 1.24 0.08

The structures of the carbon content in electrospun CNFs were further investigated by Raman
spectroscopy and the results are shown in Figure 4.3. There are two main peaks observed for each
sample (black), predominately originating from the sp? contributes.!*® The D peak at ~1356 cm™
is assigned to disordered turbostratic carbon, corresponding to a disordered structure, while the G
peak at ~1576 cm™ is assigned to graphitic carbon, representing the graphitic domains.* It is
obvious to conclude that carbonization at higher temperature will lead to a more graphitic structure
in the electrospun CNFs. Moreover, after fitting one can observe two broad peaks at around 1200
cm™ and 1500 cm, referred to as D4 (red line, Figure 4.3) and Ds (green line, Figure 4.3),



41

respectively. These D4 and D3 peaks are commonly present in highly defective carbon structures,

where D refers to hydrocarbons, while Ds is indicative for amorphous carbon. 41142
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Figure 4.3 Deconvolution Raman spectra of CNF_600, CNF_800, and CNF_1000.

4.2.2 Electrochemical performance

Carbon nanomaterials have been extensively studied as anode materials in LIBs as alternative
options to offer higher energy densities than graphite.841%3 In former studies, it was proved that the
lithiation/delithiation process in carbon nanotube fibers (CNTFs) is substantially different from
that in traditional graphite electrodes.** In contrast, with the inability of graphite being applied as
anode for SIBs, a critical, deeper and fundamental study of the mechanism of CNF for SIBs is

necessary.

The electrochemical sodiation of CNFs was first investigated by CV in coin cells against sodium
metal with CNF_1000, as shown in Figure 4.4. Cyclic voltammetry was carried out at 0.1 mV s
in the voltage range of 0.01 — 2 V. In the cathodic scan of the first cycle, two strong broad peaks
were observed at 0.81 V (Ic) and 0.45 V (llc), respectively. Below 0.1 V, the cathodic current
increased monotonically until the vertex potential reached 0.015 V where a sharp peak appeared
(111c). During the corresponding anodic scan, one weak broad peak and one intensive peak were
observed at 0.75 V (la) and 0.11 V (l1a), respectively. In the following cycles, the cathodic peaks
Ic and llc disappeared. Moreover, the intensity of peak Illc decreased with increasing cycles, while

the anodic peak at 0.11V shifted slightly to a higher potential compared to the first cycle.
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The two peaks of Ic and Ilc can be ascribed to an irreversible process, as they disappeared in the
second cycle. A solid electrolyte interphase (SEI) is known to allow for the reversible Na insertion
into hard carbon.*® In the subsequent scans, these two irreversible reduction peaks disappeared,
which implies that the SEI film mainly formed during the initial cycle.}*® The pair of sharp peaks
(Ilc and 1la) showed up in every scan, hence, corresponding to the Na* ion insertion/deinsertion
at low potentials. Different viewpoints about Na* intercalation have been proposed. Some believe
that Na* ion intercalate into the graphitic domains with enlarged d-spacing, while others suggested
that Na* ions are absorbed in nanopores in the carbonaceous structure.’*” The peak la grew less
noticeable with increasing cycles and disappeared at 5™ cycle, indicating that this anodic peak was

probably from some unexpected side reactions with the electrolyte during the initial cycles.
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Figure 4.4 Cyclic voltammograms of CNF_1000 vs Na at 0.1 mV sat 1%, 2", and 5" cycles.

To obtain a deeper knowledge of the peaks, CV curves of CNF_600 and CNF_800 were recorded
with the same scan rate and are shown in Figure 4.5. In the first reduction cycle, only one broad

peak showed up in both electrodes, similarly to other studies.'*®4° It can be concluded that the Ilc
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peak appeared at a similar potential and is likely to be ascribed to the SEI formation, while the Ic
peak only existed in CNF_1000, which can be ascribed to the irreversible reaction of the electrolyte
with functional surface groups.t® Noticeably, the anodic peaks at low potential around 0.1 V
become less distinctive in CNF_800 and invisible in CNF_600. Therefore, the theory where the
sodium ions intercalate and extract from graphite layers is more favorable due to a lower
graphitization degree in the electrodes with decreasing carbonization temperatures. Moreover, the
insertion/deinsertion peaks were weaker compared to CNF_1000 showing a more sluggish kinetic
in the carbon structures. Constant sodium ion insertions were observed in all samples near 0.01 V,
which is attributed to Na* ion insertion into porous carbon. However, with sodium metal as the

counter electrode offering a continuous sodium source, these cathodic peaks need to be dealt with

care.
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Figure 4.5 Cyclic voltammograms of (a) CNF_600 and (b) CNF_800 vs Na at 0.1 mV s*at 1%, 2", and
10" cycles.

To determine the effect from carbonization temperatures and whether the sodiation/desodiation of
CNFs has a predominantly diffusive or capacitive character, extensive CVs were measured at
different scan rates between 0.1 and 100 mV s, as shown in Figure 4.6. First, we can directly see
that the CV curves from CNF_600 (Figure 4.6b) exhibit in more rectangular-like shapes, which is
similar to a capacitor behavior, while the CV curves from CNF_1000 (Figure 4.6f) show more pro-
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Figure 4.6 CV curves of each electrode at the voltage window of 1.5 — 4.5 V: (a-b) CNF_600, (c-d)
CNF_800, (e-f) CNF_1000. On the right side enlarged regions of the red dashed area from the left side are

shown.
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found peaks. In CNF_800, broad peaks are shown with less intensities as CNF_1000. The

voltammogram shifted to higher voltage due to overpotential with increasing scan rates.

Detailed study can be conducted following equation (4.1) where the current (i) follows a power
law relationship on the scan rate (v) at a fixed potential

i =av? (4.1)

where a and b are adjustable parameters, with the b value determined from the slope of the plot of
log i vs log v. For diffusion-controlled redox reactions, the current is proportional to the square root
of the scan rate with b = 0.5, based on the following equation:

i = nFAC*DY?vY2(anF /RT)Y?11/? y(bt) (4.2)

where C* is the surface concentration of the electrode material, o is the transfer coefficient, D is
the chemical diffusion coefficient, n is the number of electrons involved in the electrode reaction,
A is the surface area of the electrode materials, F is the Faraday constant, R is the molar gas
constant, T is the temperature and the y(bz) function represents the normalized current for a totally
irreversible system as indicated by the cyclic voltammetric response. In the other condition, where

b =1, the current i is defined according to the following equation:

Where Cyq is the capacitance. The current in this case is capacitive-controlled and proportional to

the sweep rate. ™

The intensity of the peak current is analyzed as a function of scan rate for CNF_800 and CNF_1000.
The CV curves of CNF_600 show no obvious peaks, hence displaying a capacitive character during
the process. The b values were calculated from the slope of the double-logarithmic plot shown in
Figure 4.7. For CNF_1000, b was calculated as 0.63 from the linear fitting between 0.5 mV s to
10 mV s, hence suggesting a mixed diffusive/capacitive control. On the contrary, for CNF_800 b
=1 after fitting, hence showing a surface-controlled mechanism. CNF_1000, which was carbonized
at the highest temperature among three samples, presents a good deintercalation mechanism with
sodium. Amorphous carbon from low-carbonized temperature interact with Na* ion following a

different mechanism, where the large surface area can absorb Na* ion to some extent.
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Meanwhile, galvanostatic cycling profiles of each electrode were recorded and are shown in Figure
4.8, at a current density of 100 mA g in a potential range of 0.01 — 2.0 V. The active material was
calculated based on the carbon content of each sample to focus on the role and the effect of carbon
structures. The first discharge curves relating to the SEI formation and electrolyte decomposition
were different for the three different cells. CNF_600 starts to exhibit a sloping curve at a high
voltage of 1.5 V, while in CNF_800 and CNF_1000, the slope starts at lower voltages of 1.2 V and
1.0V, separately. A plateau at lower potential of CNF_1000 appears at around 0.01 V. The slope
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Figure 4.7 Log-log plot of the intensities of CV peaks for CNF_800 and CNF_1000.

region correlates with a capacitive surface absorption behavior, while the plateau indicates the
intercalation of Na* ions which is consistent with the previous analysis of the CV curves. Another
reason for a high-slope region in CNF_600 is that the heteroatoms interact with sodium at a
potential higher than 1 V, affecting the final voltage profile.2*® In the second cycles, all samples
possessed less than half of their initial capacity. It shall be noted that the initial irreversible capacity
loss has been an obstacle for high surface area carbon anode materials. In CNF_1000, the charge-
discharge curves exhibited a mixed shape of slope regions and plateau at low potential around 0.1
V, indicating a combined behavior of Na* ions absorbing on the surface of CNFs and intercalating
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Figure 4.8 Charge-discharge profiles of (a) CNF_600, (b) CNF_800, and (c) CNF_1000 at a current
density of 100 mA g*
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into the graphitic domains from the high temperature carbonization. In analogy to studies of LIBs,
this is an evidence for electrospun CNFs carbonized at higher temperature evolving more graphitic

structures.

Long cycle performances are presented in Figure 4.9a, cycling at 100 mA g*. From the 150" cycle
on, CNF_600 experienced a fast capacity decay. This cell failure of CNF_600 can be attributed to
the low electrical conductivity as reported in LIBs applications.’*” The reversible capacity of
CNF_600 decreased from 325 mAh g* to 193 mAh g?, i.e. 40.6% decrease, in the initial 100
cycles, showing a fast decay and a final cell failure at around 150" cycle. Same decrease in capacity
also occurred for CNF_800, but it was relatively small with 83.5% retention after 200 cycles.
Surprisingly, the long-term cycle performance in CNF_1000 was not satisfactory compared with

CNF_800 with a higher capacity loss of 68.1% retention in the initial 200 cycles.
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Figure 4.9 (a) Charge - discharge curves of each electrode at 100 mA g* and (b) rate capability at

different current rates of three anode materials.

The rate capability of each electrode with higher current densities was also measured (Figure 4.9b).
Despite the capacity loss, when the cells were again cycled at a low current rate of 50 mA g* after
higher current rates, reversible capacities of CNF_600, CNF_800 and CNF_1000 were recovered
by 76.6%, 91.3%, and 86.6%, respectively, with CNF_800 showing the best overall performance

among three different samples. In CNF_600, high specific charge capacities along with low
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coulombic efficiencies showed up at low current rates. This explains the absorption effect on the

surface of nanofibers where a slow charging current rate allows more charges to be transferred and

deposited, while the coulombic efficiency is much higher at higher current rate (1 A g™2).
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Figure 4.10 Comparison of charge-discharge profiles of CNF_1000 for (a) LIBs and (b) SIBs at a current
density of 100 mA g* between 0.01 V and 2.0V. Corresponding dQ/dV plots for (c) LIBs and (d) SIBs.

To obtain an overall knowledge on the difference of CNFs utilized for LIBs and SIBs, the charge-

discharge profiles of CNF_1000 with differential capacity profiles were plotted accordingly and

the initial and 100" cycle are shown in Figure 4.10. In both batteries, we observe some similarities

in the initial cycle with a high first-cycle irreversible capacity. Peaks at 0.83 V and 0.53 — 0.59 V

relate to SEI formation and other possible side reactions such as electrolyte decomposition. Plotting

the dQ/dV as a function of the voltage (Figure 4.10c and 4.10d) revealed at low potentials a much
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more prominent peak in SIBs instead of a broad peak in LIBs, suggesting that Na* ions interact

with CNFs following a diffusion-controlled redox reaction to a much higher extent than Li" ions
under the same conditions.
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Figure 4.11 Impedance spectroscopy plots at different cycle numbers at discharged state (0.01 V): (a)
CNF_600, (b) CNF_800, and (c) CNF_1000.

The Nyquist plots (-Z”* vs Z”) for CNF_600, CNF_800 and CNF_1000 are shown in Figure 4.11.
The cycled cells were all tested at the discharged state at 0.01 V. In CNF_600 cells, we can observe
one semi-circle, which indicates a high impedance due to the low conductivity resulting from the
lower carbonization temperature. Both CNF_800 and CNF_1000 exhibited a good electric
conductivity as the real part of the impedance was below 600 Q and 1200 Q even after 98 cycles.

CNF_800 showed a better electrical conductivity than CNF_1000, which contributes to the already



o1

discussed better electrochemical performance. In both electrodes, the resistance kept increasing
within the first 100 cycles. However, the enlargement of semicircle of CNF_1000 reached a stable
phase earlier than CNF_800, displaying a better electronic contact of electrospun CNFs with the

electrolyte.

The plots of CNF_1000 (Figure 4.11c) show two semicircles, which were fitted based on the
impedance circuit shown in Figure 4.12a. The circuit consists of three resistance elements including
R1, which corresponds to a bulk resistance that may arise from the electronic conductivity of carbon
and ionic conductivity of the electrolyte. Rz is due to SEI formation and Rs is from charge transfer
resistance.’®” From Figure 4.12b, we can see that R; decreased slowly and became stable with
cycling, which is beneficial for an ionic and electronic transfer as electrode material. A rapid
increase of R, and Rs was observed in the initial cycles and R> showed minor changes in the
following cycles. SEI formation and other side effects occurred in the beginning and grew stable
upon cycling. But the continuous increase of Rz is a phenomenon that may correlate to some

unknown side reactions.
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Figure 4.12 (a) Equivalent electrical circuit used to fit the data of Figure 4.11c CNF_1000 and (b)

changes of Ry, Rz, and Rs over cycles.
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4.2.3 Insitu and ex situ studies

In operando Raman can offer a detailed look at the Na* storage process in CNFs (CNF_1000 as
representative). The cell was first discharged to 0.01 V at a low current density of 5 mA g from
OCV. Until 0.25 V, two peaks were observed representing the D-band and G-band, which is a
typical spectrum of defect-containing graphite as introduced above (Figure 4.13). However, the G-
band starts to show an obvious shift to lower energies from 1.0 V on where the sloping region
started. This behavior is in analogy to the study in hard carbon for SIBs, where it indicates that the
G-band shift is directly linked to the sloping region of the potential curve.® From 0.25 V on, the
G-band stopped shifting and stayed constant during the charging process, while the D-band started
to disappear. In a similar study, the G-band shifting indicated that initially sodium is intercalated
between NaCo4 and NaCi., and the insertion stopped when a saturation was reached.'®® However,

the disappearance of D-band still remains a complicate and debatable issue to explain.
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Figure 4.13 In situ Raman studies: (a) Selections of Raman spectra collected in operando mode, discharge
from OCV to 0.01 V and charge to 2.0 V. (b) Charge-discharge curves, at a current density of 5 mA g
(discharge) and 10 mA g* (charge) in the voltage window of 0.01 VV-2.0 V vs. Na*/Na.

The morphology of the CNF_1000 anode was also analyzed by SEM after cycling, as shown in

Figure 4.14. The average diameter of the fibers increased from 142 nm to 245 nm after cycling
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along with a larger surface at the cross sections of fibers. However, the overall fibrous structure

of the electrode remained intact indicating a good stability of the electrospun CNFs of the fibers

upon cycling.

Figure 4.14 SEM pictures of cycled CNF_1000 electrode after 200 cycles.

4.3 Summary

Self-standing carbon nanofibers were successfully prepared via electrospinning and applied
directly for SIBs as binder-free and collector-free anodes. Different carbonization temperatures
were used for the electrospun nanofibers and the effects on electrochemical performance were
studied. The interactions of Na* ions with CNFs follow very different mechanisms depending on
the carbon structures developed at different temperatures. CNF_600 and CNF_800 both showed
surface capacitive characters based on cyclic voltammograms and CVs at different scan rates. The
interaction of Na" ions with CNF_1000 was proved to behave in a mixed mechanism of diffusion-
controlled and surface-controlled behavior. Among all the CNFs, CNF_800 showed the best
electronic conductivity and the overall best electrochemical performance. The intercalation into the
graphitic domains of CNF_1000 was also proved by in situ Raman and other studies. Electrospun
self-standing CNFs are not suitable for application due to the fast capacity decay, modification and

improvement need to be further carried out.
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5 Self-standing NaFePOg4 / carbon nanofiber cathode for SIBs

5.1 Experimental part

5.1.1 Material preparation

Na2COs3 (99.95%, Acros), FeC204-2H.0 (99%, Alfa Aesar) and NH4H2PO4 (99.99%, Sigma-
Aldrich) with the molar ratio of 0.5: 1: 1 were used as starting materials for the synthesis of maricite
NaFePO4 nanoparticles. All starting materials were ground manually for half an hour and then
loaded in a ball-milling container with ZrO, milling balls (& 3 mm) at a weight ratio of 4:1. The
ball milling was performed with a planetary ball mill (Pulverisette 7 Premium Line, Fritsch) for 99
cycles at 500 rpm without any milling agent with parameters of milling for 5 minutes and resting
for 10 minutes, alternatively. The obtained yellowish powders were then carefully ground and
calcined at 350 °C under argon atmosphere for 5 hours before being re-ground and pressed into
pellets (& 14 mm). The pellets underwent a second calcination at 600 °C under argon for 10 hours

and then were ground for further use.

Afterward, the NaFePO4 nanoparticles were dispersed in a 10 wt% PAN / DMF solution under
strong stirring for overnight with a mass ratio of NaFePO4:PAN in 1:2. The preparation of PAN /
DMF solution was done as described in section 4.1.1. The composite solution was then loaded into
a 1 mL syringe with the setup also introduced in 4.1.1. The temperature and humidity were set to
25 °C and 20%. A high voltage of 13 - 16 kV was applied with a 15 cm tip-to-collector distance
and a 0.5 mL/h feeding rate. In total, the 1 mL solution was spun two times into one fiber mat. The
fiber mat was then vacuum dried at 60 °C for 6 hours, stabilized in air with the same heating steps
introduced in 6.1.1 before being carbonization under argon at 600 °C for 1 hour. Self-standing
NaFePO4/CNF electrodes can be directly assembled in laboratory coin cells. Higher carbonization
temperature at 800 °C conducted for 1 hour was also performed for comparison study, with the
product named as NaFePO4/CNF-800.
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5.1.2 Material characterization

SEM

The morphology of all the samples was observed with a Merlin thermal field emission scanning
electron microscope (FE- SEM) (Carl Zeiss SMT AG). Carbon tapes were used as substrates. Self-
standing NaFePO4/CNF cathodes were directly attached to the carbon tape without any coating.
Cycled samples were obtained after cell disassembly, washed with DMC, and then dried under
vacuum at 65 °C in a glovebox for at least 2 hours prior to the test. A vacuum transport tube was

used for transferring the cycled ex situ samples.
EDX

Energy-dispersive X-ray spectroscopy (EDX) was performed to confirm the elemental
compositions (Brucker Quantax, 400 SDD). The accelerating voltage was 10 kV which is high

enough to excite the Ka line of iron (6.398 keV). No sputtering was used to coat any of the samples.
XRD

The structures of NaFePO4/CNF cathode were investigated by means of X-ray diffraction (XRD).
The measurements were carried out on an STOE STADI P X-ray powder diffractometer with a
Mythen 1K detector and Mo Kay radiation (A = 0.7093 A). Self-standing electrodes were ground

and filled into capillaries (<& 0.5 mm) measured in Debye-Scherrer mode in a 26 range of 3 — 42°,
Raman Spectroscopy

Raman measurements were performed on a LabRam Evolution HR instrument (HORIBA Jobin
Yvon) applying a 532 nm wavelength laser. Each spectrum was taken as the average of three 45-

second accumulations.
Maossbauer Spectroscopy

Maossbauer spectroscopy was performed at room temperature with a constant acceleration
spectrometer in transmission mode and a °’Fe(Rh) source. All isomer shifts are given relative to
that of a-Fe metal. The cells were charged to 4.5 V, discharged to 1.5 V in the initial cycle and in

the 100" cycle, separately. The cells were afterwards disassembled, cathode materials were washed
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with dimethyl carbonate (DMC), dried at 60 °C for 12 h and then sealed in polyethylene/aluminum
bags in an argon-filled glovebox (O2, H.O < 0.1 ppm).

TGA

Thermogravimetric analysis (TGA) was performed to determine the content of carbon and active
material NaFePOs in the composite electrode. It was carried out on an STA 449 C Jupiter
instrument (NETZSCH) with a heating rate of 10 °C/min up to 1200 °C in an oxygen atmosphere.

HT-XRD

In situ high temperature XRD (HT - XRD) was carried out at synchrotron at Paul Scherer Institute
(PSI), Villigen, Switzerland. NaFePO4 powders were heated in air with a heating rate of 20 °C/min
from 90 °C up to 400 °C and then cooled down to 90 °C. During heating and cooling, 53 XRD
spectra were recorded. The wavelength (1) was 0.5106 A and a MYTHEN 11 detector was used.

5.1.3 Electrochemical performance

The electrochemical performance was studied in coin cells (CR2032) with sodium metal as the
counter/reference electrode, glass fiber (Whatman, GF/D) as the separator and 0.8M NaClO4 in
EC:DEC 1:1 w:w as electrolyte. The electrospun self-standing electrodes were punched into the
right size (& = 12 mm) and directly assembled in the coin cells without any additional current
collector. Galvanostatic cycling, cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were carried out on a multichannel potentiostat (VMP3, Bio-Logic). The
voltage ranges of galvanostatic cycling and CV tests are 4.5 - 1.5 V vs. Na*/Na. The galvanostatic
mode was a CC-CV charging mode at 0.1C, with the voltage of 4.5 V holding for 5 hours with a
current limit of 0.05C. The calculation of the specific capacity of NaFePO4/CNF is based on the
mass of NaFePOa. EIS tests were carried out at charged state (4.5 V) and discharged state (1.5 V)

with an alternating current signal of a 5 mv amplitude ranging from 1MHz and 0.01Hz.
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5.2 Results and discussions

5.2.1 Morphology and structure

Maricite NaFePO4 nanoparticles were first prepared via mechanical ball milling and then dispersed
in the polymer solution under strong stirring for further electrospinning.®” Under high voltages, the
nanofibers got collected onto an aluminum foil and then treated with a two-step heating procedure
resulting in a flexible, black-colored, self-standing mat which can be cut into electrodes and directly
assembled in coin cells without further handlings. It is generally known that maricite NaFePOg is
electrochemically inactive due to the lack of pathways for Na* ion transportation. By integrating
maricite NaFePO4 particles onto carbon nanofiber (CNF) mats, the obtained network can offer
diffusion channels for Na* ions and electrons during a charge-discharge process as shown in
Scheme 5.1. Moreover, the carbon content can improve the electrical conductivity facilitating a
better electrochemical performance of such a hybrid electrode. A 30 wt% weight percentage of
NaFePO4 within the hybrid electrode was determined by TGA measurement (Figure 5.1). The

morphology of the obtained self-standing electrode is shown in Figure 5.2, with the NaFePO4

. Na*® s Carbon Nanofibers

NaFePO,
_Na* ‘- Fiber mat

Scheme 5.1 Schematic illustration of the possible Na* ion pathways in the carbon nanofibers matrix.

(White spots illustrate pores and defects on the nanofibers.)
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particles dispersed homogenously in the carbon nanofibers. Clusters of the active material due to
agglomeration can also be observed. The EDX results in Figure 5.3(a-g) show that the active
material particles consist of Na, Fe, P, and O and are embedded in the nanofibers, which consist of
C and N. Noteworthy, the traces of nitrogen are the residue from the low temperature carbonization

process of PAN.%*

100
— NaFePO,
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O 20f  30%
= ; \ CNF
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Figure 5.1 TGA curves of NaFePO4, CNF and NaFePO4/CNF under oxygen to determine the content of
NaFePQ,.

Figure 5.2 SEM images of the electrospun NaFePO./CNF electrodes.
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Figure 5.3 (a) SEM picture, and corresponding EDX mappings of elements: (b) C (carbon); (c) N

(nitrogen); (d) Na (sodium); (e) Fe (iron); (f) P (phosphorous) and (g) O (oxygen).

The structures of NaFePO4 and NaFePO4/CNF electrodes were also investigated by XRD. As
shown in Figure 5.4, a phase-pure maricite structure of NaFePOs indexed based on a Pmnb
orthorhombic model was obtained. With a Rietveld refinement, the lattice parameters of NaFePO4
were determined as a = 6.8659(2), b = 8.9761(2), and ¢ = 5.0412(2) A. The presence of carbon
nanofibers in the composites with CNF introduced an obvious amorphous phase underlying the
reflections from crystalline NaFePOs. Fortunately, the NaFePOs lattice parameters in the
NaFePO4/CNF composites show minor changes without size broadening with a = 6.8669(2), b =
8.9820(2), and ¢ = 5.0432(2) A, which indicate that the structure of the active material NaFePO,

was not affected during the high temperature procedures of carbon nanofibers formation.

However, some new reflections appeared for the NaFePO4/CNF electrodes at low angles (5° - 7°
and 11° - 14°, respectively), which may refer to some impurity phases. According to the high
temperature XRD measurement (HT-XRD) of NaFePOys in air, some new reflections start to show
up at around 230 °C, as shown in Figure 5.5. To gain a deeper knowledge of these new reflections,
Rietveld refinement was conducted on the HT-XRD patterns. Accordingly, a new NASICON phase
NazFe2(POa)3 (space group R-3c) was detected (Figure 5.6a). Lattice parameters of a and ¢ were
determined as 8.7317(2) and 21.6663(2) A, respectively. Partial oxidization of NaFePO4 was

proposed to occur during the heating under air. The lattice parameters were determined as a
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function of temperature (Figure 5.6b), where a, b, and c first increased with increasing temperature
and again decreased to a = 6.8783(2), b = 8.9831(2), and ¢ = 5.0478(2) A when the temperature
was cooled down, showing a reversible structural stability of the main phase.
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Figure 5.4 XRD patterns of (a) pristine NaFePO, nanoparticles and (b) NaFePO./CNF cathodes.
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Figure 5.5 High temperature XRD patterns of pristine NaFePO. nanoparticles heated in air. On the right

is the enlarged area to emphasize the appearance of the new reflections upon heating, indicated by the blue

arrows.
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Figure 5.6 (a) XRD pattern recorded after the sample had been cooled down from 400 °C to 90 °C and (b)

lattice parameters a, b, and ¢ of NaFePO4 (Pmnb) as a function of temperature.

5.2.2 Electrochemical performance

To obtain a fundamental knowledge of the electrochemical mechanism of the composite

NaFePO4/CNF cathode, it is important to study each component’s contribution to the total capacity.

With the high surface area resulting from carbon nanofibers and nanoparticles, the electrospun

NaFePO4/CNEF’s electrochemical behavior followed a different charge storage mechanism from a

typical diffusion-controlled intercalation material.*® The energy storage mechanism of such

materials can usually be divided into two parts: a charging process occurring at the surface of the

material which is referred to as the pseudocapacitive effect and the sodium ion intercalation process

along with redox reactions.'® Cyclic voltammetry (CV) curves at different sweep rates can provide

information on the surface-controlled (capacitive) and diffusion-controlled (bulk) processes.**®

Voltammetry at scan rates from 0.05 mV s to 1 mV s* at a voltage window of 1.5 - 4.5 V were

performed. From the CV curves shown in Figure 5.7, a pair of broad redox peaks appears at 3.1 V

and 2.7 V indicating the redox reaction of Fe?* = Fe®" + e". The capacitive effect in the system can

again be analyzed based on equation (4.1).
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Figure 5.7 (a) CV curves at various scan rates from 0.05 mV s to 1 mV s and (b) b values at different
potentials of pure CNF, pristine NaFePO4/CNF electrodes and cycled NaFePO4/CNF electrodes.

In the well-defined conditions, when b = 0.5, the current is diffusion-controlled indicating a
faradaic intercalation process; while, for b = 1, the current is surface-controlled indicating a
capacitive process.’” The b values as a function of potentials for NaFePO4/CNF and pure CNF are
shown in Figure 5.7b. We can see that, at 3.0 V, the b value for NaFePO4/CNF is 0.75 while for
CNF it is 0.89. This indicates that in NaFePO4/CNF, the current originates partially from the Na*
ion intercalation reaction other than surface charging effect. Thus, the storage mechanism of the
electrospun NaFePOs is a mixed type with both diffusion-controlled and capacitive-controlled
contributions.

In addition, a detailed examination of the voltammetry enables the quantitative calculation of the
contribution of capacitive energy storage according to equation (5.1), with kv and kav®®
corresponding to the current contributions from the capacitive surface effect and diffusion-
controlled intercalation process. By determining ki and kz, one can quantify the fraction of the
current from each contribution. As shown in Figure 5.8, the capacitive effects contribute to about
32.5%, 49.9%, and 60.0% at scan rates of 0.25 mV s, 0.5 mV s, and mV s, respectively. Hence,

as expected, the capacitive effect becomes more dominant with increasing scan rate.
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Figure 5.8 The contribution of capacitive (blue) and diffusion-controlled (grey) capacities to the total
capacity for NaFePO4/CNF electrodes at different scan rates: (a) 0.25 mV s, (b) 0.5 mV s?, and (c) 1.0
mV s,

|l1.7| = klv + kz 170'5
|iv|/v0'5 = k1v0'5 + kz (51)

The charge-discharge profiles of the electrospun electrodes are shown in Figure 5.9 at a C rate of
0.1C at a potential range between 1.5 V and 4.5 V. Different from olivine LiFePO4 and NaFePOsa,
which have a voltage plateau from first phase transition, this sloping curve of maricite NaFePOs is
indicative of a different sodium-ion insertion/extraction mechanism, which can result from solid-
solution behavior or second order phase transitions.>® The specific discharge capacities are
calculated based on the mass of active material NaFePO4, which is 30% of the full electrode weight
As we can see, the discharge capacity is increasing from 42 mAh g in the initial cycle up to 108
mAh gt in the 200" cycle and then it is almost constant. Such an increasing capacity phenomenon

was observed in many carbon containing cathode material in SIBs with high surface
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Figure 5.9 Charge-discharge curves of the NaFePO4/CNF electrodes at a current of 0.1C.

areas.*®111%8 Unfortunately, the observed increase of capacities during initial cycles lack possible
suggestions and explanations. The following reasons for this increasing capacity phenomenon can
be considered: 1) carbon nanofibers break upon cycling which generates more defects and storage
sites for electrons. 2) with active material particles embedded in the carbon nanofibers, the
mechanical breakdown of fibers increases contact between NaFePO4 particles and electrolyte hence

further facilitates the accessibility of particles by ions.
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Figure 5.10 Cycling stability of NaFePO4/CNF with the comparison of slurry-based NaFePO,at 0.1C.
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Other than electrospun NaFePO4/CNF, a slurry made of NaFePQO4, Super P and poly (vinylidene
fluoride) (PVdF) with the same 30 wt% weight percentage of NaFePOs was also prepared and
coated onto the surface of Al foil, labelled as slurry-NaFePOs. The long-term performances of
NaFePO4/CNF and slurry-NaFePOgare shown in Figure 5.10 with columbic efficiencies. After the
initial increase in capacity, the NaFePO4/CNF electrode reaches a capacity of 108 mAh g* after
200 cycles at 0.1C (= 15 mA g1). In the following cycles, the electrode showed a good long-term
cycling stability with 94.4% retention after 450 cycles, compared with the maximum value of 100%
after 200 cycles. In comparison, a capacity of only 24 mAh g* was achieved for slurry-NaFePO,
and a cell failure occurred within 200 cycles demonstrating the positive role of carbon nanofibers

in electrochemical performance enhancement of maricite NaFePOa.
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Figure 5.11 Rate capability of NaFePO4/CNF at different current rates: 0.1C, 0.2C, 0.5C, 1C, 2C, 5C and
10C.

The rate capability of the electrospun electrodes was also investigated shown in Figure 5.11.
Considering the increasing capacity in the first cycles, the electrode was cycled for over 150 cycles
until the capacity reached a stable specific discharge capacity of 113.6 mAh g* at 0.1C Afterwards,
different C rates were applied delivering reversible capacities of 106.3 mAh g* at 0.2C, 92.0 mAh
glat0.5C, 78.6 mAh gtat 1C, 64.4 mAh glat 2C, 43.0 mAh gtat 5C and 33.3 mAh gtat 10C,
respectively. Importantly, when the cells were cycled back at 0.1C afterwards, a higher capacity

up to an average of 124.7 mAh g was recovered, which indicates a good high rate capability and
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areasonable tolerance of rapid Na* ion insertion/extraction process. The specific capacity increased
when the cell was brought back to 0.1C from higher currents (124.7 mAh g*) compared to the first
cycles at 0.1C (113.6 mAh g1). This increase may be caused by an ongoing activating process.
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Figure 5.12 Electrochemical impedance spectroscopy of the NaFePO4/CNF electrodes at discharged state
(0.01 V): at 1%, 2" 5" and 10" cycle.

The electronic conductivity and its changes during cycling of the NaFePO4/CNF electrode were
analyzed by EIS. The Nyquist plots in Figure 5.12 are consisting of a semicircle in high frequency
range, which is due to the ohmic resistance and charge transfer resistance, and a short inclined line
in low frequency range, which is from the ionic diffusion within the electrodes.**® The first part of
the semicircles from each cycle at high frequency are overlapping, which can be from the solid
electrolyte interface (SEI) formation within the first cycles. We can also observe that in the Nyquist
plots, the diameters of the semicircle of the electrodes decrease noticeably over cycles, which
demonstrates that the charge transfer grows faster and easier upon cycling within the first 10 cycles.
The increasing conductivity also indicates an activation process of the electrodes upon charge-

discharge.

Furthermore, differential capacity diagrams (dQ/dV) shown in Figure 5.13 were plotted by

processing the constant current charge-discharge data in the 1%, 2", 50", 100", 200", and 300"
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cycle. In the initial cycles, no reduction/oxidation reaction peaks show up, indicative of a dominant
capacitive behavior of the NaFePO4/CNF electrode. Upon cycling, an increasing intensity of broad
peaks at around 3 V can be observed, which is well recognized with the gradual interaction of
NaFePOa in the electrochemical behavior of the composite electrode, again confirming the gradual
redox activation of Fe**/Fe?* in NaFePO4. Moreover, the separation of oxidation/reduction peaks

is reduced in the first 100 cycles indicating a reduced polarization.
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Figure 5.13 dQ/dV plots of NaFePO4/CNF electrodes at initial, 2", 50™, 100", 200" and 300" cycles

processed from charge-discharge curves with enlarged area on the right.

Additionally, the NaFePO4/CNF electrodes carbonized at a higher temperature were also briefly
studied. The intention was to increase the electronic conductivity of the self-standing electrode by
introducing a higher graphitic carbon structure of CNFs from a higher temperature. However, seen
from Figure 5.14, the XRD patterns showed a dramatic phase change compared to NaFePO4/CNF
prepared at 600 °C. Accordingly, the morphology presented an agglomeration of the nanoparticles,
losing their original crystalline boundaries. The CV curves showed no redox peaks at around 3 V
indicating the active material has changed its structure and became inactive in the electrochemical
behavior. Thus, the temperature of 600 °C was proved to be suitable for preparing maricite

NaFePO4/CNFs composite electrodes.
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Figure 5.14 NaFePO4/CNF electrodes carbonized at 800 °C: (a-b) SEM pictures, (¢) CV curves at the
scan rate of 0.1 mV stand (d) XRD patterns compared with the electrode carbonized at 600 °C.

5.2.3 Exsitu studies

The activation of NaFePO4 in NaFePO4/CNF electrodes was further confirmed by ex situ analysis
of the samples after cycling. The Mdssbauer spectra shown in Figure 5.15 demonstrate
distinguished phases or sites in the respective samples. The intensities of Fe?* and Fe®* peaks were
fitted to estimate the amount of each oxidation state in the samples of pristine, initial charged,
initial discharged, 100" cycles charged and 100" cycles discharged electrodes. As shown, an
average of 36.5% Fe®" exists in the pristine electrodes, which is in agreement with the results from

HT-XRD showing an impurity phase of oxidized Fe** in NasFe2(PO4)s. An increase in Fe?* content
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Figure 5.15 Fe Mossbauer spectra of NaFePO4/CNF at different charge states in the first cycle (top) and
100" cycle (bottom). Experimental data points are shown as circles, the overall fit as red line and, the Fe?

and Fe® sub-spectra are shown as red and blue doublets, respectively.
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from 36.2% to 43.2% appears in the first cycle while an increase from 35.2% to 63.0% is observed
in the 100" cycle, which clearly demonstrates an increased Fe3*/2* activity upon extended cycling.
This correlates with the results from Figure 5.7b showing smaller b values of cycled NaFePO4/CNF
electrodes compared to the ones of non-cycled NaFePO4/CNF, demonstrating a more active Fe?*

= Fe3* + e redox reaction along cycling.

Raman spectra shown in Figure 5.16 illustrate the structural changes before and after cycling with
fitted D and G peaks of carbon. The ratio between Ip and I is often used as an indication of the
degree of disorder/defects in carbonaceous materials.’®® In NaFePO4/CNF the intensity ratio of
In/lc decreased from 0.86 in the pristine state to 0.85 after 100 cycles. A significant structural
change did not take place upon charge-discharge cycles, specifying a stable structure of the
NaFePO4/CNF electrode. The minor decrease of the Ip/lg intensity correlates with the morphology
observed by SEM in the cycled electrodes, as shown in Figure 5.17, more cracks and partial defects

allowing more NaFePOg4 particles to become exposed and getting in contact with the electrolyte.
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Figure 5.16 Raman spectra of the NaFePO./CNF electrodes before and after cycling.
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Moreover, more defects allow more Na* ion transfer channels for an increased electrochemical
performance. Furthermore, as we can see from the SEM images, nanoparticle clusters with clear
crystalline boundaries can be observed in pristine electrodes before cycling. However, after cycling
the sharp boundaries of the crystalline particles disappeared and transform to an agglomerated
morphology. This further proves the involvement of NaFePQOs particles in the electrochemical
activity. Amorphous phases are observed in the XRD patterns of the samples charged and
discharged in the 100" cycle, as shown in Figure 5.18: areas marked with orange and green dashed
rectangles include reflections with decreasing intensities. By amplifying the reflections in the green
marked area, we observe no shift of reflections in the cycled electrodes. A transformation of
maricite NaFePOg into a total amorphous phase has been observed from the XRD patterns of the
electrodes charged up to 4.5 V or 4.7 V.33 In our NaFePO4/CNF composite, the gradual activation
of NaFePO4 should theoretically lead to a gradual structural change. This perfectly explains the
incomplete amorphization with retention of a high intensity of crystalline reflections in the

electrodes after 100 cycles.

Figure 5.17 SEM pictures of pristine and cycled NaFePO./CNF electrodes.
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By comparing the electrodes before and after cycling, we were able to observe the gradual changes
in the activity of Fe?* = Fe3* +e” redox reactions and the structures of both the carbon fiber and the
maricite NaFePOg4 particles by various experimental methods. These ex situ results confirm an
activation process of the maricite NaFePOs involving the electrochemical behavior with the
mechanical breakdown and defect formation of the carbon nanofibers. The activation process
corresponds to an increased capacity appearing in the charge-discharge performance of
NaFePO4/CNF, which provides an insight into the mechanism and the unique behavior of such

self-standing carbon integrated maricite NaFePOg electrodes.
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Figure 5.18 XRD patterns of the pristine and 100" cycled NaFePO./CNF electrodes SEM pictures of
pristine and cycled NaFePO4/CNF electrodes.

5.3 Summary

Though the maricite NaFePOg is considered as electrochemically inactive, the addition of an
electrical conductive carbon nanofiber network results in a long-term cycling stability of NaFePO4
by offering more diffusion channels for Na* ions and electrons. With the help of electrospinning,
a self-standing, collector-free, and binder-free maricite NaFePOa/carbon nanofiber composite

electrode was successfully prepared. A hybrid electrochemical mechanism of capacitive charge
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storage and intercalated redox reaction of Fe** = Fe** + e was confirmed by cyclic
voltammograms at different scan rates. The phenomenon of an initially increasing capacity was
explained along with ex situ measurements demonstrating an activation process of NaFePO4
particles in such composite electrodes. Even though a very high capacity was not delivered, this
work presents a comprehensive study of such hybrid NaFePOj electrodes for the first time and

enlightens the potential of self-standing electrodes in future applications.
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6 Polyoxometalate/carbon-based modified separator for Mg-S

batteries

6.1 Experimental part

6.1.1 Material preparation

Chemical preparation®

All the samples were handled in an argon-filled glove box (MBraun) with a recirculation system
under a controlled argon atmosphere (O2, H20 < 0.1 ppm). The chemical operations were carried
out either on the bench under Ar (99.9999%) using standard Schlenk techniques (with vacuum <
0.1 Pa) or in a glove box. The glassware was heated with heat gun under vacuum prior to use.
Dimethoxy ethane (DME) was distilled over sodium under argon atmosphere and stored over 3 A
molecular sieves in the glove box. The solid Mg[B(hfip)4]o-3DME was prepared according to
previous works!®1%2 and dissolved in a volumetric flask with proper amount of DME for the
desired concentration. The molar concentration of the electrolyte is based on the molar mass of
Mg[B(hfip) 4]>-3DME.

Synthesis of TBAs[HsV1002¢] cluster (=TBAs{V10})®

TBA3[H3V1002s] (V-10 type POM) was synthesized based on the reference.'®® Aqueous HCI (25.0 mL,
3 mol L™1) was added drop by drop to an aqueous solution of NasVOs (5.00 g, 35.0 mL) under stirring.
The orange solution was slowly added in an aqueous solution of (n-CsHg)sNBr (= TBABT, 20.00 g, 30.0
mL), resulting in a large amount of yellow-orange precipitates. The yellow precipitates were collected
by suction filtration, washed successively with 20.0 mL of H>O, 20.0 mL of ethanol and 50.0 mL of
ether, and finally dried for 3 h under vacuum to yield 3.50 g of yellow-orange solid. The crude material
was purified by recrystallization from acetonitrile using diethyl ether diffusion. The yellow-orange
crystals were collected by suction filtration, washed with ether, and dried overnight under vacuum to

yield 1.00 g (22% based on V) of yellow-orange product.

Preparation of magnesium polysulfide (MgSn) solution®


https://pubs.rsc.org/en/content/articlelanding/2019/ta/c9ta03498f#cit51
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The mixture of 2.053 g (64.0 mmol) of sulfur powder and 0.194 g (8.0 mmol) of Mg powder was
ball-milled at 200 rpm for 10 hours using silicon nitride vial and balls under Argon. Subsequently,
the powders were transferred to a glass vial in glove box and added with 30 ml of tetraglyme. The
suspension was then stirred at 60 °C for 3 days. MgS» was under formation when the almost clear

upper liquid layer started to turn orangey red with some solid residues left after stirring.
Preparation of Ketjen black/sulfur composites®

The composite was prepared by the melt diffusion method. Ketjen black (KB) was dried in a
rotating oven at 230 °C under vacuum for at least 24 hours prior to use. Sulfur power was ball-
milled with the KB at a mass ratio of 6:4. Then, the mixture was heated in an autoclave reactor at
160 °C for 20 hours. To remove the bulk sulfur on the surface of the carbon material, the composite
was further heated in a closed quartz tube at 300 °C for 1 hour. Subsequently, the sulfur cathode
was prepared by casting after mixing the KB/S composite, Super P and PVdF binder in a ratio of
7.5:1.5:1 in N-methyl-2-pyrrolidone (NMP), then coated onto a carbon-coated aluminum foil with
a doctor blade. The electrodes were dried under ambient conditions for 24 hours, then under
vacuum at 55 °C overnight. The final loadings of active material on the current collector were

controlled in a range of 0.8 to 1.2 mg cm2.
Modification of Separator

POM, Super P and Polyvinylidene (PVdF) were mixed at a mass ratio of 1:6:3 and then dispersed
in NMP with the help of a magnetic stirrer for 24 hours. POM and Super P were ground in an agate
mortar for 30 minutes beforehand. The mixed solution was then loaded into a 1 mL syringe and
then set in a climate-controlled electrospinning machine described in section 4.1.1. The
temperature was set at 25 °C, and the humidity was 20%. A high voltage of 18 kV was applied
with a flow rate at 0.1 mL/h and 10 cm needle-to-collector distance. A Whatman C type glass fiber
separator was taped on aluminum foil covering the collector. The POM contained solution was
then dispersed on the surface of the glass fiber separator. Modified separators were then dried in
vacuum oven at 80 °C and then punched into smaller size with a diameter of 16 mm for future use.
The mass loading of coated material can be controlled by the volume of the injected solution.
Samples of es.-5% POM/C and es.-20% POM/C were prepared under the same conditions with a
POM, Super P and PVdF mass ratio at 0.5:6.5:3 and 2:5:3 separately.

8 was conducted by Dr. Yuanchun Ji from Helmholtz Institute Ulm (HIU).
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6.1.2 Material characterization

SEM

The morphology of all the samples was observed with a Merlin thermal field emission scanning
electron microscope (FE- SEM) (Carl Zeiss SMT AG). Carbon tapes were used as substrates. The
surface of POM-coated separator was peeled off and a 5 nm thick gold/platinum sputtering was
applied on top due to its low electrical conductivity. Cycled samples were obtained after cell
disassembly, washed with DME, and then dried under vacuum at 65 °C in a glovebox for 2 hours

prior to the test. A vacuum transport tube was used for transferring the cycled ex situ samples.
EDX

Energy-dispersive X-ray spectroscopy (EDX) was performed to confirm the elemental
compositions (Brucker Quantax, 400 SDD). The accelerating voltage was 10 kV which is high
enough to excite the Ka line of vanadium (4.949 keV). No sputtering was used to coat any of the
samples.

TGA

Simultaneous thermogravimetric analysis, differential scanning calorimetry and mass spectrometry
(TGA-DSC-MS) were conducted with a Setaram thermal analyzer SENSYS evo TGA-DSC
equipped with a Pfeiffer OmniStar mass spectrometer for the analysis of the evolved gas to

determine the sulfur loading of the cathode material for Mg-S batteries.
ICP-OES

The concentration of MgSn solution used in H-cells and immersion experiment was determined for
three times by inductively coupled plasma optical emission spectroscopy (ICP-OES, OPTIMA
4300 DV, PerkinElmer). The solution was first prepared in a 10-fold dilution with tetraethylene
glycol dimethyl ether and then dissolved in HNOs in a microwave.

XPS

The XPS spectra were acquired using a Thermo Scientific K-alpha spectrometer. The samples were
analyzed using a microfocused, monochromated Al Ko X-ray source (1486.6 eV, 400 pum spot

size). XPS spectra were recorded with a concentric hemispherical analyzer at a pass energy of 50
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eV and fit with one or more Voigt profiles (binding energy uncertainty: £0.2 eV) and Scofield
sensitivity factors were applied for quantification using the Avantage software package.%* All
spectra were referenced to the S 2p peak (S-S bond) at 164.0 eV binding energy controlled by
means of the photoelectron peaks of metallic Cu, Ag, and Au, respectively. To check for sample
degradation during the measurements, repeated Sulfur (S2p) spectra were recorded. The

measurements were performed on samples from the second electrochemical cycle.

6.1.3 Electrochemical performance

The fabrication of all electrodes and the construction of the electrochemical cells were carried out
in an argon-filled glovebox. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were
measured using a Biologic VMP-3 potentiostat using a three-electrode PAT-Cell with Mg foil
(99.9%) as both the reference and counter electrodes. The cells were operated using galvanostatic
methods at various current densities. The Mg-S batteries were assembled using coin-type cells
with the KB/S cathode with a sulfur loading of approximately 1 mg cm2, a borosilicate glass fiber
(Whatman GF/C) or a POM-coated separator soaked with liquid electrolyte, and Mg foil as the
anode. The cells were placed in an incubator to maintain a constant temperature of 25+ 0.1 °C and

tested using an Arbin battery cycling unit.

6.2 Results and discussions

6.2.1 Morphology and structure

Mg-S batteries (MSBs) with electrospun modified POM/C glass fiber separator (abbreviated as es.-
POM/C hereafter) were assembled by using Ketjen black/sulfur composite as cathode,
Mg[B(hfip)s]. /DME as electrolyte!®1%2 and magnesium metal disc as anode. Specifically, the
Ketjen black (KB) was used as conductive carbon matrix to host elemental sulfur through a well-
known “heat impregnation” process at the temperature of 160 °C. Then the KB/S composite was
heated at 300 °C for 1 h to remove the superficial sulfur, resulting in a S-loading of around 50 wt%
shown in Figure 6.1. The non-corrosive and highly efficient Mg[B(hfip)a]. electrolyte, developed
by Zhao-Karger et al., was dissolved in pure DME solvent with a concentration of 0.3 M. Before
electrospinning, mixture of POM, Super P and Polyvinylidene (PVdF) was ground manually at a
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mass ratio of 1:6:3 for 30 minutes, then dispersed in N-methyl-2-pyrrolidone (NMP). The mixture
solution was then loaded and electrospun onto a Whatman C type separator. A homogeneous
coating on the glass fiber separator was observed with a mass loading of 20 mg (10 wt% POM, 60
wt% Super P and 30 wt% PVdF), namely es.-POM/C. As illustratively shown in Scheme 6.1, a
proposed “Polysulfide-phobic” mechanism was attributed by the synergistic effect of V-rich
decavanadate clusters and conductive carbon. Theoretically, the coated side of the separator was
immobilized with polysulfides through an intramolecular V-S»? interaction, which hence acted as
a shielding layer towards further released long-chain polysulfides upon discharging from cathode
Ss. In this circumstance, the confined long-chain polysulfides in the area between cathode and es.-
POMY/C side went through a reutilization process, which significantly promoted the redox activities
of sulfur species and enhanced the coulombic efficiency of battery cycling.
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Figure 6.1 Thermogravimetric analyses (TGA) of KB/S cathode material.
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Scheme 6.1 Schematic illustration of inhibiting “shuttle effect” by electrospun POM/Carbon separator in
MSBs.

As shown in Figure 6.2, SEM images showed the structure of the as-fabricated functional separator.
Compared with pristine glass fiber (Figure 6.2a), the coated surface of es.-POM/C was
homogenously covered with well-defined nanoparticles (Figure 6.2b and c), which is further
confirmed by EDX mapping of elements C, O and V, the compositions of POM and Super P carbon.
Nanofibers from the polymer PVdF serve as skeletons for particle dispersion. In addition, Figure
6.3 shows the particle size distribution of observed Super P and POM composites indicating an
average size of 50 nm.
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Figure 6.2 SEM images of (a) pristine Whatman glass fiber; (b,c) es.-POM/C separator and (d) EDX

mapping of element oxygen, carbon and vanadium of a selected area in es.-POM/C separator.
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Figure 6.3 Particle size distribution of nanoparticles observed on the coating layer.



81

Visualized H-type glass devices were designed and assembled to demonstrate the feasibility of es.-
POMY/C separator on the suppression of polysulfide shuttling. As shown in Figure 6.4, tetraglyme
solution of MgSn (0.04 M, based on Mg?*) was injected in the left chamber and pure tetraglyme
solvent on the right. The concentration of MgS, in the solution was determined with ICP
measurement. The H-type cells in the upper row were assembled with a pristine Whatman glass
fiber separator, while the ones in the lower row were implemented with an es.-POM/C separator.
In the cells with pristine glass fiber, the red-brown polysulfides gradually passed through the
separator from left to right and reached a high level after 24 h. In the contrary, no obvious
polysulfide diffusion was observed from the H-type cells with es.-POM)/C separators after the same
period of time. After 96 h, a slight color change in the right chamber can be seen, which indicated
that the es.-POMY/C separators exhibited a better suppression of polysulfide diffusion than pristine

glass fibers.

Figure 6.4 Permselectivity of the es.-POM/C separator. Optical images of the diffusion of polysulfides:
visualized H-type glass devices with a pristine Whatman glass fiber separator (top) and a es.-POM/C
separator (bottom). The tetraglyme solvent with 0.04M MgS, was injected in the left chamber and the

solvent without polysulfides was injected in the right chamber.
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6.2.2 Electrochemical performance

To verify the function of the es.-POM/C separator in enhancing battery cycling stability, different
coin-type cells were assembled with pristine glass fiber, es.-Super P carbon (es.-C) and es.-POM/C
as separators, respectively. The KB/S slurry was coated on an aluminum foil by doctor blade
method with sulfur loading of approximately 1 mg cm™. The initial cycles of galvanostatic charge-
discharge profiles with pristine glass fiber displayed a relatively flat discharge voltage plateau at
about 1.5 V, followed by a sloping region until a cutoff voltage of 0.5 V, indicating a stepwise
reaction pathway (Figure 6.5a). Notably, the discharge potential plateau slightly increased after the
first cycle, accompanied with an obviously increased coulombic efficiency. However, the battery
decayed very quickly after 10" cycle from an initial capacity of 460 mAh g* to finally ~310 mAh
glat0.1C (~167 mA g?).

Figure 6.5b shows the discharge-charge profiles of the MSB with es.-C as separator indicating a
promoted cycling performance, even though the battery cycling ended up with a discharge capacity
of 190 mAh g at 30" cycle. Same as the battery with pristine glass fiber, the one with es.-C also
showed a flat discharge voltage plateau at about 1.5 V and followed by a sloping region until 0.5
V. Besides, the voltage gap between the charge and discharge curves remained almost identical in
these two cells, which implied that the carbon coating on the separator did not lead to any changes
of inner resistance. The discharge-charge profiles and the long-term cycling performance of the
Mg-S battery with es.-POM/C as separator are shown in Figure 6.5c and Figure 6.6. Notably, after
initial 15 cycles of capacity increase (from 360 mAh g at 1% cycle to 450 mAh g* at 15" cycle),
which might be ascribed to an activation process, the battery displayed a stable capacity
performance of above 400 mAh g* until 50" cycle. In the following cycles, the battery showed a
slight capacity decay to 320 mAh g* until 100" cycle with a capacity retention about 90%, which
is much higher than the battery assembled with pristine glass fiber (67.4%) and es.-C (47.5%)
respectively. In addition, except the first cycle, the coulombic efficiency of the battery with es.-
POMY/C remained around 95% indicating an efficient polysulfide inhibition, and hence a promoted
redox chemistry of sulfur species in the as-designed MSB prototype during battery cycling.
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Figure 6.5 Charge-discharge profiles of Mg-S batteries with (a) pristine Whatman glass fiber as separator,
(b) electrospun-Super P carbon based glass fiber separator (abbreviated as es.-C), and (c) electrospun-
POMI/C based glass fiber separator (es.-POM/C).
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Figure 6.6 Comparison of cycling performance of Mg-S batteries equipped with separators es.-C and es.-
POM/C.

Further we explored the rate capability of the MSB with es.-POM/C as separator at current densities
from 0.05C to 1C (Figure 6.7). The battery showed good reversible capacities at all C-rates with
specific capacities between 650 mAh g* (at 0.05C) and 50 mAh g (at 1C). The discharge-charge
profiles at the current density of 0.05C, 0.1C and 0.2C present well-defined discharge voltage
plateau at around 1.5 V and charge voltage plateau at around 2.0 V, respectively. At the current
density of 0.5C and 1C, the discharge-charge profiles did not indicate clear voltage plateaus, which
might be due to the sluggish kinetics of conversion reactions of magnesium polysulfide species.
Moreover, it was noted that a voltage hysteresis of as-assembled MSB is about 0.65 V, which will
lead to a relatively lower energy efficiency in potential applications. To investigate its origin, the
CV was measured with a three-electrode cell (PAT-Cell from EL-CELL) using KB/S as working
electrode (WE) and Mg foil as the counter and reference electrodes (Mgce and Mgre), respectively.
Typical CVs of the Mg-S batteries with pristine glass fiber separator and es.-POM/C for first two
cycles are shown in Figure 6.8. For the battery with pristine glass fiber, during the first anodic scan,
the main reduction peak of sulfur appeared at 1.20 V, and the oxidation peaked at 1.69 V in the
reverse scan. In the subsequent CV cycles, both the cathodic and anodic procedures occurred at
higher potentials (1.41 V and 1.73 V, respectively), which is consistent with the discharge/charge

profiles with slightly increased voltages after the first cycle. The small shoulder signals in the CVs
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indicate a multistep reaction in Mg-S cells. The redox signals at 1.41 and 1.73 V (vs. Mgre) in the
second cycle represent a voltage hysteresis of about 0.32 V between the reduction and oxidation of
sulfur in the Mg-S system with pristine glass fiber. In the meanwhile, the potentials vs. Mgce were
recorded. As shown in Figure 6.8a, the representative CV curve for the second cycle indicates that
the reduction peak for sulfur is located at a slightly lower potential of 1.35 V compared with the
peak value vs. Mgre. However, the oxidative signal substantially shifted up to 2.31 V (with a
voltage difference of 0.58 V), implying that the recharge of the sulfur cathode was restricted by the
half-reaction at the Mgce. In contrast, the CVs of the MSB with es.-POM/C (Figure 6.8b) show
that the voltage difference of oxidation peak in the second cycle (vs. Mgre and vs. Mgck,
respectively) is about 0.27 V, which indicates a much less polarization of Mg anode and hence the
improved battery cycling performance.
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Figure 6.7 (a) Voltage profiles of MSBs with different separators under various current densities and (b)

The rate performance of MSBs with different separators;

To investigate whether the concentration of POM plays a role in influencing the battery
performance, different separator coating layers with 5 wt% of POM (es.-5% POM/C) and 20 wt%
of POM (es.-20% POM/C) were also fabricated by electrospinning under the same condition. The
charge-discharge profiles and cycling stability of the MSBs with the as-prepared separators are
shown in Figure 6.9 (es.-5% POM/C) and Figure 6.10 (es.-20% POM/C). Except for the first cycle
which is determined by OCV, all the other cycles showed well-defined voltage plateaus in

discharge curves (~1.5 V) and charge curves (~2.1 V). The discharge capacity shown in Figure
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6.9b went through a comparatively quick drop from 420 mAh g* in 2" cycle to 200 mAh g* in
30" cycles after an initial increase and an ongoing drop until 100 mAh g*in 100" cycle. Besides,
compared with es.-POM/C, the coulombic efficiency of es.-5% POM/C was lower and less stable.
In the case of es.-20% POMY/C (Figure 6.10) the initial 20 cycles indicated a coulombic efficiency
above 100%, which might be attributed to the “overdosed” POM that participated in the redox
chemistry of sulfur species. After the 20" cycle, the coulombic efficiency went down to a value
above 92%, which suggested a good reversible capacity. Except for the abnormally high coulombic
efficiency in the first 20 cycles, the fluctuation of discharge and charge capacities implied an
unstable chemical reactions during battery cycling. In addition, the quick capacity decay starting
from 21% cycle to 100" cycle also intimated a less-competitive option by using a higher content of
POM in separator coating. To sum up, the as-fabricated es.-POM/C that contained 10 wt% of POM
constructed a most performance-enhanced separator coating layer, which led to excellent

coulombic efficiency and cycling stability for MSBs.
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Figure 6.8 CV curves of MSBs in a three-electrode setup at a scan rate of 0.1 mV s (a) with pristine

glass fiber as separator and (b) with es.-POM/C modified glass fiber as separator.
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Figure 6.9 (a) Charge-discharge profiles of Mg-S batteries with es.-5% POM/C as separator and (b)
cycling stability of Mg-S batteries with es.-5% POM/C as separator.
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Figure 6.10 (a) Charge-discharge profiles of Mg-S batteries with es.-20% POM/C as separator and (b)
cycling stability of Mg-S batteries with es.-20% POM/C as separator.

6.2.3 Exsitu studies

To further substantiate the “polysulfide-phobic” mechanism, XPS was implemented in our study.
The XPS spectra of MgSnh powder, pristine es.-POM/C and es.-POM/C immersed in MgS; solution
with tetraglyme as solvent are shown in Figure 6.11. Before XPS analysis the latter sample was
washed with tetraglyme in order to remove excess of MgSn powder. All the samples were dried

before measurements. S 2p spectra have been fitted with 2ps/2 - 2p12 doublets separated by 1.2 eV
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with 2/1 intensity ratio due to spin-orbit coupling. The as-synthesized MgS, exhibited three
characteristic S 2p spin-orbit-splitting doublets (Figure 6.11a). Those are terminal sulfur S1 (drawn
in blue, indicating MgsS, polysulfides) with binding energy at 161.1 and 162.4 eV, bridging sulfur
S2 (drawn in red, indicating polysulfides and elemental S) with binding energy at 164.0 and 165.1
eV, as well as S3 (drawn in pink, indicating SOx species), which may come from oxidation of
surface sulfur during sample preparation.®>1% As shown in Figure 6.11a, after immersion in MgSn
solution, all the S species were recognized accordingly. Specifically, the terminal S with the S 2p3/»
and S 2p1» peaks shifted from 164.0 and 165.2 eV to 162.4 eV and 163.7 eV, respectively.
However, the bridging S with the S 2ps2 and S 2py2 peaks is located constantly at 164.0 and 165.1
eV with almost no shifting. These results suggested that the adsorption of Magnesium polysulfides
by es.-POM/C was successful and the shifting in binding energy indicated an interaction between
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in Mg$ | solution

—
Q
—

S 2p| (B)| es.-pomicimmersed F\V 2p
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Figure 6.11 High-resolution XPS analysis. S 2p spectra of (a) the as-synthesized MgS, powder (bottom)
and es.-POM/C separator immersed in MgS, solution (top); V 2p spectra of (b) as-fabricated es.-POM/C

separator (bottom) and es.-POM/C separator immersed in MgS, solution (top).
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POM and polysulfides.!1"167:168 Next, as shown in Figure 6.11b, V 2p spectrum of as-fabricated
es.-POM/C displayed characteristic V 2ps2 and V 2p1/» peaks at 517.3 and 524.7 eV respectively,
which were ascribed to V°*, the highest oxidation state of vanadium in POM shown in Figure 6.12.
However, after immersion in MgSy solution two new V 2p peaks appeared at 516.2 and 523.8 eV
respectively, which stemmed from the reduction of V°* to V#* 19170 Tg rule out the influence of
solvent in this valence changing, es.-POM/C was soaked in the pure tetraglyme solvent for a same
duration as in abovementioned immersion experiments. As shown in Figure 6.12, the XPS V 2p
spectrum showed only signals of V°*. This above results further implied an intramolecular
interaction between polysulfide species and POM clusters. Aligned with the enhanced battery
cycling stability, the notorious polysulfide “shuttle effect” was efficiently suppressed due to the
“bonded layer” of polysulfide species through intermolecular V-S,?" interaction, which functioned

as shields in blocking the further released polysulfides.

es.-POM/C immersed V 2p
in Tetraglyme

POM powder

Intensity (a.u)

V2ap,,

525 522 519 516 513
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Figure 6.12 V 2p elemental XPS spectrum of pristine POM powder (bottom) and es.-POM/C immersed in

tetraglyme solvent (top).



90 Polyoxometalate/carbon-based modified separator for Mg-S batteries

6.3 Summary

In summary, we have developed an electrospinning-assisted separator coating strategy by using
redox active polyoxometalate clusters and cost-effective conductive carbon material. For the first
time a “neat” MSB configuration (Ketjen black/S as cathode, non-Cl™ and non-additive containing
electrolyte, Mg foil as anode as well as functional separator) delivered a reversible discharge
capacity of around 320 mAh g in the 100th cycle with a coulombic efficiency higher than 95%.
Furthermore, cyclic voltammetry, XPS etc. have revealed a polysulfides repulsion mechanism
contributed by intramolecular V-Sy> bond built up a shielding layer against bulk long-chain sulfur
species. Due to the synergistic effect of conductive carbon and POM clusters, highly efficient
reutilization of polysulfide species was achieved leading to the superb discharge capacity, high
coulombic efficiency as well as excellent cycling stability. This rational Mg-S setup with
electrospun functionalized separator strategy not only provided a guideline for future design of

Metal-Sulfur battery systems, but also made a leap towards practical applications.
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7 Conclusions and outlook

With the development of post-LIBs due to their high abundance and low cost, new materials and
new chemistries started to show potentials in bringing the next leap in energy storage system. The
applications of nanomaterials and functionality such as conductive coating of active materials have
been widely investigated in rechargeable batteries. Electrospinning, as an easy, controllable and
scalable method to fabricate nanostructures such as nanofibers and nanoparticles, has been often
utilized in the study of post-LIBs. In this work, electrospinning was applied in three different
aspects in post-LIBs: anode material for SIBs, cathode material for SIBs, and modified separator
for Mg-S batteries. Self-standing electrode materials with the concept of binder-free and collector-
free systems were successfully prepared. Electrospun coating on glass fiber separators was proved

to effectively inhibit shuttle effect of polysulfides for Mg-S batteries.

Conclusions of each parts are summarized as following:

(i) Self-standing CNFs were used as anode material for SIBs. The mechanism of CNFs with
different structures can be divided into two categories when it comes to the interaction with Na*
ions: intercalation (diffusion-controlled) and surface capacitive effects. The electrospun CNFs
contain disordered structures with an increasing content of graphitic domains and decreasing
amount of heteroatoms with the increasing carbonized temperature. CNFs carbonized at 600 °C
and 800 °C showed a capacitance contribution while CNFs carbonized at 1000 °C exhibited mainly
an intercalation behavior of Na* ions along with capacitive contribution. A high irreversible
capacity in the initial cycle from SEI formation and a fast capacity decay limited the self-standing
CNFs to be applied in real-life practice. However, this study of the mechanism of CNFs as anode
material for SIBs inspired a careful look into similar materials, especially nanostructures, with high

surface area when applied in post-LIBs.

(if) Maricite NaFePO4/CNF composite was studied as self-standing cathode material for SIBs.
Within the CNF network, the originally inactive maricite NaFePO4 showed a gradual involvement
in electrochemical behavior upon cycles. Compared to a traditional slurry cathode with a capacity
around 20 mAh g, this self-standing electrode showed a much higher reversible capacity up to
108 mAh g after initial increase. The strongly interacting nanofibers were proposed to facilitate
the diffusion of Na* ions and electronic conductivity of the active materials. Nevertheless, the
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capacitive contributions originating from the high surface area were also studied, amounting up to
60% of the whole current contributions at 1 mV s™%. This electrospun hybrid electrode offered some
new aspects of improving the performance of active materials with poor electrical conductivity.

(iii) A coated separator for Mg-S batteries was prepared with the help of electrospinning. The
functional coating was prepared by electrospinning a mixture of decavanadate clusters and Super
P carbon on a commercial glass fiber separator, aiming to serve as a “polysulfide-phobic” layer.
MSBs showed a capacity around 350 mAh g* for over 100 cycles with capacity retention of 90%
with the functionalized separator, compared to a fast deteriorate performance of the ones using
pristine separators. XPS measurement indicated an intramolecular interaction between polysulfide
species and decavanadate clusters. The front-bonded layer of polysulfides was proposed to act as
a shielding layer that inhibited the further shuttling of polysulfide species. This achievement has
shown great potentials of electrospinning applied in metal sulfur batteries, and also in enhancement

of other inactive components for a rechargeable battery.

It is positive to see that the method has brought some new opportunities into electrode preparation,
material improvement and functionality of passive components. In recent years, a new concept was
brought out as supercapattery where a combined mechanism of diffusion and capacitor was
brought out.!”* With diverse nanostructures introduced in the rechargeable battery research, great
care needs to be taken considering the high surface area which may cause more side reactions. And
the surface charge effect from nanomaterials should not be neglected. Moreover, it is hard to deny
that electrospinning is a time consuming method with limited product efficiency, where the
development of a continuous producing system for industrial applications is highly

demanded.17%173
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