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Abstract

Abstract

The development of lithium-ion batteries with higher power, higher energy, longer
cycle life and lower cost is the focus of battery research at present, and the situation will
remain the same in the foreseeable future. The research of rechargeable batteries may
lead to better understanding on interfacial chemistries, the discovery of new battery
chemistries and ultimately more powerful energy storage systems. This project aims at
the application of carbon based composite materials as electrode materials in
rechargeable lithium or sodium batteries and potential improvement in the performance
of batteries via novel design of electrode materials. The electrospinning technique,
microwave-assisted solvothermal synthesis process and inert gas thermal treatment have
been utilized for material preparations. A series of experiments were designed to screen
the most important factors that dominates the structural features of electrospun polymer
fibers. One-dimensional carbon fibers and composite materials with desired structural
features have been synthesized. The carbon fiber converted from electrospun
polyacrylonitrile membranes are used as negative electrode materials in lithium and
sodium cells, which showed stable reversible capacities of 118 mAh/g and 84 mAh/g
for lithium and sodium, respectively. The antimony-carbon fiber composite materials
were synthesized as alloy type negative electrodes for lithium-ion and sodium-ion
batteries. The obtained material exhibited high reversible capacities of 562 mAh/g and
371 mAh/g in lithium and sodium cells, respectively. Due to the homogeneous
distribution of nanosized antimony particles within the interconnected carbon fiber
networks, this materials also exhibited good rate capabilities in sodium cells as it cycled
at high current rates up to 1000 mA/g without severe capacity fading. The binder-free

carbon electrode was used for the synthesis of composite sulfur cathode in a novel
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lithium-sulfur cell design, the resulted lithium-sulfur battery demonstrated a high
reversible capacity of 1101 mAh/g at a high charge-discharge current of 1000 mA/g. In
addition, a two dimensional graphene-based composite material containing antimony
sulfide nanoparticles synthesized via microwave-assisted solvothermal approach was
also investigated as potential negative electrode materials for rechargeable lithium or
sodium batteries. High reversible capacities of 595 mAh/g in lithium cells and 560
mAh/g in sodium cells from this electrode materials were achieved. The material design
with graphene nanosheets as the conductive substrate was proved effective for high rate
charge-discharge as this composite material showed good rate capabilities under various

current rates up to 1000 mA/g.
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Chapter 1 Introduction

1.1 Research motivations

Since their first commercialization in 1990s, lithium-ion batteries have become the most
important power sources in a variety of applications from portable electronics to electric
vehicles. Nowadays lithium-ion batteries are considered to be the defacto standard of
high performance electrochemical energy storage systems due to their superior
combined properties including high power, high energy, long cycle life and relatively
low cost. The history of lithium-ion battery development is one of the good examples of
how pure and applied research work helps improve a technology and then transform it
into useful products and greatly changes the lifestyle of the human race. However, the
increasing demand in the consumer market for batteries with higher energy and lower
price continuously drives the development of lithium-ion battery technology towards
even higher qualities such as more flexible design, lighter weight, smaller sizes, higher
power capability and energy density. As the potential energy storage systems for
sustainable energy harvesting and electrical vehicles, lithium-ion batteries have received
much attention from government-academia as well as industrial circles. The state-of-art
lithium-ion battery technology is inadequate to meet the requirement for rechargeable
energy sources in electric vehicles according to the United States Advanced Battery
Consortium (USABC) objectives, and the further improvement of this technology will
remain a challenge for scientists in the next few decades. The joint research efforts
across multiple fields are targeting new materials for lithium-ion batteries with
fundamental advantages that continue pushing the boundaries of energy and power
density, safety, cycle life and cost. However, despite many classes of compounds with

very different reaction mechanisms being investigated as potential electrode materials
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for lithium-ion batteries, real gain in the energy density of batteries over the past few
years has been rather limited. The energy storage capability of current lithium-ion
technology is still highly dependent on cathode materials, i.e. layered structure lithium
metal oxides and their transition metal substituted variants (e.g. LiCoO2, LiMnOa,
LiFePO4, LiNii3Mni3Co01302, and LiNiogCoo.15Al0.0502). After years of pursuit, the
battery community still has not found better alternatives to intercalation chemistry, and
the increasing energy density of commercial lithium-ion batteries generation after
generation is mainly attributed to the engineering efforts in advanced cell design and
packaging, as well as battery management systems. The development of lithium-ion
batteries with higher power, higher energy, longer cycle life and lower cost will remain
the focus of battery research in the future, which may lead to better understanding on
interfacial chemistries, the discovery of new battery chemistries and ultimately more

powerful energy storage systems.

1.2 Objectives

The electrospinning technique has been applied for the synthesis of one-dimensional
nanoarchitecture functional materials with electrospun polymer fiber as the skeleton.
The synthesis of 1D composites based on carbon fibers containing nanoparticles as the
secondary phase can be realized via a mild reaction route. In addition, the established
laboratory synthesis route can be scaled up because the application of industrial scale
electrospinning is a relatively mature field. The carbon fibers derived from electrospun
polymer fibers naturally form a self-coherent, binder free bulk porous structure with
good electrical conductivity. This unique structural feature of electrospun carbon fibers
can be utilized for synthesis of electrode materials in fundamental research on energy

storage technologies.
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This project focus on the application of carbon based composite materials (including
one-dimensional carbon-fibers based and two-dimensional graphene-based composite
materials) as negative electrode materials in rechargeable lithium or sodium batteries
and the potential technical measures that can improve their anodic reactivity hence
improving the performance of rechargeable lithium or sodium batteries. The research

activities focused on the following areas:

e The determination of optimized electrospinning operational parameters for the
desired one-dimensional structural features.

e The investigation of reaction mechanisms of carbon-based composite materials
derived from electrospun polymer fibers with lithium and sodium half-cells,
with special focus on the effects of additives on the general electrochemical
characteristics of the resultant fibrous composite electrodes.

e The application of the electrospinning technique as a synthesis route for
composite electrode materials.

e The investigation of reaction mechanisms of graphene-antimony sulfide
composite materials with lithium and sodium half-cells, especially the effects of
morphological features of secondary nanoparticles on the electrochemical

characteristics of the resultant composite electrodes.

1.3 Research methodology

The general research strategy presented in this thesis is to synthesis nanostructure
composite material with carbon fiber and/or graphene nanosheets, and evaluate their
performance as electrode materials for rechargeable lithium or sodium batteries. The
electrospinning, microwave-assisted solvothermal synthesis approach and subsequent

inert gas annealing process are employed for composite material synthesis. The
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compositions of synthesized materials are then characterized with conventional ex-situ
techniques including Gas adsorption surface area analysis (Brunauer, Emmett and Teller
method), Raman spectroscopy, X-ray diffraction (XRD), thermogravimetric analysis
(TGA). Morphology visualizations of materials are conducted by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). These techniques
have unique capabilities in revealing the nature of electrode material as well as
electrode reactions. The as-prepared materials are made into porous electrodes for coin
cells assembly. Galvanostatic charge-discharge cycle tests, cyclic voltammetry (CV),
and electrochemical impedance spectroscopy (EIS) are used as the electrochemical
characterization methods. The intensive multidisciplinary research efforts across the
fields of solid-chemistry, electrochemistry, computational chemistry, physics, material
science and engineering, etc. are expected to help the development of advanced
electrode materials for rechargeable lithium and sodium batteries diverging from the old

empirical approach.

1.4 Contributions

This project is aiming at the synthesis of novel anode materials for lithium and sodium
rechargeable batteries with facile synthesis approaches which have important
technological potential. The electrospinning and microwave-assisted solvothermal
reaction techniques are used as the main synthesis methods for anode materials
preparation. Better understanding of lithium and sodium electrochemical cells is also an
essential part of this project. Electrode materials are assessed with cell level analysis in
terms of their impact on energy and power capabilities of batteries. For the research
outcomes, electrospun PAN-derived carbon fiber sheets were adopted as a liquid sulfur

cathode substrate for lithium-polysulfide cells which worked well in terms of reversible
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capacities and rate capabilities. The antimony-carbon fiber/graphene composite alloy
type negative electrode materials and antimony sulfide graphene composite converse
type negative electrode materials are both confirmed as high capacity (above 370
mAh/g), high rate (up to 1A/g charge/discharge rate) anode materials for lithium and
sodium rechargeable cells, respectively. The different designs of composite materials
are proved to be effective as they fulfilled most of requirements for high performance

battery applications.

1.5 Thesis Outline

The thesis comprises of eight chapters in total. Chapter 1 (Introduction) provides
general information on this PhD research project including a brief description of
research strategy and research objectives. Chapter 2 gives a critical review of research
and development of the lithium rechargeable battery and sodium rechargeable battery,
especially the factors that currently limiting the performance of state-of-art lithium-ion
batteries. Chapter 3 is the research methodology and experimental section, in which the
material synthesis and characterization technique adopted for this project are explained.
Chapter 4 to 7 presents the results and discussion regarding different electrode materials
investigated within the scope of this research project. Chapter 8 is the concluding

chapter, which includes the summary of this project and future recommendations.
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2.1 Brief history of lithium-ion battery development

“Battery” typically refers to a device that is composed of single or multiple
electrochemical cells. The electrochemical cell consists of a positive electrode (electron
acceptor), a negative electrode (electron donor) and an electrolyte (ionic and electronic
conductor). In a conventional cell configuration, the two electrodes are solid and kept
apart from each other by an electrolyte-permeable separator. In multiple-cell battery
packs, those electrochemical cells are connected either in series or in parallel to fulfill
the requirement of voltage and capacity. During operation, the charged electrochemical
cells are connected externally and output energy at a certain voltage (U) typically with a
constant current () for a variable time (4¢), and the power output of a battery (P) can be
calculated with the equation 2-1. The amount of electrical energy stored in a battery (Q)

can be expressed per unit of weight (Wh/kg) or per unit of volume (Wh/L).

P=UxI 2-1
Lithium is the most attractive negative electrode for high energy density batteries
because of its lightest equivalent weight (M = 6.94 g/mol) and the lowest
electrochemical potential (-3.04 V versus standard hydrogen electrode) of all elements.
Studies of lithium batteries began in the 1950s as the surface passivation mechanisms of
lithium metal in a number of non-aqueous electrolytes were discovered, which made
scientists realized that metallic lithium actually remains stable behind the solid-liquid
interphase.! The stability of the lithium metal surface in those electrolytes was attributed
to a passivation layer generated during the direct chemical reactions between lithium
and electrolyte radicals. The passivation layer was found to be compatible with lithium

transportation between electrolyte and lithium. The anode meanwhile prevents further
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reactions of electrolytes on the surface of lithium. This discovery soon helped facilitate
the development of high energy density lithium battery systems. Within a very short
period after its introduction to the consumer market, the primary (non-rechargeable)
lithium battery systems with superior energy density supplanted other battery systems
such as Nickel-cadmium (Ni-Cd), and Ni-metal hydride (Ni-MH) and seized the

dominant place in portable electronics.

The development of lithium secondary (rechargeable) batteries lagged behind lithium
primary batteries. The concept of using metallic lithium as the negative electrode in the
primary batteries proved difficult to be implemented in secondary batteries. Preliminary
investigations of cycling of lithium metal in organic electrolytes showed that the
reaction is not entirely reversible due to the breakdown of the passivation layer on the
surface lithium. With the bare lithium exposed to electrolyte during cyclic charge-
discharge processes, further reaction continues, causing the repeated dissolution-
deposition process of lithium. The deposition of lithium leads to lithium dendrite
formation as a result of non-uniform current distribution, which can cause serious safety
issues including short circuit and thermal runaway of lithium batteries.” The first
attempt to resolve this issue was the design of high temperature molten salt systems
with lithium-aluminum (Li-Al) alloy and iron sulfide (FeS) as anode and cathode,
respectively. However, this system showed very limited cycle life due to large volume
changes of the electrodes during operation which made large scale implementation
difficult .> Other measures including modifications of separator and electrolytes in order
to suppress the detrimental effect of dendritic lithium growth were also investigated.*
The Exxon company later announced a room-temperature lithium secondary battery

system (Li/TiS2). The Li/TiS, battery was composed of electrochemical cells using
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lithium metal as negative electrode, lithium perchlorate (LiClO4) in 1, 3-dioxolane
(DOL) solution as liquid electrolyte, and TiS> as positive electrode. Both electrolyte and
positive electrode were the best choices at the time because the good cycling efficiency
of lithium and smooth lithium deposition morphology was found in DOL electrolyte,
and TiS> has a very favorable layered-type structure which is stable framework for
lithium intercalation reactions. Understanding the ion intercalation mechanisms was an
offshoot from research works on the superconductivity of materials where scientists
explored the physical properties of various compounds after intercalating ions or
electron-donating molecules into host materials.” The lithium intercalation in the host
lattice of layered TiS2 was found to be highly reversible, and the structural change of
TiS2 upon lithium insertion and extraction was negligible since there no phase transition

occurs. The whole intercalation process can be expressed in equation 2-2.

«charge . _ T — 2-2
xLi+ MS, scharges LixMS,, (M = Ti, Mo, y=2)
«charge . _ - 2.3
xLi + MOy, prEE— LixMOy, (M = Co, Mn, Ni, y=2)

After Li/TiSz, a variety of lithium secondary batteries with different combinations of
intercalation electrodes and electrolytes based on similar battery chemistry were
manufactured as coin cells (as shown in equation 2-3). Their applications were rather
limited due to relatively short cycle lives upon deep discharge.® By the end of 1970s it
was realized that most of the intercalation compounds remain single phase only for a
relatively narrow range of x values (see equation 2-2) and they cannot be cycled with x
crossing the phase transition points of the host materials. Taking LixMoS: for instance,
this intercalation compound can insert lithium up to x = 3 undergoing several stages of
phase transitions, but this intercalation process is partially irreversible. The reversible

lithium intercalation in LixMoS; is limited to the range of x < 0.8.” The intercalation
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cathode materials are generally made in the charged state (without free lithium inside
them) prior to the cell assembly because they are both oxygen and moisture sensitive in
the discharged state. Therefore lithium metal is need as the counter electrode and the
source of free lithium in the electrochemical cell. After discharge process, the lithiated
intercalation cathode materials normally possess a potential ranging from below 3 V to

about 4 V against Li/Li" redox couple.

The lithium secondary batteries with metallic lithium suffered from significant penalties
in cycle life and safety due to lithium plating as well as occasional dendritic lithium.
The plating of lithium occurs on the surface of metallic lithium anodes during the
charge process and plated lithium can detach from the bulk lithium anode and become
inert in subsequent discharge process. This leads to low cycling efficiency and constant
capacity fading. In order to balance the loss of active material, excess of lithium at the
anode side is required for this particular type of cell. The cycling efficiency (E) of
lithium batteries can be defined (as shown in equation 2-4) by the charge of lithium
consumed (Q¢), the amount of excess lithium (Q.x), and the cycle number (n). The
cycling efficiency can also be used to calculate the relative excess lithium ratio (R) of

lithium required for a given cycle number n (as shown in equation 2-5).3

Q= Qex/n 2-4
E Qs
R=nx(1I-E) 2-5

Low lithium cycling efficiency leads to a large R number which is unsuitable for
practical applications of lithium secondary batteries. As aforementioned, these lithium
anodes did show high cycling efficiency in LiClO4/DOL electrolyte, however, no such

product became available on the market to date. This is attributed to the unstable lithium
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perchlorate salt as well as highly explosive tendencies of DOL solvent, which makes

this type of electrolyte risky to use in practical batteries.

The research efforts on lithium metal compatible electrolytes eventually lead to the
important discovery of lithium permeable solid electrolyte interphases (SEI). SEI is a
thin layer formed on the surface of lithium metal due to the synergetic effects from the
decomposition of salt and solvent in certain electrolytes. The SEI is electronically
insulating, which help protecting the lithium metal from further reactions with
electrolyte. But it is also conductive for lithium ions, which help maintaining a stable
electrode-electrolyte interphase for lithium ion exchange.® Supplementing the
improvement of electrode and electrolyte materials, improvements in the design of
lithium secondary batteries were also investigated. These measures included lowering
the depth of discharge and limiting the charge current densities.” Non-aqueous organic
electrolytes for lithium batteries generally have low conductivities for both electron and
lithium ion transport, thereby limiting the capacity available at high rates of
charge/discharge. Porous electrodes soaked with large amounts electrolyte can greatly
impede the overall conductivity of lithium batteries. Therefore electrodes must be made
very thin (100 ~ 300 um thickness) so that the resistance against lithium ion transport

within electrodes can be minimized.'”

The obstacles for lithium metal anodes in lithium batteries triggered the design of
lithium secondary batteries with both negative and positive electrodes made from
intercalation compounds. Lithium intercalation cathodes showed excellent cycle
performance in lithium half cells without detrimental effects such as consumption of
electrodes or electrolytes. The replacement of lithium metal anodes with intercalation

materials forms a so-called “rocking chair” or “swing” cell configuration (as shown in
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Figure 2.1). This configuration allows completely reversible intercalations of lithium
ions in tandem at both anode and cathode ends, hence supporting prolonged cycle life

for lithium secondary batteries.!!:!2
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Figure 2.1 Schematic view of a “rocking chair” cell configuration based on the movement of

lithium ions between two intercalation compounds.

In general, the intercalation compounds as anodes should have a much lower chemical
potential versus lithium metal compared to the intercalation compounds used as cathode
materials. Graphite, WO, and MoO, have all been investigated as negative electrode
materials due to their high theoretical volumetric capacities.!* Graphite can intercalate
with lithium ions in a stoichiometry up to LiCs (as shown in equation 1-6) at an
intercalation voltage close to that of lithium metal (~0.1 V versus Li'/Li), which gives a
high theoretical specific capacity of 372 mAh/g. These excellent features of graphite
outperform two of the metal oxide type anode materials, making it the best candidate as
an anode for intercalation type lithium secondary batteries. However, early attempts to
integrate graphite anodes into lithium secondary batteries were unsuccessful. The

absence of compatible organic electrolytes caused serious issues including electrolyte
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reduction on fresh graphite surfaces and co-intercalation of electrolyte species into
graphite interlayers, which subsequently destroyed the graphite structure by exfoliation.
These electrolyte-related problems were not resolved until the cycling performance
improvement of graphite anodes in ethylene carbonate (EC) co-solvent electrolytes was
discovered in the early 1990s.'*!> The addition of EC in electrolyte initiated a
passivation mechanism on the surface of graphite anodes, which is similar to the
passivation mechanisms of surface layers formed on metallic lithium in non-aqueous
electrolytes. Such a lithium ion conducting surface passivation film protected the
graphite anode during initial lithium insertion processes. Although the formation of
surface films on graphite is an irreversible reaction, it only occurs in the first cycle and

the formation of new surface layers is inhibited during subsequent intercalation

process. 67
xLi* + Ce “Zl‘j;—";“:ge LixCs, (0<x<1) 2-6
LIMO, + Co =Z5€harge 1 i, MO, + LixCe, (M = Co, Mn, Ni) 2-7
charge—

In the “rocking chair” cell configuration, the graphite anode is made in a discharged
state because graphite becomes highly active once intercalated with lithium and forms
LixCs compound. Thus, graphite anodes need to be coupled with an air stable cathode
made in a discharged state, which also acts as the source of lithium. The cycle of
‘rocking chair’ batteries always starts with a charging process, with the reduction
(lithiation) of anodes and oxidation (delithiation) of cathodes proceeding in parallel (as
shown in equation 2-7). Transition metal oxide type intercalation cathodes (e.g. LiCoO»,
LiMnO», and LiNiO) all have a high oxidation reactivity in their charged states, high
voltage beyond the thermodynamic stability window of electrolytes can cause highly

exothermic reactions during battery operation. Therefore an electrolyte stable against
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both lithiated graphite anodes and de-lithiated cathodes at low and high potentials is

indispensable.!>!8

In the early 1990s, Sony announced its lithium-ion battery technology using the lithium
cobalt oxide/hard carbon electrode couple based on the ‘rocking chair’ configuration.
Soon the symbol ‘Li-ion’ became familiar to the public with the rapidly expanded
market of consumer electronics e.g. cellular phones, camcorders, laptops and a wide
range of personal entertainment devices. Compared with lithium secondary batteries
containing metallic lithium anodes, lithium-ion batteries showed great improvement in
terms of safety and cycle life. However, the useable energy of lithium-ion batteries are
limited due to safety restrictions that originate from the cathode material. Delithiated
Li;«Co0O:> cathode in commercial products is restricted to x values less than 0.5 (see
equation 2-7) to avoid the release of oxygen from LiCoO> cathode, at which point the
cell charging cut-off voltage is below 4.2 V versus Li/Li’, and the intercalation reaction
of LiCoO> gives a specific capacity ca. 140 mAh/g (only half of the theoretical value).
The replacement of soft carbons by graphite in commercial lithium-ion batteries shows
how higher specific capacity electrodes eventually give in to the requirements on total
volumetric capacity and average voltage of the complete battery which determines the
ultimate energy density of practical batteries. Soft carbon in a practical electrode
typically offers a reversible specific capacity of ca. 550 mAh/g and a volumetric
capacity of ca. 800 mAh/g, while hard carbon (graphite) in a practical electrode offers a
reversible specific capacity of ca. 370 mAh/g and a volumetric capacity of ca. 750
mAh/L. However, the slightly lower average voltage of graphite compared with that of
soft carbon versus Li/Li" results in a larger voltage difference between the anode and

cathode, hence the higher energy density of lithium-ion batteries.
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Further improvements in lithium-ion battery energy and power density are expected
from the innovation of high voltage lithium intercalation chemistry with specially
designed combinations of cathode, electrolyte and anode materials. The possible new
cathode candidates are expected to have (i) a molecular mass comparable to LiCoO», (i)
the ability to exchange more than one electron per unit reversibly in its redox oxidation
state, and (iii) a highly stable framework structure during intercalation reactions.'® As
for anodes, the goal of ongoing research efforts is to identify alternatives to carbon or
graphite with both high capacities as well as more positive intercalation voltages versus
Li/Li". An elevated intercalation voltage of anodes can avoid the detrimental effects of
lithium plating during high rate charging processes, therefore improving the safety of

lithium-ion batteries under abusive conditions.

2.2 Intercalation cathode materials

In intercalation-based lithium secondary batteries, cathode materials serve as a solid
state host network which accommodates the extraction and insertion of charge carriers.
The intercalation compounds of interests are mainly layered transition metal oxides,
metal chalcogenides, olivine, and tavorite structure polyanion compounds. Among these
intercalation cathode materials, lithiated transition metal oxide and polyanion
compounds are more favorable for battery applications due to their high average
operating voltages (3 - 5 V), high specific capacities (100 — 200 mAh/g) which result in

high specific and volumetric energy capacities.

Layered structure LiCoO2 has superior combined properties including high specific
capacity and volumetric capacity, high operating voltage, good cycling performance?
and low self-discharge rate and it is to date the most successful cathode material being

applied in commercial lithium-ion batteries. The main drawbacks of LiCoO> cathode are
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the high cost of cobalt raw materials, its poor thermal stability and low tolerance for
high rates and deep discharge. The Li and Co atoms are located in octahedral sites
which occupy alternating layers and form a hexagonal symmetry in LiCoO2 (as shown
in Figure 2.2a). Above 200°C, the crystal structure of partially delithiated LiCoO- easily
collapses accompanied by an exothermic reaction with oxygen release. This will ignite
most organic electrolytes and cause thermal runaway of electrochemical cells.?!2
Because of this poor thermal stability of LiCoO», advanced designs in electrochemical
cells are required to ensure the safe operation of lithium-ion batteries using LiCoO; as
cathode. Deep discharge of LiCoO> with more than 50% lithium of LiCoO> being
extracted can induce lattice distortion from hexagonal symmetry and cause capacity
deterioration. Metal element doping in LiCoO: has been studied and shows limited
improvements in cycling performance in the case of deep discharge.”*>> A common and
effective approach to address this issue is via coating of various other metal oxides
which constrain the structure change of LiCoO,, by which the LiCoO> cathode can

survive a deep state of discharge (releasing more energy via charge transfer) over a

longer cycle life due to the enhanced structure stability.?®

Layered LiNiO; shares the same crystal structure as LiCoO> (as shown in Figure 2.2a)
and has a theoretical specific capacity very close to LiCoOz. The LiNiO2 cathode is
supposed to be better a choice for lithium-ion batteries owing to the availability of raw
materials compared to the LiCoO> cathode. However, the stoichiometric LiNiO; is
metastable due to the tendency of Ni** ion to substitute Li* sites within the crystal
frameworks during delithiation, which leaves the Li;.xNij+yO2> as the major phase that
serves the cathode role. Layered structure Lii-x<Nii+yO2 has even lower thermal stability

compared with LiCoO., causing obstacles for its implementation as a cathode material
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(a) Layered structure LiCoO, (b) Spinel structure LiMn,0,

(c) Olivine structure LiFePO, (d) Tavorite structure LiFeSO,F

Figure 2.2 Schematic illustration of high voltage lithium intercalation compounds with layered,
spinel, olivine and tavorite crystal structures, in which the unassociated dots represent lithium

ions.”’
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in commercial lithium-ion batteries.?® Instead of LijxNii+yO2, the LiNiosC00.15Al0.0502
(NCA) cathode® with higher attainable specific capacity (about 200 mAh/g) and longer
calendar life has become the main form of lithiated nickel-based cathode in commercial
lithium-ion batteries. In addition, the presence of both nickel and manganese in
LiNixMnyCo1xyO2 cathode is also found effective to enhance the structural stability of
the host framework, which offers improved electrochemical performance including
good rate capability, higher attainable specific capacity and an operating voltage close
to that of LiCoO. cathode.’®*! The common forms of LiNixMnyCoixyO> cathode
materials used in state-of-art commercial lithium-ion batteries include
LiNi.33Mno33C003302 (NMC  333), LiNiosMno3Co0020, (NMC 532), and
LiNi0.4Mno4Co00202 (NMC 442), etc. In general, a higher Ni ratio in NMC cathode
results in higher attainable specific capacities, while lower Ni ratio results in better

thermal stability of the cathode.*?

Layered structure LiMnO> is another major cathode material for lithium-ion batteries.
The main advantage of LiMnO> cathode is the low-cost, manganese-based raw material,
which is more environmentally friendly when compared with LiCoOz or LiNiO2. The
application of LiMnO; cathode is hindered by its relatively poor stability upon lithium
intercalation. The dissolution of manganese ions from the LiMnO: framework and
accompanied valence change of Mn*" ions during lithium extraction result in the crystal
structure transforming from a layered structure to a spinel structure.®* The strategy of
metal element substitution is also an effective method to improve LiMnO; cathode. For
instance, the LiNigsMno. 50> cathode offers both high energy density, low cost and
acceptable cycling life. The addition of Ni can help realize high level lithium extraction

without causing the structural deformation in LiNigpsMnosO> cathode. However, this
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material still suffers from low rate capability due to its relatively high resistance against

lithium diffusion.?*

Besides layered structure manganese cathodes, spinel LiMn2O4 is a cathode material

1.35 The lithium ion diffusion

which also benefits from low cost manganese raw materia
in this spinel host framework is realized through vacant tetrahedral and octahedral
interstitial sites in the three-dimensional structure, in which lithium atoms occupy
tetrahedral 8a sites and manganese atoms are located in octahedral 16d sites in a ccp
array of oxygen anions (as shown in Figure 2.2b). The dissolution of manganese from
manganese-based transition metal oxide cathodes is a common phenomenon that leads
to cell performance deterioration.*® In the case of spinel LiMn,O4 cathodes, undesirable
side reactions also include release of oxygen from the LiMn20O4 framework and the high
level decomposition of the electrolyte, which result in poor stability of LiMn2Os
cathode upon high charge/discharge rate operation or long-term cycling. The low rate
capability of spinel LiMn2O4 cathode is due to the tendency of structural deformation

from spinel to tetragonal LiMn2O4 under high rates, which greatly impeded its extent of

application in lithium-ion batteries.

Polyanion compounds with (XO4)3” (X =P, S, Si, As, Mo, W) groups as the skeleton of
a host framework generally offer high structural stability as well as high cathode redox
potential therefore they are attractive cathode materials for lithium-ion batteries from
safety aspects.’” The phospho-olivine structure LiFePOa, with lithium and iron atoms
occupying octahedral sites and phosphorus atoms occupying tetrahedral sites within a
slightly distorted hexagonal close-packed oxygen array (as shown in Figure 2.2¢), is a
very representative material among polyanion cathodes. The LiFePOs4 cathode has

excellent thermal stability and rate capability (after downsizing to nanoscale and coating
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Table 2.1 Electrochemical characteristics of the major intercalation cathode materials for

lithium-ion batteries.>®

Framework Material Theoretical Theoretical Average
Composition Specific Volumetric Voltage
Capacity Capacity (Vs
(mAh/g) (mAh/cm?) Li/Li")
Layered LiCoO, 274 1363 3.8
LiNi0.33Mn0.33C00.3302 280 1333 3.7
LiNio.8Co00.15Al0.0502 279 1284 3.7
Spinel LiMn20O4 148 596 4.1
LiC0204 142 704 4.0
Olivine LiFePOq4 170 589 34
LiMnPOq4 171 567 3.8
Tavorite LiVPO4F 156 484 4.2
LiFePO4F 151 487 3.7

with conductive agent), which makes it a good candidate as a cathode material for high
power lithium-ion batteries, but its low average voltage, low ionic conductivity and low
electrical conductivity greatly hindered its electrochemical performance. Downsizing
the LiFePOs particles to the nanoscale and chemical conductive coating are helpful to
improve the overall conductivity of LiFePO4 cathode but the resultant nanostructured
LiFePOs electrodes often suffered from reduced volumetric capacities. Compared to
olivine structure LiFePOs, olivine structure LiMnPOs cathode can offer a higher
specific energy in rechargeable cells due to its slightly higher average voltage (~0.4 V
higher). However, the lower conductivity of LiMnPO4 compared to that of LiFePO4
inevitably neutralized the potential advantages in increased specific energy of LiMnPO4
cathode due to other technical measures required (i.e. downsizing particle sizes to nano

scale, conductive coating, etc.) for its implementation in lithium-ion batteries.>* Other
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olivine structure cathode materials such as Li3V2(POs)3, LiCoPO4 and its solid solution
derivatives (i.e. LiNig5C00sPOs and LiMno33Fe033C0033P0O4) are also under
development but their combined properties including power density, energy density,
structure stability upon long-term lithium intercalation, and processing costs are not yet

satisfactory for practical batteries applications.***

Tavorite structured LiFeSO4F, composed of long chains with two slightly distorted
Fe?"O4F, oxyfluoride octahedrons connected in the trans position by F vertices (as
shown in Figure 2.2d), has a high average voltage, high electrical and ionic conductivity
but a low specific capacity.** The LiFeSO4F cathode can offer reasonable specific
energy in lithium-ion batteries with a relatively low manufacturing cost due to the
natural abundance of its precursor materials. The results from ab initio calculation of
tavorite structured compounds suggested that the intrinsic diffusion channels in
materials such as LiFeSO4F with low activation energies allow fast charge and
discharge rates comparable to olivine structured LiFePO4 with smaller grain sizes.®
LiVSO4F with a similar tavorite structure also has high capacity and good rate
capability, but it is excluded from the candidate list of electrode material for lithium-ion
batteries due to its low average voltage (ca. 1.8 V) and the possible low-level toxicity of

vanadium.

2.3 Intercalation type negative materials

The intercalation type anode materials currently being adopted in commercial lithium-
ion batteries can be divided into two major categories: (i) carbon anode and (ii) lithium
titanium oxide. The intercalation type carbon anodes in commercial lithium-ion
batteries include graphite and other hard carbons, both of them have certain degree of

graphitic character which offers good electrical conductivity and ion conductivity, and
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its structure can be well maintained upon lithium intercalation due to low volume
expansion and the stable SEI formation in organic electrolytes mixed with EC (as

shown in Figure 2.3).
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Figure 2.3 Schematic illustration of the solid-electrolyte interphase (SEI) on graphite anode in

lithium-ion batteries.

Pure graphite anodes that have large graphite grains can attain a charge capacity close to
the theoretical value, but the uniaxial volume expansion and contraction of graphite is a
disadvantage for the long term cycling of lithium-ion batteries.*>*’ On the contrary,
other hard carbon anodes with small graphitic grains in random orientation have a lower
scale volume expansion rate due to the disordered structure which leads to isotropic
strain upon lithiation. The structural defects also provide extra volume for lithium
storage therefore the specific capacity of hard carbon anodes may surpass that of
graphite.*® For these hard carbon anode materials, high surface area and high fraction of
exposed graphite edge planes are less favorable structural features for lithium-ion
batteries applications because extra lithium ions will be consumed during the

irreversible SEI formation in the initial cycle. This results in low first cycle coulombic
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efficiency, thereby decreasing the maximum achievable energy of the lithium-ion
cells.* Well-engineered graphitic carbon anodes enabled the commercial lithium-ion
battery technology two decades ago, and they are still playing an indispensable role in
the state-of-art lithium-ion batteries due to their incomparable combined properties
including natural abundance, low cost in raw materials, low average voltage, high
volumetric and gravimetric charge capacity, as well as low irreversible capacity during
the initial formation cycle of lithium-ion cells. The low initial irreversible capacity or
(high first cycle coulombic efficiency) is an overwhelming advantage to these anode

materials in a cell configuration with charge-balanced electrodes.

Spinel lithium titanium oxide (LisTi5012) is another intercalation type anode which has
been utilized in lithium-ion batteries. Li4TisO12 anodes operate at a high average voltage
around 1.55 V, which is within the stability window of common electrolytes. The
negligible volume change of LisTisO12 upon lithium intercalation and the superior
thermal stability of LisTisO12 offers improved safety for lithium-ion batteries under high
rate charge/discharge conditions. Theoretically, the electronic and ionic conductivity of
LisTisO12 anodes can be promoted via nano downsizing. However, the formation of
surface passivation layers has been confirmed with LisTisO12 anodes, although some
researchers claim otherwise.’*>! The SEI formation on the surface of LisTisO12 anodes
is highly dependent on the electrode morphology. In addition, release of oxygen from
the LisTisO12 framework can further accelerate the reactions between lithiated LisTisO12
and organic electrolytes at the electrode/electrolyte interphase as the temperature
increases. Therefore SEI stabilizing agents are required for Li4TisO12 anodes to suppress

the interfacial reactions at high charge/discharge rates.
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2.4 Alloy type negative electrode materials

Among those elements that electrochemically alloy with lithium, silicon and tin both
have good combined properties including cost, environmental friendliness, and
relatively low operating voltage and have attracted intensive research interests for alloy
anodes in rechargeable lithium batteries. Compared with carbon-based anode materials
in commercial lithium-ion batteries, anode materials with high loadings of silicon or tin
inherently offer better safety in case of fire incident of lithium batteries owing to the
much lower energy release from combustion products SiO2 and SnO,. Other metal
elements such as silver, magnesium, and lead etc. also have been investigated due to
their low voltage characteristics upon alloying with lithium, but eventually discarded
from the list of potential alloy anode materials because of their relatively poor combined

properties.

Silicon has a very small voltage plateau near 50 mV versus lithium upon lithiation, and
it offers the highest theoretical specific capacity ( 3579 mAh/g ) known so far, based on
its lithium-rich lithiated analogue LiisSis.”?> However, the LiisSis phase is metastable
and has only been observed in electrochemical lithiation of Si near room temperature.
Bulk Si undergoing a complete cycle of lithiation and delithiation essentially forms
amorphous Si with structural feature completely different from its original phase.>® The
lithiation process initiates a huge amount of volume expansion of Si (up to 280%) and
volume contraction follows in the subsequent delithiation process. Such a large scale
volume change of Si leads to disruption of the electrode/electrolyte interphases, high
internal stress within electrodes and, as a result, inevitable capacity fading of lithium
cells. Therefore the design of nanosized Si incorporated with other inactive materials as

a composite anode is usually adopted as a compromise in order to achieve a long and
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stable cycling performance for Si anodes. The downsizing of bulk Si to a scale of a few
hundreds of nanometers has a great impact on electrode/electrolyte interphases,
fracturing of lithiated Si grains as well as the packing density and stress levels in Si
anodes upon lithiation. There have been a large number of reports on Si-C composite
anode materials which utilize the conductive, low volume expansion properties of
carbonaceous material and the high energy of silicon. Such designs usually encapsulate
nanosized silicon in a complex carbonaceous microstructure, or nanosized silicon
evenly dispersed through a highly conductive carbon matrix. Either way, the carbon acts
as a conductive path for lithium diffusion and buffers the stress from volume expansion
of lithiated silicon. For example, Si composite anodes with a combination of VGCF
(vapor grown carbon fiber) and MWCNTs (multi-walled nanotubes) have shown
excellent cycling results, in which VGCF accommodates the micrometer scale volume
changes and the MWCNTs ensure an electrical conductive network between the VGCF
and Si alloy.>* However, synthesis of Si-C composite via a high temperature approach is
not recommended because the thermal route will initiate the formation of SiC, which is
normally an inactive compound towards lithiation and difficult to be detected by XRD
due to its amorphous state.”> The intrinsic disadvantages of Si-C composite designs
include highly porous structure and low initial coulombic efficiency (ICE). The carbon
microstructures in Si-C composites are designed to have high void spaces in order to
accommodate the volume change of lithiated silicon, but this inevitably decreases the
volumetric capacities of Si-C composite anode. The highly porous structure also leads
to high surface area which is associated with large irreversible capacity, hence further
decreasing the total energy available for a full cell using such alloy anodes. Only in rare
cases have studies on Si-C anode included the details regarding volumetric capacity and

relevant estimated energy of the full cell.’® The low initial coulombic efficiency of Si/C
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anode is attributed to the amorphous nature of carbonaceous material as well as the high
surface area of the Si/C composite. The low initial coulombic efficiency and low
volumetric capacity of Si/C anode more or less negate the potential advantages of Si/C
composite designs for practical lithium-ion batteries due to the limited total energy
density at full cell level. There have been large numbers of publications on the topic of
Si alloy anodes that claim stable cycling performance and high specific capacity of Si/C
composite anode, but most of these research works are carried out using half-cell
configurations without given detailed information regarding the volumetric density of
the synthesized composite materials used, hence making these inspiring results on

silicon alloy anodes not so outstanding from a practical point of view.

Tin is another active material for alloy anodes and has already been applied in a
commercial lithium-ion battery product: the “Nexelion” cell with Sn-Co-C alloy anodes
made by Sony since 2005. The Sn-Co-C anode in Nexelion cells contains alloy particles
with about 1 um size and the composition of their alloy is determined to be Sn3oCo30Cao,
which provide a reversible specific capacity around 400mAh/g.>’ This composite
material contains nano Sn-Co grains which are evenly distributed throughout the carbon
matrix, thereby preventing agglomeration of larger Sn regions during cell cycling.
Except for Sn, Cobalt was the only transition metal that did not form carbides under
equilibrium conditions, therefore Co became the sole choice as a secondary metal
element in Sn-M-C composites that can maintain an amorphous-nanocrystalline active
environment with Sn while accommodating volume expansion. The atomic ratio of Sn
and Co is also found restricted to 1:1 in order to achieve maximum energy due to the

formation of inactive and metastable phases.’® In addition, the cycling test of Nexelion
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14430 cell showed its capacity retention rate typically drops to 80% after around 220

cycles, with an average coulombic efficiency of 99.9% per cycle.”

In principle, the large volume expansion of alloy anodes triggers a series of detrimental
effects on the long term cycling of lithium-ion cells as it is difficult to maintain good
contact of active materials within electrodes and at electrode/electrolyte interphases, and
prevent detachment of alloy particles during lithiation. In such cases, binders with
stronger adhesion than conventional Polyvinylidene fluoride (PVDF) binder are often
required. PVDF coatings normally forms thin polymer threads due to the low
conductivity of PVDF molecules, which leaves the majority surface area of alloy
particles exposed to electrolyte. The expansion of alloy particles during lithiation causes
SEI growth also associated with electrolyte decomposition. Metastable phases of
passivation layers on electrode surfaces can causes exposure of PVDF to electrolyte and
severe swelling of this PVDF binder.® The accumulated decomposition products of
electrolyte further isolate small portion of alloy particles and increase the electrode
impedance. The poly(carboxylic acid) based water-soluble binders, i.e. carboxymethyl
cellulose (CMC), have been recognized as excellent binders and alternatives to PVDF
binder for alloy type anodes.’**!"®* Although bulk poly(carboxylic acid) has brittle
mechanical properties , its polymer chains are stretchable at a relatively small scales and
easily withstand the large volume expansions of alloy particles during lithiation.®* In
addition, the hydrogen bonds formed between alloy surfaces and poly(carboxylic acid)
are fairly weak and can be rebuilt spontaneously, therefore the correlation between
improved cycling performance and increased carboxylic acid groups in poly(carboxylic

acid) binders appear to be reasonable.>*°!
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The empirical evidence from the development of lithium secondary batteries imply that
the cycling performance of certain types of electrode is highly dependent on the
electrolyte components, including the type of salt, solvents, solution concentration, and
additives, etc. This rule also applies to alloy anodes. Capacity loss can be reduced
greatly when carefully chosen additives are present in the electrolyte in conjunction
with proper binders. It is generally recognized that vinylene carbonate (VC) and
fluoroethylene carbonate (FEC) additive in electrolytes can improve the cycling
performance of Si anodes.**% Conventional electrolyte for lithium-ion batteries are
LiPF¢ solutions with various types of carbonate solvents. LiPF¢ salt can react with
moisture content in electrolyte and generate HF as a hydrolysis product which react
with exposed Si. This reaction may lead to surface cracking of Si alloys.®®%” The
addition of FEC in LiPFs electrolyte is believed to inhibit the decomposition of LiPFg
salt and electrolyte solvents, resulting in a more stable SEI without continuous thickness
growth during repeated lithiation/delithiation processes. The addition of FEC in LiPFs
electrolyte is intended to help forming passivation layers that contains rich lithium alkyl
carbonates, polycarbonate and polyenes but a small ratio of LiF on the alloy surface,
hence preventing the electrolyte solvent from further decomposition.®®7° In Sn alloy
anodes, the situation is quite different. The passivation mechanism of Sn metal in
organic electrolyte disappears at around 1.5 V, which means the electrolyte reduction
remains constant whenever the electrolyte is in contact with exposed Sn, leaving the
lithiation process unable to proceed.”! Additives including VC and FEC in LiPFs
electrolytes have been noted to generate beneficial effects for Sn alloy anode in terms of

cycling performance.”?
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2.5 Conversion type negative electrode materials

Nanostructured binary transition metal compounds have been demonstrated that can
react with lithium via a reversible conversion reaction route. The complete conversion
reaction involves two stages (i) reduction of compounds and alloy reaction between
lithium and metal/semi-metal elements, and (ii) formation of a Li»O framework. Such
conversion type anodes benefit from the high capacities which are mainly attributed to
the formation of lithium alloy with metals, therefore potentially having a great impact
on the specific energy of lithium cells.”>”’® As a result, the family of transition metal
oxide compounds have attracted intensive research interests in the field of electrode

materials for rechargeable lithium batteries.

Conversion type iron oxide electrodes with large specific capacity are among the
representative conversion transition metal oxide compounds firstly being reported.””’8
The initial work inspired many followed publications presenting various types of a-
Fe>O3 and y-Fe,Os with sophisticated nanoarchitectures obtained from diversified
synthesis routes, and with an average specific capacity above 900 mAh/g as well as
good rate capability. 7°** However, subsequent improvements of these electrodes
producing more stable SEIs, high coulombic efficiency, and good capacity retention
rates over a long term cycle life have been rather rare.

CoO and Co0304 are among the most explored transition metal oxides for their
application as negative electrode in lithium-ion batteries. Similar to iron oxide negative
electrodes, the conversion reaction from Co30s4 to form metallic Co and LiO had
already been observed in earlier studies,® but it was not until a high degree of

reversibility for the conversion reaction was claimed in 2000 that intensive efforts to

evaluate the performance of these phases were triggered.”” Nanostructured CoO has
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been shown to efficiently reform after full charge-discharge cycles versus lithium with a
high capacity above 600mAh/g, regardless of differences in microarchitectures and
morphologies.®*? The higher theoretical specific capacity of Co3O4 has attracted much
research interest for exploiting the full potential of this material. Advanced synthetic
approaches include template-assisted crystal growth, pulsed-laser thin-film deposition,
radio-frequency sputtering, high energy mechanical milling, spray pyrolysis, bio-
assisted crystal growth and inverse microemulsions.”> 1%! Despite the relatively high
specific capacities as well as good capacity retention from several tens to a few
hundreds of charge-discharge cycles being reported, the further improvement of Co304
anode specific capacity towards the theoretical limit has proved rather difficult. The
challenge in developing practical Co3O4 negative electrode is owing to the nature of the
conversion reaction between Co3O4 and lithium, which is not entirely reversible. The
conversion reaction process is also highly dependent on the morphology features (e.g.
crystalline size, specific surface area) of Co304 material and the rate of reactions (i.e.
the charge/discharge current density). The electrochemical reactions between Co3zO4 and
lithium are proceed from the lithium insertion into the Co304 framework and formation
of LixC0304, which decomposes and transforms into Li>O and CoO upon further
reduction.”?® The oxidation of nanostructured Co3O4 in anodes generally leads to
oxidation of Co and formation of CoO, which is the main active phase for further
reaction instead of Co304. ?319%192 The partial irreversibility in the conversion process
of Co304 anode is the primary reason for charge/discharge inefficiencies and it needs to
be addressed before the wide application of Co30O4 anode materials in lithium secondary

batteries.

Copper oxide was one of the early electrode materials exploited for lithium primary bat-
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teries.!®® Nanostructured CuO have also been investigated as conversion type anode

104105 \where CupO serves as the main

materials for lithium secondary batteries,
intermediate phase throughout the charge and discharge process.!% As a result, the

cycling inefficiency observed in CuO anodes is similar to other conversion type

transition metal oxide compounds, also affected by partially irreversible reactions.

Cr203 with a theoretical specific capacity up to 1058 mAh/g and a low average voltage
at about 0.2 V is one of the most attractive anodes for lithium batteries. Like many other
conversion type anode materials, the Cr2O3 anode can easily obtain a gravimetric
capacity exceeding its long-term theoretical value during the first cycle lithiation due to
full reduction to elemental chromium.!'?”1% However, the coulombic efficiency of Cr,0;3
anode is relatively low due to the irreversible conversion process of Cr203; (with only
CrO phase being recovered after delithiation) as well as undesired electrolyte
decomposition.!®!'% Hence, the cycling performance of CrO; anodes in lithium
batteries is generally inadequate especially when thin film deposition or mesoporous
nanoarchitecture designs are applied at the expense of reduced volumetric capacity. In

addition, the carcinogenic nature of Cr203 also limits its industrial applications.

MnO; is another candidate for high capacity anodes in lithium batteries.!!!"!!? The
complete conversion of MnO> can deliver a theoretical specific capacity of 1233 mAh/g
at an average voltage of ~0.4 V versus lithium, but the high oxidizing tendency of
manganese poses technical challenges for achieve such high capacity with full reduction
of manganese to its metallic state.!'> Manganese oxides including MnO have been
studied and showed much smaller specific capacities in lithium half-cells compared to
their theoretical values.''*!! In addition, rather low initial coulombic efficiencies in the

first cycle and drastic capacity decays with increasing cycle numbers were also
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observed with manganese oxide anodes. The further exploration into the reaction
mechanism of manganese oxides as negative electrodes have also led to conflicting

conclusions from difference research groups.!!'

Other transition metal oxide such as NiO,!'”!'8 Mo00,,!"*1?! M003,'?*"'** and Ru0,'?
have also been investigated as anode materials for lithium batteries, but these high
capacity anode materials all presented limited cycle lives suggesting they are inadequate
to serve as anode materials in lithium secondary batteries through conversion reactions.
Some transition metal sulfide compounds can also react with lithium through the
electrochemical conversion mechanism and may potentially serve as high capacity
negative electrodes for lithium batteries.!?®'3® However, the reduction of transition
metal sulfides leads to the formation of polysulfide species in organic electrolytes. As a
result, the conversion type transition metal sulfides also experience capacity fading

owing to the cumulative formation of lithium sulfide layers on electrode surfaces.'*!

Except for transition metal chalcogenide compounds, transition metal phosphide,
transition metal nitride, and transition metal fluoride compounds have all been
investigated as conversion type negative electrode materials for lithium-ion batteries.
These materials also show high specific capacity for lithium storage via partially
reversible conversion reactions, and progressive capacity fading over several charge-
discharge cycles has been observed as well.!*? Despite the very appealing capacities
shown by different conversion type compounds as mentioned above, their applications
in practical lithium batteries have still been impeded by their relatively high average
voltages, low cycling efficiencies and fast capacity decay. The shortcomings of
conversion type negative electrodes originate from their fundamental reaction

mechanisms, leaving many difficult challenges from the materials design perspective.
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2.6 Key indices of electrode materials for lithium-ion batteries

The state-of-art lithium-ion battery technology is reaching its limit in terms of energy
density due to the intrinsic limitations of electrode materials. In commercial lithium-ion
batteries, graphite which usually serves as anode material shows excellent performance
including low cost, low voltage hysteresis, low volume expansion upon lithiation, low
irreversible capacity, good thermal stability, good rate capability, good densification
during electrode fabrication, as well as the resultant high gravimetric and volumetric
charge capacity. The combination of all these good properties of graphite makes the
searching for alternative negative electrode materials a very challenging mission.
Researchers have been focusing on two particular types of materials, e.g. anode
materials based on alloy reactions and conversion reactions. Both have the potential to
deliver a much higher specific capacity compared with graphite. However, the
difficulties in discovery of new anode materials are usually underestimated due to the
complexity of evaluation regarding these negative electrode materials. For instance, the
majority of literature on novel electrode materials usually consists of a set of
electrochemical and material characterization means which are not related to the
improvement of lithium secondary cells in terms of volumetric energy and cycle
stability. The most frequently reported improvement in negative electrode material
studies focus on higher specific capacities compared to that of graphite, regardless of
the densification properties, irreversible capacities, voltage hysteresis, stability of
electrode/electrolyte interphases, depletion of electrolyte, etc. Other key factors that
determine whether an anode material is suitable for commercial lithium rechargeable
battery applications include volumetric capacity, and capacity retention rate upon long
term cycling in a full-cell configuration. Unfortunately, in the evaluation of potential

anode materials for lithium-ion batteries these factors are usually not mentioned. Based
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on conclusions on materials specific capacities alone is insufficient because it is not the
main factor that dictates the practical, long-term energy density of lithium-ion batteries.
The estimation of energy density of any lithium cell is based on both negative and
positive electrodes. More importantly, the positive electrodes that contain active lithium
materials serve as the donor of lithium ions, therefore the cathode dictates the amount of
free lithium and subsequently the overall energy density of the cell. The high average
voltages (between lithiation and delithiation) versus Li/Li" and capacities of cathode
materials obtained in half-cells cycling tests can be used to estimate the energy densities
of lithium full-cells if they have negligible volume change during the lithium
intercalation reactions. The estimation of cathode energy can provide a rough idea on
how much of an intercalation type cathode can affect the overall energy density of
lithium cells by mathematical modelling. However, such an approach is not applicable
in the case of anode materials due to the absence of corresponding cathode voltages and
capacity in lithium half-cells. As a result, most literatures have used the term ‘specific
capacity’ (mAh/g) as the major index for anode materials of interest. For practical
battery applications, the commonly accepted index for battery energy density is
calculated based on volume (Wh/L) instead of weight (Wh/kg), because the volume
reserved for electrode materials in most cell designs is fixed. Therefore, the use of
volumetric energy to evaluate a full cell makes more sense than the presentation of the
lithium storage capabilities in half-cell tests. In addition, the porous nature of many
reported anode materials with absence of their data on volumetric densities make the
estimation of their impact on the energy density of a complete lithium full cell
impossible, hence the claim of improvement with novel anode materials in terms of high

specific capacity may be meaningless.!*’
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The critical factors for the evaluation of alloy type anodes on the energy density of
lithium-ion batteries include volumetric capacity, average voltage, and the volume
expansion rate of active materials in the anode. The volume expansion of alloy based
anodes upon lithiation are well-known to be greater than that of graphite. Thus, negative
electrodes are typically made with high porosity, leaving enough free space to
accommodate the volume change of the alloy. The high porosity anode has high surface
area and results in a high irreversible capacity loss as well as decreased coulombic
efficiency when compared with graphite anodes.'** The irreversible capacity loss and
decreased coulombic efficiency have been associated with the fracture and the
disconnection of active material particles and electrolyte decomposition during the
growth of electrode/electrolyte interphase. As shown in Figure 2.4, even a slight drop in
coulombic efficiency (e.g. 0.3%) can result in drastic capacity loss of rechargeable cells

over a prolonged cycle life.!*

100

90 -
] CE 99.9%
80
70 -
60 J CE 99 6%
50 4
40 -
304 CE 99%

20

Capacity Retention Rate (%)

10 4

O 1 1 T T
0 20 40 60 80 100

Cycle Number

Figure 2.4. Capacity retention rates with coulombic efficiencies of 99%, 99.6%, and 99.9%
after 100 cycles of charge-discharge.
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In order to evaluate the energy storage capability of anode materials that experience
considerable volume change during cycling, their volumetric capacities should be
calculated based on the fully lithiated state (maximum volume) instead of prior to
lithiation, especially for alloy type electrode materials which always show large volume
change during lithiation/de-lithiation processes.’® Since the practical energy density of a
full cell is proportional to the cell voltage divided by the cell stack volume, considering
the relatively small quantity of active material contained in anode, its volume has much
less impact than its voltage on the overall energy density of a full cell. Therefore the
energy of a full cell is more highly dependent on the anode voltage than the basic anode
material’s capacity. As a result, anode materials with low operating voltages versus
Li/Li" are more favorable for battery applications compared with those that have high

average voltage levels.

For conversion anode materials, i.e. nanostructured transition metal oxide, sulfide,
phosphides, and fluorides, their reactions with lithium ions always undergo a complete
change in both composition and structure, causing voltage hysteresis between charge
and discharge processes. The voltage hysteresis between charge and discharge process
causes considerable energy loss for lithium cells over many cycles of operation. The
low potentials where conversion reactions take place are usually outside the range for
reduction reactions of most electrolyte species used for lithium-ion batteries hence
leaving obstacles for the formation of a stable electrode-electrolyte interphase on an
anode surface.!*® The absence of stable passivation layer on the anode will inevitably
cause side reactions that consume electrolyte as well as free lithium. Therefore,
obtaining long term charge-discharge cycles with conversion type anode materials in

lithium cells has proved impractical. Nanostructured materials for electrodes are
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generally obtained from complex synthesis routes, with extremely large surface areas
and low volumetric densities, hence making the majority of conversion anode materials
less attractive for battery applications due to their high material processing cost, low

cycle efficiencies, and low volumetric capacities.

2.7 Electrolytes for lithium-ion batteries

Electrolytes play a fundamental role in terms of current (power) density, time stability,
and safety of batteries. Electrolytes that connect both electrodes are essential
components for batteries and the composition of electrolyte has a great influence over
the battery performance via the interfacial chemistry. Consistent research efforts over
the last few years have provided fundamental understanding of the electrode/electrolyte
interphase formation mechanisms as well as the kinetics of lithium ion transportation in
bulk electrolytes. Besides ionic conductivity, a good electrochemical stability and
compatibility with the electrodes is also desirable for electrolyte optimization.
Electrochemical stability is evaluated by considering the electrode/electrolyte interfacial
resistance, the voltage window and the electrolyte behavior during battery cycling.
Therefore, the design of liquid electrolytes for lithium-ion batteries in practice is usually
a compromise with co-solvent systems to achieve the balance of many constraints (e.g.
electronic and ionic conductivity, dielectric permittivity, viscosity, and interfacial
stability against anode and cathode, materials). Juggling all these variables via ‘trial

and error’ can be a laborious approach for finding an optimized electrolyte formula.'?’

The ionic transport properties that determine the mobility of ions inside a media are
generally considered as the most important properties of the electrolyte. As the rate of
electrochemical reactions in any given system is highly depending on the mobility of

ions, the ionic conductivity of electrolyte is one of the main factors that limits the
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energy as well as the power capability of lithium-ion batteries. The ionic conductivity (o)
can be expressed as a function of the free ion number n, the ionic mobility u, the
valence order of ionic species Z, and the unit charge of electrons e (as shown in

equation 2-8).!3

o= Z nuZe (2-8)

The typical nonaqueous electrolyte used in most lithium-ion batteries today comprises
lithium hexafluorophosphate (LiPFs) salt, mixed carbonate and ester solvents. Such a
complex electrolyte system result in a modest ionic conductivity about 10 mS/cm at
room temperature. Aqueous electrolyte systems offers advantages in high ionic
conductivity and lower manufacturing cost of batteries, but they are still excluded from
rechargeable lithium batteries because of their narrow stable voltage windows greatly
limiting the energy storage capability of lithium batteries. Only a few lithium salts other
than LiPF¢ are qualified as electrolyte solutes for lithium-ion batteries, namely lithium
perchlorate (LiClO4), lithium hexafluoroarsenate (LiAsFg), lithium tetrafluoroborate
(LiBF¢), and Lithium triflate (LiTf).!** These salts all have good solvation capabilities
in common electrolyte solvents while their dissociated ions are electrochemically inert
to other components within the cell. Nevertheless, the position of LiPFs as the
electrolyte solute for industrial applications remains unchallenged because of its well-
balanced properties. Similar to the situation of lithium salts, the number of qualified
solvents in the pool of nonaqueous polar solvents is also limited for lithium-ion battery
electrolytes. The restrictions for electrolyte solvents are set by the (i) operating voltages
of both negative and positive electrodes and (ii) the ability to dissociate the lithium
salt.!*" Ethylene carbonate (EC) with high dielectric permittivity is an indispensable

solvent in almost all electrolytes for lithium-ion batteries due to its unique effect on the
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SEI formation at graphitic anode surfaces. Low viscosity solvents such as acyclic
carbonate and carboxylic esters including dimethyl carbonate (DMC), diethyl carbonate
(DEC), and ethyl methyl carbonate (EMC) are also commonly used electrolyte solvents
due to their ability to help reduce the electrolyte overall viscosity. The use of mixed
solvents undoubtedly causes difficulties in finding electrolytes with optimized (not
maximum) ion conductivities because a large number of electrolyte formulas have to be
experimentally examined in lithium cells with multiple interacting variables (i.e. lithium
salt type, concentration, solvent type, charge/discharge current density and the operation

temperature) before an optimal electrolyte formula for cell operation can be decided. '*!

Compared with modification of electrolytes by introducing new solute or solvents, the
electrolyte additive approach is more economical and attractive for industrial
applications. Additives in lithium-ion battery electrolyte are usually selected due to their
higher reactivity to interphase redox processes compared with bulk electrolyte
components. A small amount of additives (e.g. vinylene carbonate, fluoroethylene
carbonate) in electrolytes can react first on electrode surfaces during the initial cycle of
batteries, thus serving as the sacrificial media that help to maintain the
electrode/electrolyte interphases for the subsequent charge-discharge cycles.
Nevertheless, the use of additives has limited effects on the overall performance of
lithium-ion batteries because the additive concentration in electrolyte is rather small and
the utilization of electrolyte additives are mainly only focused on the improvement of

electrode/electrolyte interphase properties.!4>-14°

2.8 Lithium secondary batteries beyond intercalation chemistry
Lithium-ion batteries offer the highest energy density among all know battery systems

and have seized the dominant market position in portable electronic devices for over
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two decades. But the power and energy from large size lithium-ion battery packs based
on graphite/NMC electrode couples are far too low compared with what a typical 4-
cylinder petrol engine can offer. Most electric vehicles available to consumers today
offer a competitive price at the expense of driving ranges and power, while the high end
electric vehicles, e.g. Tesla model S, with a driving range equivalent to conventional
vehicles are only available to a niche market due to their high costs in manufacturing
and marketing. As a result, the market penetration of electric vehicles in the transport
sector is still very small at the moment. The fundamental chemistry of lithium-ion
batteries poses inherent limits on their energy storage capability, and this situation is
unlikely to change unless new battery chemistries emerge. Lithium-sulfur and lithium-
oxygen are two major categories of post lithium-ion battery chemistries that have attract
massive research interest owing to the high theoretical energy density of Li/S and Li/O>
redox couples. The successful development of rechargeable lithium-sulfur batteries or
rechargeable lithium-oxygen batteries are expected to greatly extend the driving range

of fully electric vehicles.

Rechargeable lithium-sulfur (Li-S) batteries are a conversion-based energy storage
system which utilizes the reaction between lithium and sulfur. The main advancement in
the conceptual design of Li-S batteries is the substitution of cobalt containing cathode
materials with low cost and naturally-abundant sulfur, which may bring significant
reduction in battery cost compared with lithium-ion batteries. A typical Li-S battery
system consist of a lithium metal anode, a sulfur containing cathode, and a non-aqueous
electrolyte. The complete reaction can give a theoretical gravimetric energy density of
2500 Wh/kg or a volumetric energy density of 2800 Wh/L based on an optimistic model

as shown in equation 2-9, in which the sulfur molecules are completely reduced to
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lithium sulfide (Li2S) at the cathode end, where each sulfur atom accepts 2 electrons and
generates a specific capacity of 1675 mAh/g, and the whole process is completely

reversible.!4¢

«discharge

2LiT+S LisS 2-9

charge—
The concept of Li-S batteries was proposed in the 1960s when lithium secondary
batteries along with other electrochemical battery systems were all in their early stage of
development.'*” In general, the discharge process of Li-S batteries can be divided into
three major stages (i) the reduction of insoluble sulfur and formation of high order (long
chain length) polysulfides (Li2Ss, 6<n<8), (ii) reduction of high order polysulfides and
formation of low order (short chain length) polysulfides (Li2Sn, 3<n<5), and (iii)
reduction of low order polysulfides and formation of insoluble solid lithium sulfides
(Li2S2, Li2S).!*® The soluble polysulfide species can diffuse through the electrolyte and
separator during the battery operation, and eventually form a deposit of Li>Sz and LixS
on the surface of the lithium anode. The irreversible deposition of Li>S leaves insulating
layers, which cause continuous losses of active materials upon repeated
charge/discharge processes. Meanwhile, the conversion from sulfur to soluble
polysulfides and then to insoluble polysulfides also leads to the structural instability of
sulfur cathodes due to the large volume expansion of sulfur upon lithiation. Most of the
intermediate polysulfide species (Li2Ss, 3<n=<8) are soluble in commonly employed Li-S
electrolyte which contains 1, 3-dioxolane and glycol ethers (i.e. dimethoxyethane,
tetraethylene glycol dimethyl ether) mixed solvents, and can migrate between anode and
cathode under the effect of concentration gradient. The dissolution of polysulfide
species causes rapid capacity fading of Li-S batteries in the first few charge/discharge

cycles. The free migration of high order polysulfides to anodes, reduction of high order
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polysulfides to low order polysulfides at the anode, migration of low order polysulfides
to the cathode and reformation of high order polysulfides, forms the unique shuttle
mechanism of Li-S batteries. The shuttle mechanism of polysulfide species is helpful
for the overcharge protection of cells, but it also consumes more energy during the
charging stage. The self-discharge behavior associated with the polysulfide-shuttle is
also the main reason that causes low coulombic efficiency of Li-S batteries. Li-S
batteries with room temperature ionic liquids as electrolyte can achieve higher
coulombic efficiency and good capacity retention rate compared with Li-S batteries
using conventional liquid electrolytes.!**!%° In general, the ionic liquid is able to
suppress the dissolution of sulfur thereby enhancing the cycle performance of the sulfur
cathode, but the high synthesis cost of ionic liquids means this is not a practical
approach for industrial applications.'*” The dissolution and migration of polysulfide
species is inevitable due to the high donor ability of ether-based solvent and the
concentration gradient in electrolyte of Li-S batteries. As a result, charged Li-S cells
will lose stored energy in a continuous manner, along with a drop of open-circuit
potential upon storage. As a result, the state-of-art Li-S batteries still have a series of
issues including low coulombic efficiency, short cycle life, high self-discharge rate, and
safety hazards. These issues originate from the fundamental chemistry of Li/S redox
couple and pose the major obstacles to making this particular type of battery system

ready for industrial production.

The majority of studies on Li-S batteries were aiming at the goal of optimized design of
composite sulfur cathodes, through which polysulfide mitigation can be suppressed,
thereby enhancing the overall performance of Li-S batteries. A great number of porous

sulfur cathodes have been synthesized via the above mentioned strategy, with host
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structures including conductive carbonaceous materials, conductive polymers,
170 and even electrochemically insulating architectures with high micro-porosity such as
silica and titanium dioxide!”'"!">. The common form of cyclic octasulfur (Ss) exhibits a
unique temperature-viscosity behavior in its molten state, achieving a minimum
viscosity near the temperature 155°C within the range from 115°C to 190°C.'7® This
unique feature of sulfur has led to a convenient synthesis strategy for sulfur composite
cathode materials, in which molten sulfur flows into porous host structures due to the
capillary effect. The charge/discharge cycling tests reported in the literature have
showed promising results as the stable cycling of composite sulfur cathodes and high
specific capacity of sulfur both have been demonstrated, which is a significant
improvement over bare sulfur cathodes. This strategy is unable to resolve all the

problems associated with sulfur dissolution and migration of soluble polysulfide species

within current Li-S cell configurations.

In order to utilize the advantage of the high energy density of sulfur, a composite
cathode must provide enough electronic conductivity as well as void spaces to buffer
the volume expansion of sulfur during lithiation. However, the achievable energy and
power from Li-S cells is not so attractive for practical battery applications due to the
low gravimetric density of sulfur (2.07g/cm®) and poor conductivity (1x107'> S/m). In
order to realize the target of an electrode areal capacity equivalent to that of the state-of-
the-art lithium-ion battery, high areal sulfur-loading levels on the cathode are required
for Li-S cells. On the other hand, the high weight ratio of sulfur in cathodes often results
in a low sulfur utilization rate and low power (current) capability. On the other hand,
sulfur is slightly soluble in commonly used electrolyte solvents for lithium-ion batteries,

but polysulfide anions can form readily in these electrolyte solvents. This feature of
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polysulfide species has led to the strategy of adopting semi-liquid sulfur cathodes with a
high electrolyte/electrode volume ratio for improved performance of Li-S

batteries.!””-178

Compared with massive volume of literature on novel cathode materials for lithium-
sulfur batteries, the research on the evolution of polysulfides during the reactions
between sulfur and lithium is rather rare. This is partially attributed to the difficulties in
in situ characterization techniques which continuously monitoring the reduction and
oxidation process of polysulfides. The Gibbs free energies (AG®) of soluble polysulfide
anions are very close to each other, and intermediate polysulfide species co-existent in
the electrolyte through a series of chemical equilibria.'””!® In addition to phase
instability, the air-sensitivity of polysulfides also poses technique challenges for
acquiring relevant knowledge towards a full understanding of lithium-sulfur reaction

kinetics.

As a member of the metal-air battery family, research on primary Li-Air batteries
already started in the middle of 1990s.'3182 The emergence of rechargeable lithium-
oxygen battery research was triggered by the discovery of rechargeable behavior of
metallic lithium in pure oxygen environment. This revealed the possibility of
developing energy storage systems based on lithium-oxygen reactions with superior
energy density more or less equivalent to internal combustion engine (ICE).'8%134
Similar to Li-S batteries, the high expectation of the energy density of Li-O batteries is
overly optimistic because the early estimations on the specific energy of Li-O> systems
were solely based on lithium metal anode with the weight of other cell components

being excluded, hence the calculation lead to a breathtaking theoretical specific energy

up to 10 kWh/kg. Nevertheless, intensive research efforts have been devoted into this
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field trying to achieve better understanding of the reaction kinetics behind the
rechargeable behavior of Li-O; systems. In general, there are two types of lithium-
oxygen secondary batteries, one is a nonaqueous system using aprotic electrolytes and
another is an aqueous system using water-containing electrolytes. The reversible
reactions in nonaqueous and aqueous rechargeable Li-O> batteries can be described in
simple forms as shown in equation 2-10 and 2-11, respectively. The main research
interests are focusing on the nonaqueous Li-O; secondary batteries because they offer

higher theoretical energy density over the aqueous ones.

DL + 0, ZHXRATIE | 509, 2-10
charge— i
ALi* + 6H,0 + 0y Z251T9€ 41 iOH-H,0), 2-11
charge—

However, system level analysis of rechargeable Li-O; batteries have led to the rather
pessimistic conclusion that it is difficult for any practical Li-O> battery configuration
(which still has not been attained) to achieve a gravimetric or volumetric energy density
equal to state-of-art commercial Li-ion batteries.!®> The large gap between the
theoretical energy density and the estimated attainable energy density in practical
applications is mainly attributed to the technological limitations on oxygen storage.
Large reservoirs for ultra-high purity oxygen are indispensable for Li-O battery
systems regardless of the cell configuration. In addition to the significantly lower
energy density compared to advanced lithium-ion batteries, the slow charge/discharge
kinetics of the Li-O; couple also poses limits on the power capability of potential Li-O»

battery systems because recharging is only possible at very small currents.

The operation of Li-O; batteries involves complex products compatible with lithium,

oxygen and electrolytes which must maintain the reversibility of Li-O2 redox reactions.
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Various electrolyte components including carbonates, '8¢ ethers,'*!"1** DMSO,!*>17

198-200 201-205

and ionic liquids as well as polymer membranes investigated in Li-O:
batteries have all lead to inadequate performance. Unfortunately, up to date stable
electrodes and electrolyte components for Li-O> batteries with full recovery of Oz over a
complete charge/discharge cycle have not yet been confirmed. In general, the
reproducibility of Li-O; batteries charge/discharge capacities and cycle-life is rather
difficult compared with that of lithium-ion batteries. This status of Li-O2 battery
research is partially attributed to the high sensitivity of reactions in Li/O2 system toward
electrolyte impurities.?’® While most research efforts are focusing on the rechargeability
of Li-O: batteries, little attention has been given to the safety issues relating to the
operation of Li-O2 systems, which is an important factor setting the energy density for
practical applications. The recharge behavior of Li-O» batteries is highly dependent on
the metastable lithium superoxide and lithium peroxide compounds together with
organic solvents that have an inflammable nature and explosive tendencies.!’’
Compared with small scale laboratory test devices, the combination of these chemically

active species with a highly energetic lithium anode poses much more serious threats to

the safe operation of large scale Li-O» battery systems.

2.9 Revival of research interest in room-temperature rechargeable sodium
batteries

Early research on rechargeable batteries with sodium as the negative electrode
originated in the 1980s, which is similar to the history of lithium batteries.?”’ 2% In
general, the research and development of sodium-ion batteries shares the same
knowledge base with lithium-ion batteries. Sodium is a less attractive anode candidate
for batteries due to its higher equivalent weight (M = 22.99g/mol) and less negative

electrochemical potential (-2.71 V versus standard hydrogen electrode) compared with
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lithium. But the natural abundance of sodium on earth, hence the cost reduction in raw
materials is a key factor for consideration regarding the potential application of sodium
batteries in large scale energy storage systems. Unlike lithium batteries, the
development of sodium secondary batteries is mainly focused on the high temperature
energy storage systems such as sodium-sulfur batteries and Na-NiCl, batteries (also
known as ZEBRA batteries) in which sodium is kept in liquid form (above 98°C).21%-2!!
The specifications of these sodium batteries determined their limited applications in a
few niche markets such as aerospace. After the successes of lithium primary batteries
and subsequent lithium secondary batteries were embraced by the public, research
interests were even more focused on lithium-ion batteries, leaving sodium batteries

given less attention in the past. 2!?

There is general agreement across scientific, economic and political communities that
the transportation sector in the future will involve intensive use of electric motors in
order to improve the round-trip efficiency of energy consumption as well as control the
level of air pollutants from vehicles.?!* Other non-lithium energy storage technologies
under developed such as fuel cells still require major technology breakthrough before
they can compete with lithium-ion batteries in terms of energy density, production cost,
lifespan, and operation cost besides the system-level round-trip efficiency.?!* The lead-
acid batteries installed in most vehicles today can only support limited functions such as
engine ignition or lighting, and they are not suitable to serve as the main power source
for electric vehicles due to their limited energy densities. Lithium-ion battery
technology is relatively mature and the production of large battery packs specifically for
automotive purpose have been established without facing very difficult technical

challenges. However, the scenario of large scale implementation of lithium-ion batteries
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to replace the internal combustion engines in automotive industry has risen concerns
about the volume of lithium production as well as lithium reserves, and the potential
resource shortage of lithium in the near future have been brought into discussion.?!321°
Meanwhile, with thorough studies from almost every aspect of lithium-ion batteries for
more than four decades, it has become more and more clear that the possibility of
drastic increase in the energy density is rather limited with lithium intercalation
chemistry.”?® As a result, many academic and industrial research teams begin to
investigate sodium intercalation compounds as well as room temperature sodium-ion
battery systems with the hope of finding a low cost energy storage alternative to
lithium-ion batteries.?!>?*! In principle, the design of room temperature sodium-ion
batteries can directly inherit most of the architecture of commercial lithium-ion batteries.
Therefore the commercialization of sodium-ion battery technology can utilize the
existing supply chain for lithium-ion battery production once sodium-ion batteries with
equivalent performance to lithtum-ion batteries become a reality. However, as useful as

the research on new battery technology has been, great challenges in the development of

commercial sodium-ion batteries are conspicuous.

The success of sodium-ion batteries inevitably requires both negative and positive
electrodes with excellent characteristics similar to that of graphite, lithium cobalt oxide
and their derivatives. However, both theoretical and experimental studies on a variety of
positive electrodes for sodium batteries have shown that high voltage sodium
intercalation compounds all have lower average operating voltages compared with their
lithium analogs, which means sodium-ion batteries utilizing those potential cathode
materials most likely will deliver lower level specific energy or volumetric energy

density compared to lithium-ion batteries.??>?23
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Graphite, which is now the main choice of negative electrode for lithium-ion batteries,
has a relatively small interlayer space for the insertion of sodium ions. It is generally
accepted that graphitic carbon has only minimal capacity for sodium intercalation.
Therefore other hard carbons with disordered graphitic planes are considered as the

main anode candidates for sodium-ion batteries.>**

5)
LMO
4 4 - i — ' O umc nea
NaV.F’OﬁF ® ® .I p 5
Na,Fe,(SO,) LEFe
7 e W NaysNisMny 50,
Na,sVPO, gHq - ' '
; 3- | Nay g3Lig g7Nig Mg 5,07
g
® -
©
= 21
S
14 m  Lithium Cathodes
@® Sodium Cathodes

0 100 200 300 400 500 600 700 800 900 1000
Volumetric Capacity (Ah/L)

Figure 2.5. Average operating potentials versus volumetric capacity (Ah/L) of selected cathode
materials for intercalation type lithium or sodium secondary batteries. The voltages of cathode

materials are taken vs. Na“/Na for sodium electrodes, or vs. Li*/Li for lithium electrodes,

respectively.?!32%

A large volume change of anodes is associated with intercalation of relatively large
sodium ions, so improvements in cycling performance have been mainly attributed to
the use of better electrode binders such as carboxymethyl cellulose (CMC) and SEI

stabilizing additives in carbonate-based electrolytes. These cannot be considered an
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ultimate solution, because stable SEI formation mechanism on the anode side of
sodium-ion batteries is yet to be proven.?!? For cathode materials, the large size of
sodium ions also poses intrinsic limitations on the achievable energy density of
potential sodium-ion battery systems. As shown in Figure 2.5, much lower gravimetric
and volumetric energy are certainly expected from sodium-ion batteries compared with
that of lithium-ion batteries, regardless of the anodic reaction mechanisms (either
intercalation, conversion or alloy reactions).?'***> Therefore the applications of room
temperature sodium-ion batteries are considered more suitable for medium and large
scale stationary energy storage systems (which is similar to high temperature sodium
secondary systems), rather than as power sources for portable electronics or small

electric vehicles.
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Chapter 3 Research strategy and experimental design

This chapter provides an overview of the general research methodology and experiment
work- flow adopted for the complete research project including material synthesis,
material physical property characterizations and electrochemical performance
characterizations. The materials of interest in this particular project include carbon
fibers, metal-carbon composite, metal chalcogenides and metal chalcogenides/carbon
composite with nanoarchitectures. These materials are investigated as negative electrode
materials in both lithium and sodium half-cells to evaluate their potential as anode
materials for rechargeable lithium and sodium batteries. Electrospinning, solvothermal
(including microwave assisted solvothermal) and high temperature annealing techniques
are employed for material synthesis. Material characterization methods such as scanning
electron microscopy, transmission electron microscopy, X-ray diffraction, thermal
gravimetric analysis, Raman spectroscopy, etc. have been intensively involved for
determining the properties of relevant materials as well as the failure mechanisms of
electrodes in lithium battery related research. Detailed information regarding lithiation,
delithiation, as well as failure mechanisms of electrodes during cycling will be obtained
through a combination of these techniques. In this research project, scanning electron
microscopy, transmission electron microscopy and x-ray powder diffraction are the
main material characterization measures employed to determine the microstructural
features of synthesized materials. The assembly of coin cells and relevant
electrochemical tests including cyclic voltammetry, galvanostatic charge-discharge and

electrochemical impedance spectroscopy will also be indispensable for more detailed
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exploration of the reactions of potential electrode materials for lithium and sodium

secondary batteries.

3.1 Electrospinning technique for material synthesis

One-dimensional structure has been an objective for research due to its intriguing
structure-related properties (e.g. large surface to volume ratio) in a variety of
applications including filtration, medical treatment, photonics and electronics as well as
energy storage. Electrospinning (electrostatic spinning) technique is a facile yet
dynamic method to fabricate large scale non-woven materials based on polymer fibers.
It is relatively convenient to synthesis one-dimensional pristine fibers or one-
dimensional composite materials from precursor solutions via the electrospinning
technique. The electrospinning technique is a variant of electrostatic spray (electrospray)
process, which utilizes the high voltage induced liquid jet formation mechanism. It
differs from the electrospray process in which small droplets and then solid particles are
formed. The electrospinning process is aiming for the formation of solid fibers by
stretching a continuous electrified polymer jet via electrostatic attraction and
evaporation of solvents. The general material synthesis route utilizing electrospinning
technique is shown in Figure 3.1. The electrospinning apparatus includes (i) a high
voltage supplier which outputs a few tens of kV, (ii) a grounded collector, (iii) an

electronic syringe pump, and (iv) a spinneret aperture.

During the electrospinning operation, polymeric solutions are fed through the spinneret
by the syringe pump at a fixed, relatively low feed rate (normally at ImL/hours), the
solvent and solute in the extruded solutions are then separated under high strength
electrostatic fields. The solvent evaporates while a jet of polymeric material forms

stretched long polymer fibers accumulated on the surface of the collector layer by layer
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in a randomized manner. The resulted electrospun material normally appears to be a
two-dimensional polymeric sheet in bulk with a high porosity architectures at the

micrometer size scale.

< Syringe
Pump
220~280°C
— i P bient ai
High Voltage Polymer solution d ambient air _ — g
. 3
upply | — g :
] o
w iy 2
E‘ ‘ inert or reducing o
3 | gas
/ Sample Collector / 600~800°C
=  Ground

Figure 3.1 Schematic illustration of standard material synthesis procedures involving

electrospinning and post thermal treatment.

Although electrospinning can be realized with a simple apparatus, its detailed
mechanisms are rather complicated. The morphological features, mainly the fiber
diameter, of electrospun materials, are highly dependent on a variety of factors. These
include the type of precursor polymers, type of solvents, solution concentration, solution
temperature, solution viscosity, solution conductivity, solution feeding rate, operation
voltage, spinneret design, collector geometry and ambient conditions (e.g. humidity
level, temperature level, etc.), some of which are interactive and inevitably increase the
difficulties in determining the optimized electrospinning parameters. As a result, the
process scale-up for electrospinning technology remains an issue for industrial
application due to low material throughput, poor reproducibility and lack of precision
control over the fabrication process, leaving large space for further improvements. In
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addition, the average length of electrospun fibers from many classes of materials are just

a few millimeters or less, which is inadequate for some practical applications.??®

The design of electrospinning apparatus includes direct electrospinning and co-
electrospinning. The former refers to the simplest set up for electrospinning which is
mostly used for bare polymer fiber synthesis, while the later refers to advanced
apparatus with multi-channel solution transport system which allow electrospinning of
two or more independent solutions in one process. The tuning of material composition
and microarchitecture is normally difficult to obtain via direct electrospinning from
single homogenous polymeric solution. In contrast, the co-electrospinning process
utilizing a coaxial multi-channel spinneret offers more convenience in the synthesis of
one-dimensional materials with complex microarchitectures such as core-shell or
hollow fibers by electrospinning with two of more solutions simultaneously. In this
project, all electrospinning work is carried with a direct electrospinning apparatus. The
direct electrospinning process generally has a low productivity as the stretching of
polymer molecules under high electrostatic charge is limited to small quantity of
polymer solutions, and the composition of generated fibers is also limited for every
single run of electrospinning process. Multiple needle arrays have been proposed to
address this issue for large scale fiber productions but it is rather difficult to attain a
design of spinnerets that can ensure the electric field strength is identical for all needle
tips. The electrospinning device used in this project is a Nano NC® electrostatic

spinning/spray integrated system with a direct spinning configuration.

Thermoplastic polyacrylonitrile (PAN) with a molecular weight above 150,000 g/mol is
an ideal polymer source for synthesizing 1D carbon fibers via electrospinning and

subsequential annealing and has been proven an excellent precursor after decades of
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industrial fiber production. Electrospun PAN fibers can maintain their morphology very
well during high temperature pyrolysis, which is critical for material synthesis
specifically targeting one-dimensional structures. 10% (weight/volume percentage
concentration, w/v) PAN (My = 150,000g/mol) in N, N-Dimethylformamide (DMF)
polymeric solution is used as the precursor solution for electrospinning in this project.
The presence of co-existing bead and fiber morphology is a common issue for
electrospun materials. The formation of beads is generally believed to be the results of
higher surface tension and viscoelastic forces of polymer solutions compared with
electrostatic repulsion forces, therefore the undesirable bead morphology can be
suppressed with increased levels of applied voltage and solution viscosity (polymer
concentration). In some cases, small amount of metal salts are included as solution
additives in order to aid the electrospinning technique for synthesis of composite

materials based on one-dimensional hydrocarbon fibers.

Electrospun PAN fibers are not suitable to serve directly as electrode materials for
lithium or sodium batteries, but carbon fibers derived from PAN fibers can be used
directly as binder-free, self-standing electrode materials, or as conductive substrates for
synthesis of composite electrode materials. Thermal pyrolysis treatment is a well-
established process to convert the organic materials into carbonaceous material. During
the carbonization process, the electrospun fibers are surrounded by an inert or reducing
atmosphere, with typical pyrolysis temperatures ranging from 700 to 1000°C. In order
to maintain the original morphology of electrospun fibers, the thermal decomposition
process of polymer fiber is divided into two stepwise stages. The first stage is
commonly referred as the stabilization process where the polymer fibers is burned in

ambient air at a temperature below 350°C, and the second stage is known as the
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carbonization process where the treated polymer fibers is heated in inert or reducing
atmosphere at a temperature above 600°C. During the stabilization process, the
prominent C=N bonds in PAN polymer break and C=N bonds along with C=C and C-H
bonds reform into a more stable aromatic cyclized ladder structure. Such deformation of
molecular structure within the polymer fibers is beneficial as it prevents the fiber
structure from melting down in the subsequent higher temperature annealing. During
high temperature annealing, the remaining polymer molecules further decompose and
leave a more carbonized structure. The temperature for the carbonization process are
chosen from the thermal characteristics of polymer samples as well as the operation
limits of the furnace. The carbon fibers prepared in such a way are normally amorphous
in nature with rich C-H bonds. In the case of polymer fibers containing metallic or
intermetallic secondary phases, the applied annealing temperature is also limited by the
melting point of these metal elements because liquid metal may eventually accumulate
and penetrate the walls of carbon fibers. The gas flow rate during carbonization is also
critical for the surface features of resultant carbon fibers. A higher gas flow rate and
slower temperature increase during the pyrolysis process of polymer fibers is more
favorable for maintaining the integrity of carbon fibers. A strong gas flow flushes away
released CO; thus prevent further reactions between CO> and carbon, which can lead to

undesirable surface porosity or fracture of carbon fibers.

3.2 Solvothermal synthesis route

Hydrothermal and solvothermal are very common laboratory-scale synthesis routes in
nanoscience and nanochemistry. The reactions are usually carried out in Teflon-lined
stainless steel autoclaves which create a closed high temperature, high pressure

environment therefore promoting nucleation and growth kinetics of crystallites that are
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difficult to achieve at ambient conditions. Both hydrothermal and solvothermal methods
are capable of manipulating the nanoarchitectures of materials from precursors via
control of experimental parameters including reaction time, temperature, surfactants,
salt precursors, and solvents. The difference between hydrothermal and solvothermal
synthesis routes is that hydrothermal uses aqueous precursor solutions whereas
solvothermal uses nonaqueous precursor solutions. However, these expressions are
sometimes confused in literature due to the complexity of precursor solution systems. In
general, solvothermal synthesis is preferred over hydrothermal routes because it offers
more benefits from additional sol-gel processes, and permits more precisely control of

size, shape distribution of desired nanomaterials.

Conventional hydrothermal and solvothermal synthesis routes conducted with
autoclaves often suffer from poor quality control over synthesized materials such as
heterogeneity and batch-to-batch variations. The strong oxidizing or reducing agents
used for reactions usually have high toxicities, and there is a risk of explosions due to
high pressure in sealed reactors. All this makes both these synthesis routes difficult to
scale up. These issues are partially attributed to the inherent limitations in the design of
autoclaves, where a steep temperature gradient is inevitable during the synthesis process.
Microwave-assisted hydro/solvothermal method is performed within a microwave
reactor which offers a facile but fast synthesis approach using microwave heating to
obtain nanomaterials at relatively lower temperatures and pressures thereby saving both

time and energy in materials preparation.

3.3 Material characterizations
Scanning electron microscopy (SEM), transmission electron microscopy (TEM),

Nitrogen adsorption surface area analysis (Brunauer, Emmett and Teller method), and
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Raman spectroscopy were employed to examine material structures and phases. Powder
X-ray diffraction (XRD) and thermogravimetric analysis (TGA) were used as the main

technical means to determine the composition of composite materials.

3.3.1 Scanning electron microscopy

Scanning electron microscopes (SEMs) are a type of electron microscope that produce
images of the surface area on a sample by scanning the sample with a focused beam of
electrons. Common SEM operation is carried out under high vacuum conditions, where
a beam of electrons emitted from an electron gun interacts with atoms in the sample
thereby producing a wide range of signals that can be interpreted to reveal the surface
topography and composition of samples. The image in a SEM may be obtained from
detecting emitted secondary electrons from atoms excited by the electron beam on the
surface of specimen. The number of secondary electrons depends on the angle at which
electron beam contacted the surface of specimen. By scanning the sample and collecting
the secondary electrons with a special detector, an image displaying the topography of
the surface is hence created. SEM can achieve a high resolution at the scale of a few
nanometers. Depending on the SEM instrument model, the observation of sample
specimens can also be carried in low vacuum or even in wet conditions. The model of
SEM employed for this research project was a Zeiss Supra 55VP which is located in the

microstructural analysis unit (MAU) in the University of Sydney, Technology.

In a typical SEM, an electron beam is thermionically created with a tungsten filament
cathode. The electron beam with the energy ranging from 0.2 KV to 30 KV, is focused
by condenser lenses to a spot of a few nanometers wide. The beam passes through the
electron column, which deflect the beam in the X and Y axes so that it scans in a raster

pattern over a rectangular area of the sample surface. When the electron beam interacts
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with the sample, the energy of electrons is partially absorbed in the surface volume of
specimen which extends to a few micrometers (usually less than 5 um) into the surface.
The size of the interaction surface volume depends on the electron's landing energy, the
atomic number of the specimen and the specimen's density. The energy exchange
between the electron beam and the sample results in the reflection of high-energy
electrons by elastic scattering, emission of secondary electrons by inelastic scattering
and the emission of electromagnetic radiation, all of which can be detected individually
by specialized detectors. The beam current absorbed by the specimen can also be
detected therefore images based on the current distribution on specimen can be created.
Electronic amplifiers of various types are used to amplify the signals, which are
displayed as variations in brightness on a computer monitor. Each pixel of computer
video memory is synchronized with the position of the beam on the specimen in the
microscope, and the resulting image is therefore a distribution map of the intensity of

the signal being emitted from the scanned area of the specimen.

Magnification in a SEM can be controlled over a wide range up to 500,000 times. The
image magnification of the SEM is not a function of the power of the objective lens but
results from the ratio of the dimensions of the raster on the specimen and the raster on
the display device. Assuming that the display screen has a fixed size, higher
magnification results can be obtained by reducing the size of the raster on the specimen,
and vice versa. Magnification is therefore controlled by the current supplied to the X, ¥

scanning coils, or the voltage supplied to the X, ¥ deflector plates.

SEM can also be used to perform analysis on the composition of samples via back-
scattered electrons and characteristic X-ray techniques. Back-scattered electrons (BSE)

are beam electrons reflected from the sample by elastic scattering and readily reveal the
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physical distribution of different chemical phases in the sample. Back-scattered
electrons are typically emitted from a depth under the sample surface, therefore the
resolution of back-scattering image is not as good as for secondary electrons. BSE are
often used in analytical SEM along with the spectra made from wavelength-dispersive
X-Ray spectroscopy (WDS) or energy dispersive X-ray spectroscopy (EDS), because
the intensity of the BSE signal is strongly related to the atomic number of the specimen.
BSE images can provide information about the distribution of different elements in the
sample. Characteristic X-rays are emitted when the electron beam removes an inner
shell electron from the atoms in the sample, causing a higher-energy electron to fill the
shell and release energy. The emitted X-rays have energy characteristic of parent
elements and therefore can be used to identify the composition and estimate the

abundance of elements in the sample.

SEM operation has requirements on the electrical conductivity of specimens, and
electrically grounded specimen holders need to be used to prevent the accumulation of
electrostatic charge at the surface of specimens. All samples must be cleaned, dried and
cut into an appropriate size to fit the top of the specimen holder. Nonconductive
specimens tend to charge when in contact with the electron beam inside the specimen
chamber, especially in secondary electron imaging mode. The charge can release
electrical arcs that cause scanning faults and other image artifacts. Therefore samples
with poor electrical conductivity are usually coated with an ultrathin layer of electrically
conducting material on the surface, either by vacuum sputter coating or by vacuum
evaporation. Common conductive materials used for SEM specimen coating include
graphite, gold, and platinum. Coating with heavy metal elements is more effective on

samples with low atomic numbers because additional metal layers on the specimen
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surface generally increases the signal/noise ratio hence degrading image quality. Back
scattered electron imaging, quantitative X-ray analysis, and X-ray mapping of
specimens often requires that the surfaces be ground and polished to a smooth surface.
Specimens that require WDS or EDS analysis are often coated with carbon. Embedding
specimen in a resin with further surface polishing to a mirror-like finish are also used
for SEM sample preparation when operation with backscattered electrons or quantitative

X-ray microanalysis are required.

3.3.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique utilizing interactions
between electrons and the specimen with the electron beam being transmitted through the
specimen. It has been a major analysis means for a range of scientific fields that are associated
with material research due to its significant advantages in revealing information regarding the
structure and composition of sample materials. TEM images are normally obtained through
specially designed detectors which receive the emitted signals from samples. The contrast level
of low magnification TEM images is a reflection of electron absorption in the sample material,
where electron-dense compounds in the sample cast shadows on the detector screen thereby
producing a two-dimensional projection of material in the sampled section. TEM is capable of
visualizing samples at a much higher resolution compared to SEM owing to the small
wavelength of propagating electrons which is generated by the high accelerating voltage, which
enables the examination of fine details of sample material at the atomic level. In practice, the
highest achievable resolution of TEM is limited to ~0.1 nm due to the physical limitations of
objective lens system. Alteration of operation modes of TEM allows direct observation of
chemical identity, crystal orientation, electronic structure and sample induced electron phase
shift in addition to the electron absorption based image, the electron wave interactions are more
complex in such cases and expertise is necessary for the analysis of observed high magnification

TEM images.
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Manipulation of the electron beam with TEM is possible due to two physical effects. First, the
interaction between electrons and applied magnetic field leads to the movement of electrons
following the left hand rule, thus allowing electromagnets to manipulate the electron beam. The
use of magnetic fields allows for the formation of a magnetic lens of variable focusing power,
the lens shape originating due to the distribution of magnetic flux. Secondly, electrons in
electrostatic fields show a tendency to be deflected through a constant angle, therefore a shift in
the beam path can be done by coupling two deflections in opposing directions with a small
intermediate gap in the TEM column. Based on these two effects, accurate control over the
beam path is possible for TEM operation. The optical configuration of a TEM can be rapidly

changed by these lenses in the beam path.

Sample preparation procedures for TEM are more complex compared with that for SEM. TEM
specimens are required to be no more than few hundreds of nanometers thick, as unlike neutron
or X-Ray radiation the electron beam interacts readily with the sample, an effect that increases
as a function of the square of atomic number. High quality samples will have a small thickness
that is comparable to the mean free path of the electrons that travel through the samples, which
may be only a few tens of nanometers. Preparation of TEM specimens is specific to the material
under analysis and the desired information to obtain from the specimen. As such, many generic
techniques have been used for the preparation of the required thin sections. Powder materials
with nanoarchitectures are usually small enough to be electron transparent thus their specimen
can be easily prepared by placing a drop of dilute sample solution onto a support grid. In
material science and metallurgy the specimens may require etching to obtain thin layer
specimens that allows electron beam penetration. Constraints on the thickness of the material
are mainly limited by the scattering cross-section of the atoms from which the material is
comprised. The normal thickness requirement for electron transparent specimens is around 100

nm, but this value is also subject to the electron beam accelerating voltage.
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TEM specimen stage designs include airlocks to allow for insertion of the specimen holder into
the vacuum with minimal increase in pressure in other areas of the microscope. Poor vacuum
during TEM operation can cause severe issues on the specimen during observation due to the
electron beam-induced deposition which causes electrical discharge, TEM operation with high
voltage requires high vacuum conditions in the range of 1077 to 10~° Pa. The specimen holders
are adapted to hold a standard size of grid upon which the sample is placed or a standard size of
self-supporting specimen. Standard TEM grid are a 3.05 mm diameter ring made from copper,
gold or platinum, with a thickness and mesh size below 100 um. The sample is placed onto the

inner area having diameter of approximately 2.5 mm.

The side-entry sample holder is the most common design in TEM configurations, where the
specimen is placed in the hollow tip of a long metal (brass or stainless steel) rod. Along the rod
are several polymer vacuum rings to allow for the formation of a vacuum seal of sufficient
quality, when inserted into the stage. The stage is thus designed to accommodate the rod,
placing the sample either in-between or near the objective lens, dependent upon the objective
design. When inserted into the stage, the side entry holder has its tip contained within the TEM
vacuum, and the base is presented to atmosphere, the airlock formed by the vacuum rings.
Insertion procedures for side-entry TEM holders typically involve the rotation of the sample to
trigger micro switches that initiate evacuation of the airlock before the sample is inserted into
the TEM column. Once inserted into a TEM, the sample often has to be manipulated to present
the region of interest to the beam path, such as in single grain diffraction, in a specific
orientation. To accommodate this, the TEM stage may provide four degrees of freedom for the
motion of the specimen including the translation of the sample in the X, ¥ plane of the sample,
Z plane height adjustment of the sample holder, and at least one rotation degree of freedom for
the sample. Most modern TEMs provide the ability for two orthogonal rotation angles of

movement with specially designed double-tilt sample holders.
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Imaging methods in TEMs utilize the information contained in the electron waves exiting from
the sample to form an image. Projector lenses allow for the correct positioning of this electron
wave distribution onto the viewing system. The observed intensity of the image can be
approximated as proportional to the time-average amplitude of the electron wave functions.
Different imaging methods therefore attempt to modify the electron waves exiting the sample in
a form that is useful to obtain information with regards to the sample, or beam itself. The
observed image depends not only on the amplitude of beam, but also on the phase of the
electrons, although phase effects may often be ignored at lower magnifications. Higher
resolution imaging requires thinner samples and higher energies of incident electrons. Therefore
the sample can no longer be considered to be absorbing electrons, via a Beer's law effect, rather
the sample can be modeled as an object that does not change the amplitude of the incoming
electron wave function. The sample modifies the phase of the incoming wave; this model is
known as a “pure phase” object, for sufficiently thin specimens, phase effects dominate the
image, complicating analysis of the observed intensities. For example, to improve the contrast in
the image the TEM may be operated slight defocused purposely to enhance contrast, owing to
convolution by the contrast transfer function of the TEM. Contrast formation in the TEM is
highly dependent on the operation mode. Complex imaging techniques, which utilize the unique
ability to change lens strength or to deactivate a lens, allow for many operating modes. These
modes may be used to discern information that is of particular interest to the investigator. The
most common mode of operation for a TEM is the bright field imaging mode. In this mode the
contrast formation, when considered classically, is formed directly by occlusion and absorption
of electrons in the sample. Thicker regions of the sample, or regions with a higher atomic
number will appear dark, whilst regions with no sample in the beam path will appear bright —
hence the term "bright field". The image is in effect assumed to be a simple two dimensional
projection of the sample down the optic axis, and to a first approximation may be modelled via
Beer's law, more complex analyses require the modelling of the sample to include phase

information. Samples can exhibit diffraction contrast, whereby the electron beam undergoes
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Bragg scattering, which in the case of a crystalline sample, disperses electrons into discrete
locations in the back focal plane. By the placement of apertures in the back focal plane, i.e. the
objective aperture, the desired Bragg reflections can be selected (or excluded), thus only parts of
the sample can cause the electrons to scatter and the selected reflections will end up projected
onto the imaging apparatus. If the selected reflections do not contain scattered beam (which will
appear at the focal point of the lens), then the region of imaging will appear dark, which gives

the image known as the dark-field image.

Modern TEM models usually offer specimen holder tilt functions that allows rotation of
the specimen within a range of angles in order to obtain specific diffraction conditions,
and apertures placed above the specimen allow the user to select electrons that would
otherwise be diffracted in a particular direction from entering the specimen Applications
for this method include the identification of lattice defects in crystals. By carefully
selecting the orientation of the sample, it is possible to not only determine the position
of defects but also to determine the type of defect present. If the sample is oriented so
that one particular plane is only slightly tilted away from the strongest diffracting angle
(known as the Bragg Angle), any distortion of the crystal plane that locally tilts the
plane to the Bragg angle will produce particularly strong contrast variations. However,
defects that produce only displacement of atoms that do not tilt the crystal to the Bragg

angle (i. e. displacements parallel to the crystal plane) will not produce strong contrast.

Crystal structure can also be investigated by high-resolution transmission electron
microscopy (HRTEM), also known as phase contrast TEM. When utilizing a Field
emission source and a specimen of uniform thickness, the images are formed due to
differences in phase of electron waves, which is caused by specimen interaction. Image
formation is generated by the complex modulus of the incoming electron beams. As

such, the image is not only dependent on the number of electrons hitting the screen,
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making direct interpretation of phase contrast images more complex. However this
effect can be used to an advantage, as it can be manipulated to provide more
information about the sample, such as in complex phase retrieval techniques. As
previously stated, by adjusting the magnetic lenses such that the back focal plane of the
lens rather than the imaging plane is placed appropriately in the imaging apparatus a
diffraction pattern can be generated. For thin crystalline samples, this produces an
image that consists of a pattern of dots in the case of a single crystal, or a series of rings
in the case of a polycrystalline or amorphous solid material. For the single crystal case
the diffraction pattern is dependent upon the orientation of the specimen and the
structure of the sample illuminated by the electron beam. This image provides the
investigator with information about the space group symmetries in the crystal and the
crystal's orientation to the beam path. This is typically done without utilizing any
information but the position at which the diffraction spots appear and the observed
image symmetries. Analysis of diffraction patterns beyond point-positions can be
complex, as the image is sensitive to a number of factors such as specimen thickness
and orientation, objective lens, spherical and chromatic aberration. Although
quantitative interpretation of the contrast shown in lattice images is possible, it is
inherently complicated and can require extensive computer simulation and analysis,
such as electron multi-slice analysis. The TEM characterization work in this project was
mainly conducted on a JEOL JEM-2011 electron microscope at the Institute for

Superconducting and Electronic Materials (ISEM), University of Wollongong.

3.3.3 Powder X-ray diffraction

X-ray diffraction (XRD) is an analysis technique based on constructive interference of

monochromatic X-rays (single wavelength with little deviation) with a crystalline
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sample, in which the periodic atoms or ions deflect the beam of incident X-rays into
specific directions. The interaction of the incident radiation with the sample produces
constructive interference (and a diffracted wave) when conditions satisfy Bragg’s Law,
which relates the wavelength of electromagnetic radiation to the diffraction angle and
the lattice spacing in a crystalline sample. The smallest lattice spacing can be detected
by a XRD instrument with the Cu radiation source is about 0.77 A, which can be further
enhanced down to about 0.35 A by using a Mo radiation source. XRD technique is
commonly used for identifying the crystal structure of solid materials, the characteristic
x-ray diffraction pattern generated by measuring the angles and intensities of these
diffracted beams provides a unique “fingerprint” of the materials present in the sample.
When properly interpreted, this fingerprint allows identification of the crystalline form
by comparison with standard reference patterns and measurements. In addition, the
mean positions of the atoms in the crystal, their chemical bonds as well as various other

information can also be determined by XRD measurements.

Crystals are considered as regular arrays of atoms, when an X-ray wave strikes a crystal
material it generates a regular array of secondary spherical waves emitting from the
excited electrons in the sample material. The majority of the scattered waves have the
same wavelength as the excitation source (X-ray). This phenomenon is known as
Rayleigh or elastic scattering, and the array of spherical waves add constructively in a

few specific directions governed by the Bragg's law (as shown by equation 3-1).

2dsin@ = nl 3-1
Here d is the spacing between crystallite planes, @ is the incident angle, n is a small
integer, and 4 is the wavelength of the beam. These specific directions appear as spots

on the diffraction pattern called reflections. Thus, X-ray diffraction results from an
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electromagnetic wave (the X-ray) impinging on a regular array of electrons (in the
repeating arrangement of atoms or ions within the material). Since many inorganic and
organic materials comprise various crystalline structures, XRD analysis has found
applications in many fields of scientific research. For materials science, XRD analysis is
the primary characterization technique to determine the crystal structure of compounds,
it can also be used for the characterization of amorphous materials, as long as suitable

reference patterns are known or can be constructed by computer simulation.

X-rays are used to produce the diffraction pattern because their wavelength 4 is
typically the same order of magnitude (1~100 A) as the spacing d between planes in the
crystal. In principle, any wave impinging on a regular array of electrons produces
diffraction. To produce significant diffraction, the spacing between the electrons and the
wavelength of the impinging wave should be similar in size. The typical sub-nanometer
level X-ray wavelength is ideal for determination of crystallite structure which is on the
scale of covalent chemical bond-lengths and the radius of a single atom. Long
wavelength photons such as ultraviolet radiation cannot provide sufficient resolution in
mapping the atomic positions while short wavelength photons such as gamma radiation
are generally difficult to focus and their strong interaction with atoms is destructive to

the crystalline structure of sample material.

In general, single-crystal XRD offers more detailed structural information than any
other XRD techniques, however, the samples of interest may not have a sufficiently
large and uniform crystalline form. Rather than single-crystal XRD, various other X-ray
methods such as powder X-ray diffraction and small-angle X-ray scattering (SAXS) can
be applied. In powder diffraction, each possible crystalline orientation is present equally

when the sample is in a fine powder form. The powder sample is filled in a disc shape
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sample container with its surface carefully flattened. The sample container is put on one
axis of the diffractometer and tilted by an angle @ while a detector rotates around it on
an arm at twice this angle. This configuration is known as the Bragg—Brentano ©:20
configuration. Another configuration is the Bragg—Brentano ©:0 configuration in which
the sample is stationary while the X-ray tube and the detector are rotated around it with
fixed a 20 angle formed between the tube and the detector. This configuration is most
convenient for loose powders. In this research project, the XRD instrument employed
for power XRD measurements is a Siemens D5000 Diffractometer, which is located at
microstructural analysis unit (MAU) in the University of Technology, Sydney. The
minimum amount of sample required for a single run of XRD measurement is about 10

mg.

The most widespread use of powder diffraction is in the identification and
characterization of crystalline solids, each of which produces a distinctive diffraction
pattern. Both the positions (corresponding to lattice spacing) and the relative intensity of
the lines in a diffraction pattern are indicative of a particular phase and material, and the
size of X-ray diffraction peak is determined by the density of electrons within the
specific crystalline structure. A multi-phase mixture, e.g. a ternary composite material,
will show more than one pattern superposed, allowing for determination of the relative
concentrations of phases in the mixture. Crystal structure determination from powder
diffraction data can be challenging due to the overlap of reflections from a powder
sample. A crystal structure, together with instrumental and microstructural information,
is used to generate a theoretical diffraction pattern that can be compared to the observed
data. A least squares procedure is then used to minimize the difference between the

calculated pattern and each point of the observed pattern by adjusting model parameters.
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3.3.4 Thermogravimetric analysis

Thermogravimetric (TG) technique is a method of thermal analysis, in which changes in
physical and chemical properties of sample materials are measured as a function of
increasing temperature, and as a function of time. The data generated from material
combustion in typical TG measurement can provide useful information regarding the
physical phenomena the sample shows at elevated temperature, such as vaporization,
sublimation, desorption, thermal reaction, decomposition and phase transition reactions.
TG analysis is commonly used to determine selected characteristics of materials that
exhibit either mass loss or gain due to decomposition, oxidation or other reactions and
loss of volatiles (such as moisture). Common applications of TG analysis are (1)
materials characterization through analysis of characteristic decomposition patterns, (2)
studies of degradation mechanisms and reaction kinetics, (3) determination of organic
content in a sample, and (4) determination of inorganic (e.g. ash) content in a sample.
Results may be useful for corroborating predicted material structures or simply used as
a chemical analysis. It is an especially useful technique for the study of polymeric
materials, including thermoplastics, thermosets, elastomers, composites, plastic films,

fibers, coatings and paints.

Thermogravimetric analysis relies on a high degree of precision in three measurements:
mass change, temperature, and temperature change. Therefore, the basic instrumental
requirements for TG analysis are a precision balance with a pan loaded with the sample,
and a programmable furnace. The TG furnace is equipped with a thermocouple to
monitor accurate measurements of the temperature by comparing its voltage output with
that of the voltage-versus-temperature table stored in the computer’s memory. A

reference sample may be placed on another balance in a separate chamber. The
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atmosphere in the sample chamber may be purged with an inert gas to prevent oxidation
or other undesired reactions. A different process using a quartz crystal microbalance has
been devised for measuring smaller samples on the order of a microgram. TG analysis
can be programmed either at a constant heating rate, or at heating to acquire a constant
mass loss with time. Though a constant heating rate is more common, a constant mass

loss rate can illuminate specific reaction kinetics.

The TG analysis instrument continuously weighs a sample as it is heated to the
designated temperatures which is up to 2000 °C depending the specific instrument
model. As the temperature increases, various components of the sample are decomposed
and the weight percentage of each resulting mass change is recorded. Results are plotted
with temperature on the X-axis and mass loss on the Y-axis. The data can be adjusted
using curve smoothing and first derivatives are often also plotted to determine points of
inflection for more in-depth interpretation. If the identity of the product after heating is
known, then a ceramic yield can be found from analysis of the ash content. By taking
the weight of the known product and dividing it by the initial mass of the starting
material, the mass percentage of all inclusions can be found. Knowing the mass of the
starting material and the total mass of inclusions, such as ligands, structural defects, or
side-products of reaction, which are liberated upon heating, the stoichiometric ratio can
be used to calculate the percent mass of the substance in a sample. The results from
thermogravimetric analysis may be presented by (1) mass versus temperature (or time)
curve, referred to as the thermogravimetric curve, or (2) rate of mass loss versus
temperature curve, referred to as the differential thermogravimetric curve. Though this
is by no means an exhaustive list, simple thermogravimetric curves may contain the

following features (i) a horizontal portion, or plateau that indicates constant sample
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weight, (ii) a curved portion; the steepness of the curve indicates the rate of mass loss,
(ii1) an inflection (at which dw/d¢ is a minimum close to zero). Certain features in the
TG curve that are not readily seen can be more clearly discerned in the first derivative
TG curve. For example, any change in the rate of weight loss can immediately be seen
in the first derivative TG analysis curve as a trough, or as a shoulder or tail of a peak,
indicating two consecutive or overlapping reactions. Differential TG curves also can
show considerable similarity to differential thermal analysis (DTA) curves, which can
permit easy comparisons of different samples in terms of thermal decomposition

behaviors.

TG analysis has a wide variety of applications, including the evaluation of the thermal
stability of a material under a certain atmosphere, and trace element identification. TG
analysis also gives the upper limit temperature of a material, beyond which the material
will begin to degrade. Mass losses or gains due to oxidation reactions are the most
common phenomenon observed in the thermal treatment of materials, therefore this
technique can be used to study the resistance to oxidation of a wide range of materials.
If a species is thermally stable in a pre-determined temperature range against selected
atmosphere, there will be no observed mass change, corresponding to a negligible slope
in the weight-temperature plots. In this research project, TG analysis is employed
mainly to determine the amount of metal or metal chalcogenides in carbon-rich
composite materials. The TG measurements were performed with a TA Instruments®
SDT 2960 thermogravimetric analyzer. Combustion of carbon-rich materials during TG
analysis is a factor which needs to be treated with caution, as it may lead to release of
particles in the form of smoke, which causes the loss of metallic or intermetallic

elements from the sample without oxidation and further affects the accuracy of TG
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analysis results. The commonly used approach to avoid poor control over experimental
accuracy during TG analysis is to reduce the gas flow and temperature ramp rates to the
minimum level so that the highly undesirable release of smoke from sample material

combustion can be suppressed.

3.3.5 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser beam. Photons of the laser light are absorbed
by the sample, interact with molecular vibrations, phonons or other excitations in a
material, and are then reemitted. The frequency of reemitted photons in monochromatic
light changes upon interaction within a sample. The Raman effect refers to the shift of
frequency of the reemitted photons towards lower or higher range in comparison with
original frequency of the laser beam. The interpretation of frequency shifts provides
information about vibrational, rotational and other low frequency transitions in
molecules. It is commonly used in chemistry to identified unique patterns of specific
molecules. The highly selective Raman spectroscopy allows easy identification and
differentiation of chemical species with similar molecular structures, such as symmetric
linkages (e.g. -C=C-, -C-S-) whose responses are generally weak in infrared spectra.
Raman spectra can be collected from a very small volume specimen without the
specimen being fixed or sectioned, and water content in the sample generally does not
cause interference in Raman spectrum. This property facilitates the direct Raman
spectrum measurements of a variety of materials including solids (e.g. particles, pellets,

powers, films, fibers), semi-liquids (gels, pastes), and gases through a transparent media.
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Raman shifts are typically recorded in wavenumbers, which have units of inverse length,
as this value is directly related to energy. In order to convert between spectral

wavelength and shift wavenumbers in Raman spectra, equation 3-2 can be used:

aw=1/9 - 1/21 3-2
where aw is the Raman shift expressed in wavenumber, 4y is the excitation wavelength,
and /; is the Raman spectrum wavelength. The unit chosen for expressing wavenumber
in Raman spectra is commonly inverse centimeters (cm ). Since wavelength is often
expressed in units of nanometers (nm), the formula above can scale for this unit

conversion explicitly, giving equation 3-3:

aw(em™) =[1/4g (nm™)- 1/4;(nm™")]x 107 3-3
Raman spectroscopy is commonly used in chemistry, since vibrational information is
specific to the chemical bonds and symmetry of molecules. Therefore, it provides a
fingerprint by which the molecule can be identified. The fingerprint region of organic
molecules is in the (wavenumber) range 500-2000 cm™'. The band areas of Raman
spectrum are proportional to concentration, making Raman amenable to straightforward

quantitative analysis as isolated sharp bands are often present in the spectrum.

In electrode material research, Raman spectroscopy is frequently used to analyze C-C
bond types in carbonaceous materials where XRD measures are generally powerless due
to the small size of sp> carbon domains mixed in a predominantly sp? carbon matrix (or
vice versa). In a typical Raman spectra of carbon material, two major band peaks i.e.
the D band (£ point phonons of Az symmetry) and G band (phonons of Ez; symmetry)
can be observed. The D band and the G band correspond to the vibration of defect-
related sp>-bonded carbon atoms and sp? carbon atoms, respectively. The intensity ratio

of D and G band peaks in Raman spectra can be used directly to determine the
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abundance of the graphitic structure (sp? carbon) or the non-graphitic structure (sp’
carbon) in a carbonaceous material. For this research project, the Raman spectroscopy
measurements were performed with a Renishaw inVia® Raman system equipped with a

17mW helium laser source (633 nm wavelength).

3.3.6 Gas adsorption surface area analysis

Gas adsorption measurements are based on the tendency of gases to lightly adhere
(adsorb) on the surface of solid materials. At low relative pressure and super low
temperature, the gas molecule adsorption process on the surface of a sample (adsorbent)
is kinetically reversible with increased relative pressure. Such physical adsorption has
fixed equilibrium adsorption amounts corresponding to the environmental pressure,
which can be used to calculate the surface area of samples, which includes the bulk
surface area of sample and the surface area of gas-accessible internal open pores of
sample. Nitrogen is the most common adsorbate used for gas adsorption measurement
owing to its availability and good adsorbate characteristics for both adsorption and

desorption processes.

Surface area analysis by gas adsorption can be classified into two classes: one is based
on a sample’s adsorbed gas amount, and analysis methods can be divided into dynamic
chromatography methods, static volumetric methods and gravimetric methods. The
second class uses the basis of a different theoretical model, such as the contrast
reference method, the Langmuir method, the BET (Brunauer, Emmett and Teller)
method etc. The contrast reference method has limits in dynamic chromatography to
measure adsorbate amounts, and the Langmuir method is limited to monolayer sample
analysis. However, the BET method is suitable for both dynamic chromatography and

static volumetric method to measure adsorbate amounts. Assuming no interactions
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between the adsorption layers in the sample, BET correlations on multilayer adsorption

can therefore be expressed as:

P 1
V-(Pg-P) CVp

Py 1 34
"G v

Where V is the sample adsorption amount, ¥}, is the monolayer saturation adsorption
amount, C is the adsorption ability constant, P is the adsorbate equilibrium pressure, and
Py is the adsorbent saturation vapor pressure. From above equation, it can be clearly
seen that BET method sets up quantity relations between monolayer saturation
adsorption amount ¥}, and multilayer adsorption amount. BET equation established in
multilayer adsorption theory which is very close to many material’s real adsorption

processes, thus the analysis data are reliable.

During multipoint BET analysis procedures, multilayer adsorption amount ¥ with 3 ~ 5
groups of relative pressures are collected. By plotting P/V-(Po-P) versus P/Py ( i.e.
taking P/Py as the X-axis, and P/V-(Po-P) as the Y-axis), the monolayer saturation
adsorption amount V,, and the adsorption ability constant C can be calculated by linear
fitting of P/V-(Po-P) against relative pressure. It is generally accepted that BET
equation fits more closely to real adsorption processes and the best line fitting can be
obtained by picking P/Py points located within the range 0.05 to 0.35. In case the
analyzed sample shows strong adsorption ability (a relatively high value of C), the
single point BET method can be adopted. The intercept of the straight line is nearly
close to zero, thereby can be roughly deemed as connected to the origin point. Therefore,
only one group P/Py value is necessary in the analysis and it can be linked with the
origin coordinates to calculate the specific surface area of the sample. However, the
surface area data obtained with such a method has bigger errors when compared with

multilayer BET. The correlation coefficient and the adsorption ability constant are two
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key indexes to check the validity of BET analysis results. The correlation coefficient
should be greater than 0.9975, typically coefficients obtained from successful
measurement should be more than 0.9997. The adsorption ability constant C indicates
whether the BET analysis is valid for the sample of interest, any BET analysis reports
with a C number less than 2 should be rejected. If employing dynamic chromatography
for the BET method, a highly accurate apparatus with the capability of measuring
different P/Py adsorption amounts is required. Once the Vi, is determined, then the
specific surface area of measured sample (.5) can be calculated according to equation 3-

5.

NV
22400 Xxm

x10"%(m?/g) 35
Where N refers to the Avogadro constant, i is the cross section of adsorbate molecule
(16.8 A in the case of nitrogen gas adsorption), m is the mass of sample, and the
definition of V is the same as in equation 3-4. The specific surface area calculated
based on the BET method is represented by the amount of nitrogen molecules covering

the surface area of the sample as well as the maximum cross-sectional area inside the

sample which is accessible to nitrogen molecule.

For this research project, the nitrogen adsorption/desorption experiments and relevant
data processing were carried out with a Micromeritics 3Flex® surface analyzer.
Samples are pre-treated by a degas process at the highest temperature possible (without
damaging the structure of sample) to ensure the complete removal of superficial
impurities before the gas adsorption measurement. The general guideline for degassing
time is recommended to be at least 16 hours. The surface characteristics of samples
including the specific surface area, surface pore size distribution and surface porosity

are calculated automatically with associated computer software by inputting the re-
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weighed, degassed sample mass value after each measurement. The desorption branch
of the isotherm, for the same volume of gas, exhibits a lower relative pressure, resulting
in a lower free energy state which is closer to real thermodynamic stability compared
with the adsorption isotherm. Thus the desorption isotherm is used for evaluating the
pore size distribution of an adsorbent. The calculated pore size dictates the category of
sample in the porous materials family. There are three major groups of porous materials,
i.e. microporous, mesoporous and macroporous materials. Microporous refers to pore
size smaller than 2 nm, mesoporous refers to pore size between 2 to 50 nm, and

macroporous refers to pore size larger than 50 nm, respectively.

3.4 Electrochemical Characterizations

The evaluation of electrodes in electrochemical cells allowing prolonged cycling of
batteries can provide sufficient information to determine whether they are suitable for
further development towards high energy batteries. Conventional methods include
cycling lithium half-cells and full cells at constant voltage, current, and capacity limits,
as well as electrochemical impedance spectroscopy (EIS) and dilatometry. The latest
developed electrochemical characterization techniques also include in situ high

precision calorimetry and acoustic emission.

3.4.1 Electrode preparation and cell configurations

In general, the electrode materials of interest for lithium or sodium secondary batteries
are powder samples and need to be diluted in a solvent together with adhesives (binder)
and conductive agents, thus mixed materials form a slurry which is subsequently coated
on copper or aluminum electrode substrates with a method often referred as the doctor
blade technique. The composition of electrodes is determined by the weight ratio of

active material, binder, and conductive agent, which is usually set to fixed weight ratio
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of 8:1:1 by default. The ratio of active material in test electrodes is relatively lower than
that of commercial lithium-ion battery electrode coatings due to the high surface area
characteristic of investigated material, which requires more conductive carbon and
binder to cover the surfaces of active material particles. After coating electrode slurry
on the substrate, the wet electrode is dried at elevated temperature under vacuum to
remove solvent content. In addition to drying, the electrode is further densified with
high pressure in order to improve the contact of particles inside the electrode. A roll
press process may also be used for electrode densification, so that the porosity in the
electrode film can also be adjusted to control the electrolyte loading in the porous
structure electrode. After the series of pre-treatments mentioned above, the electrode is
cut into proper shape to fit into the desired cell configurations. Electrochemical
evaluation of electrodes and battery systems can be performed with different cell
configurations including half-cells, symmetric cells and full cells. Each of these cell
configuration has its own advantages and limitations and one should be careful to
choose the proper configuration and interprets the results obtained from electrochemical

tests.

Lithium and sodium half-cell configurations are adopted in this project due to their
convenience in cell assembly. The half-cells are prepared by assembling type 2032 type
coin cells (20 mm in diameter, 3.2 mm in height) in argon atmosphere inside a glove-
box with both moisture and oxygen levels below 1ppm. Metallic lithium and sodium are
used as counter electrodes. Porous polypropylene membranes and glass fiber
membranes in circular shape with 18 mm diameters are used as separators for lithium
and sodium half-cells, respectively. The default electrolyte for lithium half-cells is 1M

LiPFs in 1:1 (v/v) ethylene carbonate (EC) and diethyl carbonate (DEC) without
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electrolyte additive, while the default electrolyte for sodium half-cells is 1M NaClO4 in
1:1 (v/v) ethylene carbonate (EC) and dimethyl carbonate (DMC) with 2%(w/v)
fluoroethylene carbonate (FEC) additive. The assembled cells are left to rest for at least
12 hours before performing any electrochemical characterization work. This process
allows the separators soaked in electrolyte to fully cover the surfaces of both negative
and positive electrodes which ensures optimized electronic/ionic conductivity between
two electrodes in the cell. Half-cells are the most frequently used cell models for
cycling tests due to convenience in preparation. Lithium half-cells consist of metallic
lithium and electrolyte at levels excess to the electrode materials being evaluated, this
also applies to sodium half-cells. The assembled half-cells are normally cycled in
constant current mode, in which the cells are charged and discharged at the same current
within a fixed voltage window of upper and lower cut-off limits. One advantage of the
half-cell evaluation is that with excessive lithium and electrolyte supply, the cycle life
of half-cells used for laboratory experiments can be extended to a few hundreds of
cycles with minimum risk of encountering electrolyte consumption related failure.
Therefore, capacity fading in half-cells during cycling can be directly attributed to the
failure of electrodes and SEI related causes. However, the long term cycling of lithium
or sodium half-cells also has potential risks of dendrite growth from metallic anodes and
subsequent internal shorts. The products from continuous SEI formation over long
cycles can also result in a critical point in the capacity versus cycle number plot where
impedance growth can cause the voltage plateau to drop close to the cutoff potential of
electrode, thereby accelerating capacity deterioration. Constant capacity cycling has
also been used to evaluate the cycling performance of electrode materials, and this

method is more frequently used for dealing with electrode materials whose voltage
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limits are difficult to define.’® It can be effectively used to compare the effects of

different lithiation stages as well as alloy volume expansion during cycling.

For those electrode materials showed little or zero fading during cycling with half-cell
configurations. Further cycling evaluation with symmetric cells can be used. Symmetric
cell configurations use identical electrodes by replacing the lithium foil in half-cell
configuration with one electrode in the lithiated state. Similar to half-cell configuration,
the symmetric cells still contain excess electrolyte, thereby eliminating the possibility of
impedance growth on a Li foil electrode or possible electrode interactions. In addition to
any fading mechanisms recognized in half-cells, symmetric cells may have fade
originated from lithium-consuming reactions within the electrolyte. Symmetric cells are
therefore most useful when assembled for further screening electrolytes and electrolyte

additives.

The full-cell configuration is indispensable in order to make a thorough evaluation of
cycling performance of negative/positive electrodes towards practical battery
applications. Considering the realities of the state-of-art in commercial lithium-ion
batteries, the benchmark for the areal capacity of the electrode coating should be no less
than 2 mAh/cm?. In full-cell configurations the negative electrode is required to slightly
overlap the positive electrode, giving a ratio of the areal capacity of the negative
electrode to the positive electrode (N/P) between 1 and 1.2. As a safety precaution, the
higher areal capacity at the negative end can prevent metal plating on the edge area of
the electrode. The amount of electrolyte needs to be sufficient to wet the separator and
fill the porous structure inside electrodes while without flooding the cell. In addition,

the minimum requirement for the Coulombic efficiency of electrodes in a full cell in
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each cycle should be at least 99.9% as this is the minimum CE value that allows 80%

capacity retention after 200 cycles of charge-discharge process.

3.4.2 Cyclic voltammetry

Cyclic voltammetry (CV) is a specialized technique that can be used to acquire the
information on electrochemical reactions in almost all electrochemical systems. CV
measures the response current of the working electrode at a predetermined constant
voltage/time sweeping rate in a cyclic manner, thus the plot of electrode current versus
electrode voltage, also known as the voltammogram, forms a loop with peaks. The
current peaks in a CV plot indicate oxidation and reduction reaction potentials as well as
the rate of reactions during ion insertion and extraction processes, respectively. In a
half-cell configuration battery, the synthesized materials are used as the working
electrode and the lithium or sodium metal are used as both counter electrode and
reference electrode. The CV measurements is usually starting from the cathodic scan for
the reductive reactions of the working electrode, and then moves to the anodic scan for
the oxidative reactions of the working electrode. All CV measurements of lithium and
sodium half-cells in this research project are performed with CHI 660 series
electrochemical workstations with a fixed scanning speed at 0.1 mV/s. The typical
potential region selected for negative electrodes and positive electrodes are 0.01V ~ 2.5

V,and 1.0 V ~ 3.0 V, respectively.

3.4.3 Charge-discharge cycling test

Charge-discharge cycling tests are basic tests frequently used to generate the charge-
discharge profiles of batteries for further analysis of battery performance including
specific capacities, capacity retention rates and rate capabilities. A typical cycling test is

performed by applying a constant current to or from the cell being tested within a fixed
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voltage window. The voltage window is subject to the type of electrode materials used,
but in general, the voltage range for negative electrode materials is from 0.01 Vto 2.0 V,
while the voltage range for positive electrode materials is from 2.0 V to 4.0 V. The
current density in galvanostatic cycling mode is often expressed as the C-rate in
literature, which is calculated based on the ratio of the applied current and the
charge/discharge capacity of batteries; a typical 1/2 C-rate means the applied current is
enough for the battery to charge or discharge completely in two hours. The charge
stored in the electrode, also referred to as the specific capacity (g), can be calculated by
multiplying of the applied current (i) and the charge or discharge time (7), and then

divided by the mass of active materials in the electrode (m), as shown in equation 3-6.

q=ixt/m 3-6
Voltage plateaus in the form of sharp peaks can be easily identified in the differential
capacity (d@Q/dV versus V) plots of charge-discharge cycling profiles. In differential
capacity plots, the height and area size of voltage peaks represent the steadiness of the
voltage plateau and the capacity of active material at the designated voltage,
respectively. Therefore it is convenient to use differential capacity analysis (DCA) to
monitor the voltage evolution of active materials during cycling and phase transitions
and distinguish the independent behavior of specific active materials in multi-
component composite electrodes.??’??8 The electrochemical behavior of the active phase
in an electrode material is dependent on the domain size, with single phase reactions
being kinetically favored to reduce domain size, giving differential capacity the ability
to monitor microstructural change during cycling. DCA is therefore highly sensitive to
the micro- or even nano-structure of active materials and provides data with

considerable accuracy.??’
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The charge-discharge cycling tests are sometimes performed with various current
densities to evaluate the rate capacity of electrode materials, and their potential impact
on the power capability of proposed battery systems. In general, the electrode materials
show a trend that the reversible capacities are always lower during fast charge or
discharge compared with slow charge or discharge. This phenomenon is attributed to
the slow kinetics of ion mobility in bulk electrode materials. Under high current rate, the
movement of ions towards deep areas in electrodes becomes more and more difficult as
the electrode is charged and ions eventually accumulate on the surface area of electrode.
The rate capacity can be improved by nano downsizing of active materials’ particles and
increasing the mass ratio of conductive agent in the electrode, thus reduced ion diffusion

length and enhanced electrical contact can be realized within electrode.

3.4.4 Cell impedance

For this research project, alternating current electrochemical impedance spectroscopy
technique was employed to measure the impedance of lithium and sodium half-cells.
Electrochemical impedance spectroscopy (EIS) is a widely used measurement in battery
studies due to its convenience. Briefly, the impedance spectrum of an electrochemical
cell is plotted based on the response of cell to an applied sinusoidal voltage of a given
amplitude (5mV by default) within the frequency range from 100 kHz to 0.01 Hz. This
impedance plot is also referred as the Nyquist plot. The typical Nyquist plot consists of
a sloping line across the low frequency and middle frequency region, and a semicircle
begins in the middle frequency region and ends in the high frequency region. The high
frequency part of the Nyquist plot is related to electronic conductivity, while the middle
frequency region corresponds to charge transfer resistance (R, resistance against the

transfer of lithium or sodium ions between the electrolyte and the electrode), and the
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low frequency region of the Nyquist plot is related to bulk diffusion resistance. The
spike in the low frequency region of the Nyquist plot usually becomes shorter with
increased cycle number of examined electrodes/cells. This phenomenon can be
explained by the morphology change of porous electrodes. Since the penetration depth
of AC signals is highly dependent on the pore size of electrode materials, less AC
signals can penetrate through the surface of long cycled electrodes, due to the increased
ratio of closed pores inside electrode materials and the accumulated passivation layer on

the electrode/electrolyte interphase from electrolyte decomposition.

The equivalent circuit of cells that have both capacitance and resistance can be fitted to
the EIS data by specialized software such as Z view®. In the case of a negative
electrode, the middle frequency region is highly sensitive to the deterioration of SEI and
the conductivity within the electrode, as a result, the width of the semicircle (the value
of R¢r) normally increases with cycle number due to cell polarization. The ion diffusion

coefficient (D) of an electrode can be calculated using the following formula:

_ R 3-7
 242n*F4C202

Where T is the absolute temperature, R is the gas constant, A4 is the surface area, n is the
number of electrons involved in the electrochemical reaction, F is Faraday’s constant,
C is the concentration, and & is the Warburg coefficient obtained from the intersection
of the straight line on the real axis. However, it should be noted that the porous nature
of electrode coatings poses difficulties in the determination of active surface area during
electrochemical reactions, sometimes giving unreliable calculated. Another method for
tracking the impedance of electrodes with cycling history is the addition of a rest step at

the end of each lithiation and delithiation process, through which the time dependence
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of the voltage relaxation can be used as an impedance metric. This approach is a variant

of the traditional areal impedance metric.?*°
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Chapter 4 One dimensional carbon fiber synthesis by

electrospinning

4.1 Introduction

One-dimensional (1D) microarchitecture offers structural features including high
surface area (large surface-to-volume ratio) and short ion diffusion length. Compared
with other synthesis approaches (e.g. self-assembly, template-assisted synthesis,
chemical vapor deposition, solvothermal or hydrothermal synthesis), the electrospinning
(also known as the electrostatic spinning) technique offers a more convenient and
versatile synthesis route for the fabrication of materials with one-dimensional
microarchitecture, and its simplicity in apparatus setup is extremely attractive for
laboratory scale research.”*!> The fibrous materials obtained from electrospinning
process usually have a high porosity three-dimensional (3D) morphology owing to the
stacks of electrospun polymer fibers. The polymer fibers can be further converted into
carbon fibers which offer improved electron conductivity in a reducing or inert
atmospheres at high temperatures. 2**»*** The polymer molecules inside electrospun
composite materials can also be completely removed by high temperature treatment in
an oxygen-containing environment, which leaves desired nanostructure networks.??>3
These features of electrospun polymer fibers allow easy synthesis of nanoscale
materials without severe aggregation of particles, which is beneficial for the preparation
of nanoscale electrode materials for rechargeable lithium and sodium batteries.
However, the precisely control of electrospinning process from a variety of polymeric
solutions remains a challenge because of the complex physical behavior of electrified

jets and the other interdependent factors (e.g. solution properties, electrospinning

apparatus design, process parameters, and ambient conditions) which greatly affect the
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properties of electrospun fibers.??”>* In addition, there are also large numbers of
materials being excluded from the candidate list for fiber material fabrication with
electrospinning process due to their poor performance in viscoelastic behavior,

solubility, or polymer molecule entanglement, etc.>*

Similar to other fiber processing techniques, the final properties of carbon fibers are
largely determined by the precursor materials and the processing conditions for forming
the polymer fiber, while post-treatment techniques (e.g. stretching and carbonization)
only offer limited refining to the morphology and properties of electrospun fibers. In
order to obtain high performance carbon nanofibers, it is critical to determine the
processing windows of key processing parameters for electrospun materials
fabrication.?**2% As a result, the determination of (i) the optimized polymeric solution
systems and (ii) optimized process parameters of a specific electrospinning system is an
indispensable step for the preparation of 1D functional materials with electrostatic
spinning. In experiments for the determination of optimal electrospinning conditions,
solution concentration and acceleration voltage are chosen as the main variables
because both of them are unanimously accepted in the literature as factors that have a
great influence over the morphology of electrospun fibers. More importantly, they can
be adjusted with relatively high accuracy compared to other variables in the
electrospinning process. After the optimal polymer solution formula and stable process
parameters being confirmed, further investigation on the optimized thermal post
treatment conditions of electrospun polymeric materials are conducted. The PAN-
derived carbon fibers are examined as negative electrode materials for lithium-ion and

sodium-ion batteries. The electrospinning technique is also applied in the synthesis of

87



Chapter 4 One dimensional carbon fiber synthesis by electrospinning

1D structure composite electrode materials including antimony-carbon fibers, and

antimony-carbon fibers with graphene as discussed in the following chapters.

4.2 Experimental

The polymeric solutions used for the electrospinning experiments are polyvinyl alcohol
(PVA, My, = 89,000 ~ 98,000 g/mol, 99+% hydrolyzed) aqueous solutions (with 1% v/v
Triton X-100) and polyacrylonitrile (PAN, M, = 150,000g/mol) in N,N-
Dimethylformamide (DMF) solutions. Chemicals used were purchased from Sigma-
Aldrich® and used as received. Both solutions were prepared with three concentrations:
6%, 8% and 10 wt% (w/v) by dissolving accurately weighed polymer powders in
solvents. Solution viscosities of prepared solutions were measured with a Brookfield®
controlled stress rheometer in a cone and plate geometry, and each measurement is
performed at 25°C with a 4 cm and 2°cone. In a typical electrospinning fiber formation
experiment, solutions are loaded in a 10 ml syringe. The applied accelerating voltage for
electrospinning ranged from 5.0 ~ 25.0 kV. A grounded rotating drum covered with
aluminum foil was used as fiber collector, and the gap between the needle tip and the
surface of collector is about 15 cm. Since the NanoNC® electrospinning system does
not offer any ambient condition (e.g. temperature, humidity) control functions, all
electrospinning experiments were conducted in optimal ambient conditions with room
relative humidity (R.H.) level below 55%, and room temperature between 20°C and

23°C.

The experimental procedures for the concentration/voltage dependence of electrospun
fiber morphology is as follows. Firstly, 1 ml of a polymer solution was loaded in a 10
ml syringe, with the front end of the syringe sealed by a stainless steel spinneret

connected to a bland tip 27 gauge needle with ca. 0.21 mm inner diameter. The syringe
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was then clamped to an electronic syringe pump, and the power supply wire was
secured to the spinneret. An initial pressure was applied to the syringe plunger so that a
small drop of solution is pushed from the syringe to form a suspended liquid on the tip
of needle. Once this stable initial condition was achieved, the switch of the high voltage
power supply was turned on to initiate the electrified jet. With a fixed solution feeding
rate of 1 ml per hour, the time for sample collection is about 1 hour, during which a
white color electrospun fiber mat is deposited on the surface of aluminum foil. The
collected electrospun fiber mats were dried under vacuum at 60°C to remove the solvent
residual, and then stripped from the aluminum foil. The morphology of obtained fibers
were examined by scanning electron microscopy (SEM). For SEM sample preparation,
the fiber mats are cut into small pieces, placed on carbon tapes, and flushed with
nitrogen air flow. The SEM image of obtained polymer fibers are all at low resolution as
the heat generated from the concentrated electron beam can melt the polymer instantly

at high magnification, even with an acceleration voltage as low as 2kV.

The samples that showed minimum microstructure defects under SEM examination
were selected as precursors for electrode material preparation. During a typical two-step
thermal post treatment process, the pristine polymer fibers were first heated in ambient
atmosphere at 250°C ~ 350°C which allowed reactions with oxygen to form more stable
polymer structures (stabilization).Then, heating in high purity argon atmosphere at
700°C or 800 °C completed the polymer decomposition (carbonization). The
electrospun PAN fibers were placed in an alumina boat and transferred into a tube
furnace, the fibers were stabilized in air for 2 hours at 250 °C, then carbonized by

heating the fibers for at least 5 hours in a constant argon flow of 0.100 sccm at 700°C
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and 800°C. The ramp rate was fixed at 5 °C/min and 2 °C/min during the stabilization

and carbonization stages, respectively.

The resulting materials were further characterized with SEM, XRD and Raman
spectroscopy to investigate their morphological features as well as chemical
compositions. The structure of the thermal treated fibers was examined by powder X-
ray diffraction technique using a Siemens® diffractometer with a wavelength at Cu-Ka
= 1.5406 A. The XRD patterns were obtained from pulverized fibers with a typical
exposure time of 1 hour. Raman spectra of the carbon fibers were taken with a
Renishaw® Raman spectrometer under 514.5 nm wavelength laser excitation. The
nitrogen adsorption-desorption isotherms obtained by a Micromeritics 3Flex® surface
analyzer at 77 K are used to determine the Brunauer, Emmet and Teller (BET) surface
area of obtained carbon fibers. The samples were degassed at 373 K under nitrogen

atmosphere for 20 hours prior to the measurement.

For electrochemical tests, the electrospun carbon fiber mat obtained after 700°C
treatment was cut into circular disks (16 mm in diameter) and served as working
electrodes in 2032 coin cells. Na or Li metal foil are used as the counter-electrodes in
corresponding cells. The details of cell assembly procedure are described in Chapter 3,
section 3.4.1. Galvanostatic charge-discharge cycling tests were performed with
assembled lithium and sodium cells under 100 mA/g constant current, between 0.01 V

and 3.0 V voltage window, at room temperature.

4.3 Results and discussion
4.3.1 Solution concentration
The viscosity and surface tension of solutions are two key concentration-dependent

factors that affect the continuous fiber formation during electrospinning. In general, low
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viscosity - high surface tension solutions intend to form liquid drops instead of fibers in
electrostatic field, while high viscosity solutions will prohibit the stable solution flow
being extruded from the syringe needle. As a result, the combination of solution
viscosity and surface tension dictates the boundaries of the electrospinning processing
window, with other factors remaining unchanged. Within the fiber processing window,
the morphology of electrospun polymer fibers varies with altered solution

concentrations.

Figure 4.1 shows the SEM images of electrospun PVA and PAN fibers produced with
20 kV applied voltage, 15 cm working distance, from solutions with 6%, 8% and 10 %
concentrations. At the low concentration (6%), both PVA and PAN fibers show an
irregular morphology with junctions and bundles of fibers, the fiber diameters also show
large variations due to severe bead formation. The presence of fiber junctions and
bundles of fibers from the 6 wt% solutions is evidence of coexistence of polymer and
solvents in the sample. At higher concentration (10%), the PVA and PAN fibers show
regular morphology and the diameters of cylindrical fibers appears to be more uniform
on average. The disappearing of fiber bundles and junctions indicates that the solvent is
removed before electrospun fibers reach the sample collector. The differences in sample
morphology can be seen as a reflection of the lower level surface tension and solvent
residual in the electrospun sample from high concentration solutions. This can be
corroborated by the variation of mass deposition rates with different concentration
solutions, as weighed mass depositions at fixed time (1 hour) are found to be higher
with low concentration solutions but lower with high concentration solutions. The

general trend of concentration dependence of electrospun fibers shown by SEM leads to
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a preliminary conclusion that the average diameter of electrospun polymer fibers

increases with increased precursor solution concentration.

Figure 4.1 SEM images of electrospun polyvinyl alcohol and polyacrylonitrile fibers. Fibers
were from PVA aqueous solutions with (a) 6%, (b) 8% and (c¢) 10 % concentrations, and
polyacrylonitrile fibers produced from PAN/DMF solutions with (d) 6%, (e) 8% and (f) 10 %

concentrations.

In addition, it has been noted in the experiments of electrospinning with PVA aqueous
solutions that those aqueous solutions containing highly hydrolyzed PVA molecules
have difficulty to form cylindrical fibers regardless of other process variables (e.g.

voltage, solution concentration, and solution feeding rate). Based on a previous study?*,
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the poor fiber formation kinetics originate from the high surface tension of fully
hydrolyzed PVA aqueous solutions, therefore additional surfactant is necessary for the
PVA aqueous solutions preparation in order to reduce the surface tension to an
acceptable level for the electrospinning process. With 1% (volume ratio) Triton™ X-
100 (#-oct-CsHa-(OCH2CH2)xOH, x = 9~10) surfactant, the electrospinning PVA fibers
can obtain a near perfect fiber morphology without droplet defects within the

electrospinning process window.

4.3.2 Applied voltage

During the electrospinning process, the stretched fibers that carry electrostatic charges
naturally form a closed circuit between the spinneret and the grounded fiber collector,
and the associated electric current along fibers is constantly monitored with an
integrated amp meter. Compared with the electrostatic charges, the electrical current
formed by ionic conduction within the polymer fiber is negligible, therefore the changes
in the strength of electrospinning current can be considered as the reflection of the fiber
generation rate, which is mainly determined by the initiating voltage with other
variables fixed. The SEM images of electrospun fiber generated at different voltages
can be used to predict the domain of voltages where targeted polymer fiber diameter can

be achieved.

The morphology of electrospun PVA and PAN fibers (both from 10% concentration
solutions) changes from droplet-fiber coexistence at an initiating voltage below 12.5 kV,
to defect-free fibers at an initiating voltage ranging from 15 kV to 20kV, and further
evolves to bead-fiber coexistence at an initiating voltage above 25 kV. For both PVA
and PAN solution system studied, the density of bead structure becomes higher with

increased voltage above 25 kV, coincident with the significant increase of
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electrospinning current from below 0.001 mA at 15 ~ 20kV, to 0.006 ~ 0.009 mA at

25~30 kV.

Figure 4.2 SEM images of polyacrylonitrile fibers at different voltages. Fibers from 8%
concentration PAN/DMF solutions under (a) 20 kV, and (b) 25 kV applied voltages at 15 cm

working distance.

The change in fiber morphology with voltage correlates to changes in the shape of
initiating droplet at the syringe needle tip. At lower voltages, a droplet of solution
remains suspended at the end of the syringe needle, with the joint between electrospun
fiber jet and the droplet forming a cone shape, which is in agreement with Taylor’s
theory.?*’ For a viscous fluid, the jet originates from the bottom of a drop whose
diameter is larger than the capillary diameter. The polymer fibers produced under these
conditions have a smooth cylindrical morphology with minimal structure defects
presented under SEM (as shown in Figure 4.2a). However, it is also observed that the
volume of the suspended droplet at the end of the needle tip decreases following an
increased voltage. At voltages above 25 kV, the droplet on the needle tip completely
disappears and the fiber jet is directly initiated from solution inside the needle tip. The

electrospun fibers under this condition essentially have a cylindrical morphology, but
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there is a dramatic increase in bead defects present in the electrospun fiber sample (as
shown in Figure. 4.2b). The results on varying applied voltage for the electrospinning
process demonstrated that, above a critical voltage, there are significant changes in the
shape of the originating droplet and the voltage dependence of the electrospinning
current. The reflection of these changes on the electrospun material morphology is an

increase in the number of bead defects observed in the electrospun fiber mats.

The change in the shape of the liquid surface corresponds to a change of the solution
throughput at the capillary tip. Increasing the voltage causes the rate (I) at which
solution is removed from the capillary tip to exceed the rate (II) at which the solution is
being pushed through the needle tip by the plunger. Therefore the conical shape droplet
on the syringe needle tip is impossible to maintain under such circumstances, and it
further results in a less stable yet sustained polymer jet.*® The experimental results on
varying voltages with fixed solution feeding rates suggest that fiber bead density
increases with the increased instability of the electrified jet, hence the bead formation
during electrospinning can be minimized by monitoring the electrospinning current and

adjusting applied voltages accordingly.

In summary, within the processing window of electrospinning, higher applied voltages
can increase the fiber deposition rate and reduce the average diameter of obtained fibers.
The fiber generation rate and the process stability of electrospinning can be monitored
through the change of electrical current, which is mainly determined by the initiating

voltage.

4.3.3 Change of PAN fibers after thermal treatment
Thermal decomposition post treatment is a common approach to convert electrospun

polymer fibers to carbon fibers. The more rigid carbon fibers offers more appealing
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characteristics for electrode material applications compared with their parent polymer
precursors. The key in the conversion process of electrospun polymer fibers is to
maintain the integrity of 1D microarchitectures and therefore the rate of oxidizing
reactions during the thermal treatment need to be carefully controlled. In industrial
applications, PAN fibers are commonly used as the precursor for carbon fiber
production. This thermoplastic polymer naturally transfers into an intermediate with
more stable structure under heat and therefore retains the original fiber morphology
upon high temperature carbonization. The principle mechanism behind this
phenomenon is the cyclization and dehydrogenation of PAN molecules within the
temperature range from 280°C to 350°C, and these reactions take place regardless of the
surrounding atmosphere being vacuum, air, or inert gases such as nitrogen or argon.
Compared with PAN, the PVA polymers are less favored as the precursors for carbon
material conversion due to their poor thermal stability (low boiling point 228°C).
Therefore, electrospun PAN fibers were used as samples for determination of optimal

post thermal treatment conditions.

Figure 4.3 shows SEM images of electrospun polymer fibers after stabilization, and
carbonization processes at different magnifications. After a typical 1 hour time of
electrospinning, the as-spun polymer fibers formed a low density mat on the collector
surface. The resulting PAN fibers had a uniform cross section with an average diameter
of 220 + 50 nm, with minimal beads or joints. After a 4 hour stabilization process, part
of PVA fibers despaired, while the average diameter of treated PAN fibers changes to
170 £ 50 nm, with the fibrous mat turning into dark brown color and appearing to be
more fragile compared with raw PAN fiber sheet. After the carbonization process, the

shape of mat was maintained but the size shrinks, and the average diameter of
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carbonized fibers also dropped to 160 + 40 nm. To investigate the transverse structure
of carbonized PAN fibers, the pulverized fiber samples were dispersed in ethanol with

an ultrasonic bath. The as-prepared suspensions were dropped onto carbon tapes and

dried at 110°C under vacuum, then transferred to SEM for further characterization.

Figure 4.3 SEM images of polyvinyl alcohol and polyacrylonitrile fibers after thermal
treatments. (a) polyvinyl alcohol fibers heated in air at 280°C for 4 hours, (b) polyacrylonitrile
fibers heated in air at 280°C for 4 hours, (c) and (d) polyacrylonitrile fibers after heated in argon
at 700°C for 2 hours, (e) and (f)polyacrylonitrile fibers after heated in argon at 800°C for 2

hours.
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As shown in Figure 4.3f, the high resolution SEM image reveals the heterogeneity of
carbon fibers in the transverse direction, with a few nanometer thick tubular sheet
structure oriented along the surface of fibers and granular structure in the core area of

carbon fibers.

Heating rate, in conjunction with the inert gas flow rate, plays an important role that
determines the carbonization degree and mass loss of polymer fibers during the high
temperature carbonization process. The optimized temperature ramp rate to gas flow
ratio is beneficial for the structural integrity of PAN derived carbon fibers as the
released oxygen-containing groups from decomposed polymer can be readily removed
by inert gas flow thereby avoiding further reactions between the converted carbon and
oxygen. A high ramp rate with low level gas flow generally increases the consumption
of carbon on the fiber surface by oxygen gas, leaving surface defects and fractures in
resultant carbonized fibers. By SEM observations on PAN derived carbon fibers
obtained from thermal decomposition in oxygen-containing atmosphere, inert gas
atmospheres and reducing gas atmosphere under varied ramp rate and gas flow rate, the
optimal process parameters for thermal post treatment of PAN fibers were determined

by comparing the morphology of carbon fibers.

Figure 4.4a shows the X-ray diffraction pattern of pulverized carbon fibers converted
from electrospun PAN fibers at 700°C and 800°C. Both samples exhibit a broad
diffraction peak centered at the 26 angle of ca. 24°, and a weak reflection centered at
the 260 angle of ca. 43°, corresponding to the carbon orientation along the (002) 4kl and
(100) Akl direction, respectively. Figure 4.4b shows Raman spectra of two carbon fiber
samples within the wavelength range between 500 cm™ and 2500 cm™'. Both samples

show two broad overlapping peaks centered around 1360 cm™ and 1589 cm!. The ratio
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of the integrated intensity of the D and G peaks, R = Ip/Ic, characterizes the disorder in

the carbon fiber and is an index of the ratio of disordered carbon structure and ordered

carbon structure.
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Figure 4.4 XRD patterns (a) and Raman spectra (b) of PAN-derived carbon fibers. Samples

were collected with different carbonization temperature at 700°C and 800°C.
The Raman spectra of two carbon fiber samples showed a decrease in the value of
intensity ratio R with increased carbonization temperature. The lower R values of

Raman spectra is apparently indicative of a more ordered carbon structure in the
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carbonized fibers. However, due to the relatively larger size of the laser focus spot
diameter of the Raman spectrometer used for the spectrum measurement compared with
the average diameters of the carbonized fiber, it is impossible to distinguish between the
skin and the core of obtained carbon fiber. Hence changes of disorder degree of carbon

fibers from surface to center were not investigated.
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Figure 4.5 Nitrogen adsorption-desorption isotherms (a) and the BET plot (b) from PAN-

derived carbon fibers after 700°C carbonization.
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Figure 4.5a shows the nitrogen adsorption-desorption isotherms of carbon fibers
converted from electrospun PAN fibers at 700°C. The specific surface area of carbon
fiber sample is calculated to be 24.39 m?/g according to the linear regression results of

the Brunauer, Emmet and Teller (BET) plot as shown in Figure 4.5b.

4.3.4 Galvanostatic cycle tests carbon fiber electrode

The typical galvanostatic curves of the carbon fiber electrodes in lithium and sodium
half-cells are shown in Figure 4.6 a and b, respectively. The galvanostatic voltage
curves in both lithium and sodium cells show a sloping voltage region without low-
potential plateau in their charge and discharge steps, suggesting the lithium or sodium
insertion and removal are between parallel or nearly parallel carbon layers. The
potential decreases with increasing lithium or sodium content inside carbon electrode
mainly because the lithium or sodium atoms between carbon layers changes the

potential for further insertion or removal of metal ions.?**

The reversible capacities and coulombic efficiencies of carbon fiber electrodes versus
lithium and sodium are presented in Figure 4.6¢c and d, respectively. For lithium cells,
the carbon fiber electrode shows 120 mAh/g reversible capacity, and 66.2% initial
coulombic efficiency at 100 mA/g current density. The low initial coulombic efficiency
is attributed to rapid decomposition of electrolyte and the formation of a solid
electrolyte interphase (SEI) film on the surface of carbon fiber electrode, as explained in
section 2.2. During the subsequent cycles, the carbon fiber electrode maintains
reversible capacities at levels above 118 mAh/g, the coulombic efficiency rapidly
increases to 95.5% at the second cycle and remains at levels above 98% after the ninth

cycle, implying a stable SEI film on the surface of electrode.
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Figure 4.6 Galvanostatic profiles of PAN-derived carbon fibers electrode in lithium (a) and
sodium (b) cells. The reversible capacities and coulombic efficiencies of carbon fiber electrodes

in lithium (c¢) and sodium (d) cells under 100 mA/g current.

The carbon fiber electrode demonstrate a 98 mAh/g reversible capacity during the initial
charge process in the sodium cell. The reversible capacity of carbon fiber electrode
faded moderately in the sodium cell at the first few cycles, which can be attributed to
structural breakdown of the nanostructure within carbon fibers due to the insertion and
extraction of large sodium ions. The capacity loss eventually decreases with the cycle
number increases. After the initial four cycles for decreasing capacities, the overall
charge and discharge capacities remain stable at 84 mAh/g. During the initial cycle, the
sodium cell also showed a low coulombic efficiency at 57%. The large irreversible
capacity loss during the first cycle is mainly caused by SEI formation on the large

surface area electrode, which is the same as that in lithium cell. As shown in Figure 4.6
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c and d, the overall coulombic efficiencies of the sodium cell are slightly lower
compared to that of the lithium cell, which suggesting a less stable SEI layer on the
surface of carbon in sodium cell. Nevertheless, the electrochemical tests results of
obtained carbon fibers have already revealed that this material can be used to synthesize
alloy or conversion type binder-free composite electrode materials for lithium and
sodium secondary batteries. The synthesis of composite electrode based on electrospun

carbon fibers will be discussed in the following chapters.

4.4 Conclusion

In this work, the one dimensional material preparation route with an electrospinning
technique was demonstrated. The concentration of polymer solution and applied voltage
are found to be the critical process parameters that affect the quality of resultant
electrospun fibers. With high temperature pyrolysis, electrospun PAN fibers can be
converted to carbon fibers, while the PVA fibers failed to maintain morphology under
similar conditions. After pyrolysis in inert gas atmosphere, freestanding carbon fiber
sheet with a typical specific surface area 24.39 m?/g is obtained. The PAN-derived
carbon fiber shows stable reversible capacities of 118 mAh/g and 84 mAh/g as electrode
materials in lithium and sodium cells, respectively. Together with its conductive nature,
this material poses considerable technological potential for electrochemical devices or
catalyst substrates. However, the materials synthesized with the electrospinning process

still exhibit poor reproducibility due to the lack of control over the fiber morphology.
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Chapter 5 Antimony - carbon alloy type negative electrodes

5.1 Introduction

Antimony is among those low voltage alloy type anode materials for rechargeable
lithium batteries and the reversible lithiation/delithiation process of antimony has been
well known to the lithium battery research community for a long time.!* Despite its
high theoretical specific capacity for lithium storage owing to its alloy reaction
mechanisms with lithium, antimony based anodes have never been implemented in
practical lithium secondary batteries. This status is partially attributed to the relatively
high average potentials of lithium-antimony alloy reactions (0.85 V for lithiation and
1.05 V for delithiation), the narrowed voltage gaps between the antimony anode and the
common 4 V cathode materials leads to decreased theoretically achievable energy
density compared to lithium-ion batteries with graphite/lithium cobalt oxide electrode
couples. In addition, the alloy based antimony anodes also experience the universal
problem of alloy type anode materials i.e. the large volume change during cell operation,
which eventually causes the failure of batteries upon repeated charge/discharge
processes. Despite many difficult technical challenges for its implementation in
practical batteries, antimony based composite materials remain an interesting subject as
an alloy type anode in the emerging research of rechargeable sodium batteries. Both
bulk and nanostructured antimony have shown high and stable specific capacities from
the reversible alloy/de-alloy reaction as well as excellent rate performance in sodium
cells, which is just slightly lower than its analogues in lithium batteries.?***° The
alloy/de-alloy processes between lithium and antimony form intermediate phases (LiSb,
Li>Sb and LizSb) as predicted in the Li-Sb phase diagram, while the alloy/de-alloy

process between sodium and antimony forms amorphous NaxSb intermediate phases.
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The differences in the phase transition behavior of MxSb (M = Li, Na) originate from
the crystal form of cubic LizSb and hexagonal Na3Sb. The longer strain propagation
length in Na3Sb favors the formation of amorphous NaxSb phases during the alloying
process.”>! Alloy type antimony anodes can deliver a good cycling performance in
rechargeable sodium batteries comparable to that in rechargeable lithium batteries, and
this unique electrochemical property of antimony has inspired some research efforts that
focused on the innovative design of electrode materials based on antimony/carbon
composites.”>* 2> The implications of Na/Sb alloy reactions are that conversion type
intermetallic compounds once investigated as potential electrode materials for
rechargeable lithium batteries may still be applicable for rechargeable sodium batteries,

and certain improvements in terms of electrochemical properties can be expected.

Both reduced graphene oxide (RGO) nanosheets and carbon fibers offers good
conductivity and structure flexibility, which make them ideal host structure for the
synthesis of composite electrode materials. Chemically reduced graphene oxide (RGO)
usually has a high level of non-stoichiometric defects which are preferable features as
they enhance the storage capability for cations such as lithium and sodium ions. The
high purity pristine graphene nanosheets, on the contrary, have only minimal
morphology defects. The defects in RGO consist of hydroxyl, epoxide, and other
carboxyl functional groups which are formed during the oxidation process of graphite.
RGO with disordered graphene layers remains a material with high conductivity as well
as structure flexibility. These features make RGO an ideal host material for composite
electrode material synthesis. In addition, they also provide intermediate level sodium
storage capacity as anode materials in sodium batteries. Taking these factors into

account, an antimony/carbon composite material was developed with the hope of
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utilizing a conductive network comprised of PAN-derived carbon fibers and RGO
nanosheets, to serve as a binder-free negative electrode material for rechargeable
sodium batteries. The analysis of testing results confirmed that it is an effective strategy
to achieve good cycling performance of alloy based antimony anode, owing to the

favorable physical and chemical properties of PAN-derived carbon fibers and graphene.

5.2 Experimental

5.2.1 Material synthesis

The first step of material synthesis is to obtain the graphene oxide with a modified
Hummers’ method. In a typical synthesis process of graphene oxide, graphite powder
(0.2g) is first washed with acetone in an ultrasonic bath then filtered and dried under
ambient conditions. The washed graphite powder is then soaked in concentrated sulfuric
acid (5ml) together with sodium nitrate (NaNO3, 0.05g) and left under mild stirring for
at least one hour. Potassium permanganate (KMnOg, 0.6g) is then added in several small
batches at 2 minutes intervals into the mixture with the reaction apparatus being placed
in an ice-water bath to prevent rapid temperature increase caused by the exothermal
reactions. After the addition of KMnOs, the mixture is left under vigorous stirring for 12
hours or until the thickened solution shows a dark brown color. The as-prepared
thickened solution is further diluted with distilled water (500ml) in an ice-water bath.
Hydrogen peroxide solution (H202, 2ml, 30% wt.) is then added in the diluted solution
drop-wise whereupon the solution turns a light yellow color. The resultant GO
suspension is mixed with hydrochloric acid (10%v/v, 50ml) to neutralize the excessive
hydrogen peroxide. The obtained GO solution is then transferred into an ion
semipermeable membrane tube. The sealed tube with GO solution inside is immersed

under deionized water for 4 rounds with each round last for 24 hours, during which the
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deionized water is replaced to remove as many ion impurities as possible. The obtained
high purity GO solution is then washed with distilled water via centrifuge until its PH

value reaches 7, then dispersed in 200 ml distilled water with an ultrasound bath.

The Sb-CF/RGO composite is prepared by stacking of electrospun antimony-PAN
fibers and electrosprayed GO/PVP layer by layer followed by thermal decomposition
and reduction. During a typical material preparation process, the GO is first dispersed in
ethanol solution (volume ratio of ethanol/water = 1:1) to form a 1g/L concentration
GO/ethanol solution. The solution is then immersed in an ultrasound bath for 10 hours
to achieve homogeneous dispersion of GO flakes. Polyvinylpyrrolidone (PVP, 0.05 g,
Sigma-Aldrich) is then added to 5 mL GO/ethanol solution (0.5 mg GO) to form
GO/PVP in ethanol solution as the precursor for the electrospray process. For
electrospinning precursor solution, antimony trichloride (SbCls, 0.46g, Sigma-Aldrich)
is first dissolved in N, N-dimethylformamide (DMF, 10 mL, Sigma-Aldrich) to form a
SbCl; in DMF solution. Polyacrylonitrile (PAN, 0.8 g, Sigma-Aldrich) is added in the
solution under vigorous stirring. The stirring is kept at 60°C for 12 hours to ensure the
complete dissolution of PAN. The obtained transparent polymeric solution is used as the
precursor solution for electrospun Sb-PAN fibers. In a typical composite material
fabrication process, 1.5ml SbCl;/PAN in DMF solution is loaded into a 10 mL plastic
syringe with a stainless steel voltage receiver, and the syringe is secured to the syringe
pump. A piece of aluminum foil attached to a rotating stainless steel drum (grounded) is
used as collector. The distance between the needle tip and the collector is kept at 15 cm.
The applied voltage is set to 18 kV for the optimal electrospinning condition. During the
electrospinning process, the SbCI3/PAN in DMF solution is injected through a blunt-tip

syringe needle (22 gauge) at a fixed flow rate of 0.75 mL/hour. After the first
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electrospinning process, the SbCI3/PAN fibers forms white fibrous mats on the surface
of the collector. Then, a thin layer of GO/PVP mixture is deposited on top of the
SbCI3/PAN fibrous mat using an electrospray method. GO/PVP ethanol solution (1.0
mL) is injected through a blunt-tip syringe needle (gauge 25) at a flow rate of 0.5
mL/hour. The applied voltage and working distance were 8 kV and 15 cm, respectively.
After the deposition of the GO/PVP layer, another layer of SbCI3/PAN fibers is further
covered on top of the fibrous mats with a repeated electrospinning process. The final
fibrous mat is composed of multi-layered polymer fibers after five rounds of the
electrospinning process with four rounds of electrospray process in-between. The
obtained fibrous mat is vacuum dried at 80°C for 12 hours and then kept under 2 MPa
pressure for 1 minute to ensure the compact stacking of the SbCl3/PAN fibers and the
GO/PVP layer. The final fibrous Sb-CF/RGO composite is obtained by heating the
material in air at 280°C for 2 hours, and then heated at 600°C for 3 hours in argon
balanced hydrogen gas (volume ratio of Ho/Ar = 1:19). The temperature increasing rate
was limited to 2°C/min for both processes to ensure the integrity of the carbonized

polymer fibers.

5.2.2 Material characterization

The synthesized Sb-CF/RGO composite materials were first characterized with a
powder X-ray diffraction technique to confirm the embedding of metallic antimony
inside the composites. The tests were performed in an X-ray diffractometer (Siemens
D5000) equipped with a Cu-Ka radiation source at a scan rate of 1° per minute. The
morphology and microstructure of the carbon fibers, graphene oxide and two
composites were characterized using scanning electron microscopy (Zeiss Supra) and

transmission electron microscopy (JEOL JEM-2011). Raman spectra of Sb-CF and Sb-
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CF/RGO composites were recorded using a Nishaw Raman system equipped with a 633
nm He—Ne laser in backscattering geometry. Thermal gravimetric (TG) analysis was
performed to determine the weight ratios of antimony in the synthesized composites
through the analysis of their thermal decomposition behavior. The parameters of TG
were from 30°C to 650°C with a heating rate of 5°C per minute in an ambient

atmosphere.

5.2.4 Electrochemical characterization

The as prepared Sb-CF/RGO composites were tested versus lithium and sodium by
assembling half-cells. Type 2032 coin cells were assembled with Sb-CF/RGO
composites as working electrodes and lithium (sodium) foil as counter electrodes. The
Sb-CF/RGO composite after calcination were cut into 16 cm diameter disks and used
directly as working electrodes. The use of binder or conductive additives is unnecessary
owing to the free-standing structural characteristics of carbon fiber electrode. The
Celgard polypropylene membranes and 1M LiPFg in 1:1 (v/v) ethylene carbonate (EC)
and diethyl carbonate (DEC) without electrolyte additive are selected as the separator
and electrolyte for lithium cells, respectively. For sodium cells, round shape glass fiber
membranes with a typical diameter of 18 mm were used as the separator. The
electrolyte injected into sodium half-cells was 1M NaClOg4 dissolved in EC/DMC (1:1
in volume ratio) mixed solvent with addition of 2 % FEC. NaClO4 and NaPF¢ are both
mainstream salts in the research on sodium-ion battery chemistry, but the NaClO4 was
selected for this experiment due to the poor stability of NaxCs towards NaPFe.2>
Considering the main phase of PAN-derived carbon fiber is amorphous carbon, extra

SEI formation additive is also needed in order to achieve good coulombic efficiency as

well as the cycleability in sodium half-cells. By far, FEC is the most efficient electrolyte
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additive for stabilizing the SEI in sodium cells, even though it may trigger the formation

of a more resistive SEI on carbonaceous anode.?’%8

The cyclic voltammetry with assembled lithium and sodium cells were conducted
between 0.01 V and 2.0 V (or 2.5 V) at a scanning speed of ImV/s. The charge-
discharge cycling performance in lithium and sodium cells was examined with
Galvanostatic cycling tests in the potential range between 0.01 V and 2.0 V.
Electrochemical impedance spectroscopy (EIS) measurements were performed after the
cells have been charged and discharged for desired cycles. The Nyquist plots were
recorded by applying an AC voltage of 5 mV amplitude in the frequency range from

0.01 Hz to 100 kHz with cells at their charged states.

5.3 Results and discussion

5.3.1 X-ray diffraction

The XRD patterns of the Sb-CF/RGO composites after thermal reduction and high
temperature calcination are shown in Figure 5.1. The Sb-CF/RGO composites were
examined with powder XRD to investigate their crystal nature. The XRD tests were
conducted within 2theta range between 20° and 70°. The diffraction peaks of the Sb-
CF/RGO sample after thermal reduction in hydrogen atmosphere can be indexed to
crystalline antimony (JCPDS card No. 05-0562) with minimal impurities, suggesting a
complete reduction of antimony salt during high temperature reducing process. For the
sample after thermal pyrolysis in air, the peaks are in good agreement with
orthorhombic antimony dioxide (SbO», JCPDS card no. 11-0694), the confirmation of
fully oxidized product of Sb-CF/RGO composite is critical to calculate the weight ratio
of antimony content. The results of XRD analysis were used as the reference to

calculate the weight ratio of antimony in the composite after thermogravimetric analysis.
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Figure 5.1 XRD patterns of Sb-CF/RGO composite after hydrogen reduction at 600°C and
pyrolysis in air at 600°C.
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5.3.2 Thermogravimetric analysis

Figure 5.2a shows the thermogravimetric curve along with the DTA curve of Sb-
CF/RGO composite between 20°C and 620°C in air atmosphere. The weight loss curve
can be divided into three regions, approximately 7.63% weight loss firstly occurs from
20°C to 110°C, which corresponds to the loss of surface water molecules. The weight
loss in the second region between 100°C and 550°C is due to the burn off of carbon
content in the composite sample, which is partially evidenced by the exothermic peak
observed in the DTA curve. The second region corresponds to about 73.3% weight loss
of the sample. In the third region, the TG curve becomes flattened, indicating the
complete of oxidation and removal of all organic content in the composite. Thereafter,

the weight of sample remains unchanged with temperature increase.

The weight loss of sample during heating process was 80.97% with no obvious weight
increase at the final stage, indicating that the oxidation of antimony particles occurred
simultaneously while the carbon content was burned out. The weight of Sb residual
(SbO») is used to calculate the weight ratio of antimony in the composite as implied in
equation 5-1, and the calculated weight ratio of antimony in Sb-CF/RGO composite is

ca. 15.07%.

Sb molecular wei [ °
Sb(Wt%) _ < lecul ght ) % (welght ofSb,0,4 at 600 C) % 100% 5.

Sb204 molecular weight weight of sample at 20°C

5.3.3 Raman spectroscopy

In general, the increase in relative intensity of the D band of a Raman spectrum of
carbonaceous material indicates more non-stoichiometric defects in the sample, while
an increase in the G band relative intensity implies the increase of conductivity due to
more ordered carbon links composed of sp? carbon. In the Raman spectra of bare Sb-CF

and Sb-CF/RGO composite (Figure 5.2b). The D and G bands are observed for the Sb-C
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Figure 5.2 Thermogravimetric curve and Raman spectra of Sb-CF/RGO composite. (a)
Thermogravimetric curve of Sb-CF/RGO composite between 20°C and 620°C with a ramp rate
at 5°C/min in 25 pL/min air flow, and (b) Raman spectra of antimony-carbon fiber (Sb-CF) and
Sb-CF/RGO composites.
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F and Sb-CF/RGO sample at 1328 cm™, 1596 cm™ and 1334 cm, 1594 cm™,
respectively. The Ip/lc ratio of Sb-CF and Sb-CF/RGO are 1.2 and 1.07, respectively.
The higher intensity of D band in Raman spectra of bare Sb-CF samples suggests that
there are more non-stoichiometric defects in the sample, which are formed during the
pyrolysis process of PAN. The slight decrease in Ip/Ic ratio of Sb-CF/RGO samples
indicates more sp? carbon in the Sb-CF/RGO composite compared with the sample prior
to thermal reduction, which can be seen as an improvement in terms of electrical

conductivity.

5.3.4 Morphological features of Sb-CF/RGO composite

Figure 5.3 a, b show the SEM image of carbonized Sb-PAN nanofibers after 600°C
calcination in hydrogen atmosphere, which reveals that the electrospun fiber has a
uniform structure with a typical diameter of ca. 250 nm. After the addition of graphene
oxide, the obtained antimony-carbon-graphene (Sb-CF/RGO) composite under SEM
exhibit a fiber-flake entanglement layout in which the graphene flakes is trapped among
carbon fibers, as shown in Figure 5.3c. The GO/PVP layer structure is not shown in the
SEM image. It is believed that the disappearance of PVP molecules is due to its
relatively low melting point. In the first thermal pyrolysis/stabilization process at 280°C,
the GO/PVP layer decomposed while the graphene-oxide flakes were left inside the
composite. Figure 5.3 d, e show the TEM image of a single fiber after thermal reduction
that contains nanosized antimony particles along the axial direction of carbon fiber, with
the size of nanoparticles ranging from 30 nm to 50 nm. Figure 5.3 f shows the
morphology of Sb-CF/RGO sample after the thermogravimetric analysis from room
temperature to 620°C in air, the residual is mainly composed of antimony oxide

particles.
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Figure 5.3 SEM and TEM images of Sb-CF/RGO composite. (a) , (b) antimony-carbon fibers at

low and high magnifications under SEM, (c) a graphene flake entangled with antimony-carbon
fibers under SEM, (d) , (¢) TEM images of antimony particles embedded in PAN-derived
carbon fibers, and (f) SEM images of Sb-CF/RGO sample after thermogravimetric analysis.

5.3.5 Electrochemical characteristics in lithium half-cells

Figure 5.4a shows the cyclic voltammograms (CV) of the lithium cell with Sb-CF/RGO
composite electrode. During the first negative scan, a strong irreversible peak occurred
at 0.20 V. This peak is attributed to irreversible decomposition of the electrolyte,

forming a solid-electrolyte interphase (SEI) film on the surface of the Sb particles,
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carbon fibers and graphene flakes. The small peak near 0.01 V is attributed the lithium
insertion into carbon. During the reverse positive scan, one overlapped oxidative peak is
observed at 0.78 V. In the subsequent negative scans, two reductive peaks positioned at
0.65 and 0.30 V are observed, which can be assigned to the Li—Sb alloying reactions (as
shown in equation 5-2, 5-3)®!. In the subsequent positive scans, the overlapped
oxidative peaks slightly shift from 0.78 V to higher potentials, corresponding to Sb—Li
dealloying reactions. The CV results show that the alloying and dealloying reactions
between lithium and antimony can occur in a reversible manner inside the composite

electrode.

DLi"+ Sb =T LisSb 5-2
Li* + Li,Sb %“y”jy LisSb 5-3

Figure 5.4b shows the typical charge-discharge voltage profiles Sb-CF/RGO electrode
versus lithium between 0.01 v and 2.0 V at a constant current density of 100 mA/g. The
voltage curves show mainly two plateaus during charge and discharge process. The
plateaus in the higher potential region (around 0.65 V at discharge and 0.82 V at charge)
are attributed to the Li alloying—dealloying reactions to produce Li>Sb and Sb phases.
The plateaus in the lower potential range (0.5V at discharge and 0.78 V at charge) are
attributed to the Li alloying—dealloying reactions to produce LizSb and Li>Sb phases.
Therefore, most of the capacities come from the alloy and de-alloy reactions. The initial
discharge exhibited an overall capacity of 533 mAh/g, and a reversible capacity of 498
mAh/g was recovered during the first charge process, leaving an initial coulombic
efficiency of 67.2% (as shown in Figure 5.4c). However, the coulombic efficiency
quickly increased to 91.08 in the second charge-discharge cycle, suggesting a good

passivation on the electrode surface during the initial cycle. When the lithium cell was
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cycled at a lower current density of 50 mA/g, the initial reversible capacity and

coulombic efficiency of Sb-CF/RGO electrode were 562 mAh/g and 64.9%.
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Figure 5.4 Electrochemical characterization results for lithium cells. (a) Cyclic voltammograms
of a lithium half-cell with a Sb-CF/RGO electrode at 1 mV/s scan rate between 0.01 V and 2.5
V, (b) voltage profiles of a lithium cell with Sb-CF/RGO electrode at a current density of 100
mA/g, (c), (d) cycling performance of a lithium cell with Sb-CF/RGO electrode at a current
density of 100 mA/g and 50 mA/g, respectively, (e) reversible capacities of lithium cells with
Sb-CF/RGO electrode and Sb-CF electrode at the current density of 100 mA/g, respectively, (f)
Nyquist plots obtained from electrochemical impedance measurements lithium cells Sb-

CF/RGO and Sb-CF electrode after 20 charge-discharge cycles.
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As shown in Figure 5.4d, the reversible capacity and coulombic efficiency both
increased with reduced charge-discharge currents. In addition, the Sb-CF/RGO
electrode clearly showed better performance in terms of reversible capacities and
impedance compared with Sb-CF electrode (Figure 5.4 e and f). The Nyquist plots from
EIS measurements after 10 complete cycles are displayed in Figure 5.4f. Both Nyquist
plots present a compressed semicircle in through the high-moderate frequency region
and a straight line in low frequency region, which can be attributed to charge transfer
process and diffusion process, respectively. The lower charge transfer resistance of Sb-
CF/RGO electrode compared with that of Sb-CF electrode indicates the improvement in

conductivity after the addition of graphene.

5.3.6 Electrochemical characteristics in sodium half-cells

Figure 5.5a shows the cyclic voltammograms of a Sb-CF/RGO composite electrode at a
scan rate of 0.1 mV/s in the potential window between 0.01 V and 2.0 V versus sodium.
During the initial scan, a major reductive peak at around 0.2 V is observed in the first
sodiation process, the disappearance of this peak in the following scans suggests that it
is mainly attributed to electrolyte passivation and solid-electrolyte interphase formation
on Sb-CF/RGO composite electrode surface in the initial sodiation process. The small
peak near 0.01 V implies the sodium ion insertion into carbonaceous materials. In the
second cathodic scan, the broad current peak from 0.62 V to 0.26 V is attributed to the
formation of Na3Sb through a series amorphous NaxSb phase (as shown in equation 5-
4).2°! The anodic scans show broad current peaks at around 0.8 V without obvious
intensity change or current peak shifting during the initial cycles, indicating a highly
reversible alloy/de-alloy reaction between of antimony and sodium. The negligible

shape changes of redox current peaks from the second to subsequent cycles indicate a
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stable electrochemical reactivity of the as-prepared antimony-carbon-graphene

composite anode.

«dealloy

xNa + Sb NaxSb (0<x <3), S-4

alloy—
As shown in Figure 5.5b, the galvanostatic profile of the Sb-CF/RGO composite
electrodes was obtained at a current density of 100 mA/g within a voltage window
between 0.01 V and 2.00 V. The long sloping plateau starting from 0.8 V can be
observed during the initial discharge process, which is suspected to be related to the
formation of SEI films on the electrode surface. However, the voltage plateaus
corresponds to the multi-step alloy reactions between Sb and Na into hexagonal NazSb
through amorphous NaxSb can hardly be identified during the initial discharge voltage
curve. The following charge curve has reverse sloping plateaus from 0.30 V to 0.75 V.
The very narrow plateau at about 0.75 V during the charge process is mainly associated
with the phase transition from the NaxSb alloy back to Sb. This observation is in good
agreement with the cyclic voltammetry results. The initial discharge process delivered a
specific capacity of 892 mAh/g, but the specific capacity extracted from the electrode in
the following charge process was only 346 mAh/g, giving a coulombic efficiency as low
as 38.78% for the initial cycle. The irreversible capacity loss in the first cycle is a
common phenomenon for negative electrode materials containing large portions of non-
graphitic carbon due to the irreversible insertion of metal ions into pores and vacancies.
The Sb-CF/RGO composite materials with large volume expansion during the alloy
reactions also have the tendency to consume more electrolyte species during the SEI
formation process at more exposed sites, therefore exhibiting severe irreversible
capacity loss and even lower coulombic efficiencies compared to pristine carbon fiber

electrode (see Chapter 4) during the initial cycle.
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Figure 5.5 Electrochemical characterization results for sodium cells. (a) Cyclic voltammograms
of a sodium half-cell with a Sb-CF/RGO electrode at 1 mV/s scan rate between 0.01 V and 2.0
V, (b) voltage profiles of a sodium cell with Sb-CF/RGO electrode at a current density of 100
mA/g, (c), (d) cycling performance of a sodium cell with Sb-CF/RGO electrode at a current
density of 100 mA/g and 50 mA/g, respectively, (e) cycling performance of a sodium cell with
Sb-CF/RGO electrode at current varied densities of 200 mA/g, 400 mA/g, 600 mA/g, 800 mA/g
and 1000 mA/g. (f) Nyquist plots obtained from electrochemical impedance measurements on

sodium cells with Sb-CF/RGO and Sb-CF electrodes after 20 charge-discharge cycles.
After 100 cycle, the reversible capacity of the Sb-CF/RGO composite dropped to 274

mAh/g after 100 cycles, corresponding to ca. 20% capacity loss. As previously
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demonstrated, the galvanostatic cycle performance can be improved by reducing the
charge-discharge current rates. As shown in Figure 5.5d, under a current rate of 50
mA/g, the Sb-CF/RGO electrode in the sodium cell present a higher reversible capacity
of 371 mAh/g during the first cycle, and the reversible capacity after 100 cycles is 303
mAh/g, corresponding to ca. 18% capacity loss after 100 cycle. In addition, a slight
improvement in coulombic efficiency can also be confirmed at a reduced current rate of
50 mA/g. The rate capability of Sb-CF/RGO electrode was examined by cycle tests ar
various currents at 200 ~ 1000 mA/g, and results are as shown in Figure 5.5e. When the
sodium cells are cycled at much higher current densities, the charge/discharge specific
capacities of Sb-CF/RGO composite electrodes decrease dramatically compared to that
under 100 mA/g current or 50 mA/g current. However, the sodium cell showed good
tolerance to large current charge-discharge as the capacity can be restored after the
current rate decreases. The EIS measurement results of Sb-CF and Sb-CF/RGO
composite electrodes in sodium cells after 10 charge-discharge cycles are as shown in
Figure 5.5f. Both Nyquist plots present a semicircle (high to medium frequency region)
and a straight line (low frequency region). As shown in the figure, the Nyquist plot of
Sb-CF/RGO composite electrode shows smaller semicircle across the Z. axis,
corresponding to a lower charge transfer resistance than Sb-C electrode, which is in

good accordance with the EIS results from lithium cells.

The galvanostatic charge/discharge cycling test results of the Sb-CF/RGO composite are
consistent with the obtained CV redox peaks. In addition, both CV and charge-discharge
cycling tests confirm that the electrochemical reactions between antimony and sodium
are the main reactions that dominating the charge storage capability of the Sb-CF/RGO

composite electrode. Despite the Sb-CF/RGO electrode exhibiting a relatively high
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specific capacity over graphite anode as well as good tolerance of high rate charge-
discharge, it should be emphasized that the coulombic efficiency of tested electrodes all
remain below 98% during the galvanostatic cycling tests, which is far from satisfactory
for secondary batteries. This inadequate coulombic efficiency implies an unstable
passivation layer on electrode surfaces and continuous breakdown and regrowth of
electrode/electrolyte interphases accompanied by the irreversible reactions of electrolyte
species upon charge/discharge processes. The common measure to address this problem
is using a suitable electrolyte which contains a component that can effectively perform a

stable passivation in the initial charge process.

The cycling performance and abuse tolerance of Sb-CF/RGO composite electrode is a
reflection of its structural characteristics. The nanosized antimony particles are located
inside the carbon fibers along the axial directions via the utilization of the
electrospinning technique. This unique structure offers good electronic conductivity
with carbon fibers and extra RGO flakes as conducting additives, while the short
diffusion lengths from the surface of carbon fibers to embedded antimony particles also
ensure good ion conductivity. In addition, the carbon fibers act as stress buffers to
accommodate the volume change of embedded metal particles during the alloy/de-alloy
reactions of the Na-Sb couple. All of these structural features in Sb-CF/RGO composite
electrodes form the fundamental advancement as negative electrode which results in the
good electrochemical performance in sodium half-cells. Nevertheless, the drawbacks of
Sb-CF/RGO composite electrode are also obvious and difficult to deal with. The large
surface area of Sb-CF/RGO composites causes severe irreversible capacities associated

with sodium ion consumption during the initial discharge process and subsequential
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cycles. As a result, its average coulombic efficiency is far from satisfactory for the

implementation in practical sodium secondary batteries.

5.4 Conclusion

The work presented in this chapter is an investigation of the electrochemical
performance of antimony-embedded carbon fiber/reduced graphene oxide (Sb-CF/RGO)
composites as an alloy type negative electrode material for lithium and sodium
secondary batteries. This composite is capable of delivering high reversible capacities of
562 mAh/g and 371 mAh/g at 50 mA/g current versus lithium and sodium, respectively.
The electrode also good capacity retention in a mild charge/discharge regime (50 ~ 100
mA/g) in both lithium and sodium half-cells. The utilization of a small quantity of RGO
in the composite offers a few advantages including enhanced structural stability as well
as good electrical contact of the antimony upon repeated alloy/de-alloy processes of
antimony with lithium and sodium ions. Due to the conductive network consist of
carbon fibers and graphene nanosheets, the Sb-CF/RGO electrodes displayed good rate
capability at various current rates up to 1000 mA/g in sodium cells. Therefore, this
electrode materials may be used in rechargeable lithium and sodium batteries for high
power applications. However, the high initial irreversible capacities and low coulombic
efficiencies during charge-discharge cycling of this composite electrode material also
imply difficult technical challenges remain before its implementation in practical

lithium-ion or sodium-ion batteries.
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Chapter 6 Application of porous carbon sheet in lithium-

sulfur battery

6.1 Introduction

Lithium-sulfur (Li-S) battery technology is considered as one possible route towards
next generation lithium based battery systems, which has potential to deliver a much
higher specific (gravimetric) energy at a relatively lower cost.>**?" Although the Li-S
battery has attracted many research efforts during the last few decades, its development
still suffers from practical issues such as low attainable energy, poor cycle stability, etc.
all of which leads to the performance of demonstrated Li-S batteries inferior to that of

state of art Li-ion batteries.?®!

The conceptual Li-S battery is a liquid phase energy storage system since the
dissolution of sulfur and formation of polysulfide in organic electrolyte solvents are
essential for the operation of Li-S cells, with the soluble polysulfide species as the
major phases that react with lithium ions. On the other hand, the dissolution of
polysulfide also leads to the shuttle mechanism of polysulfide anions between anode
and cathode, which further causes self-discharge behavior and the poor cycling
efficiency of Li-S batteries.’®® The Li-S batteries often suffer from rapid capacity fading,
which is originated from cell compartmentalization including the lithium anode, sulfur
cathode and liquid electrolyte. The lithium has been known for long time as an anode
material with limited cycling efficiency, and the electrical insulating nature of sulfur
and the tendency of sulfur to dissolve in organic electrolyte have been recognized as the
main reason for low sulfur utilization. The reaction of electrolyte components with

lithium anode and polysulfide species results in electrolyte depletion, which further
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reduces the capacity upon repeated cycling. These issues are not new to the battery
research community as the concept has been pursued for decades.?®? To constrain the
solubility of polysulfides, confinement aiming to trap sulfur within the cathode have
been pursued, but so far little success has been achieved. The poor performance of Li-S
cells is mainly attributed to the dissolution of polysulfide species (Li2Sn, 3<n<8), which
is also essential for the successful operation of Li/S redox reactions. The reduction
reaction of non-conductive sulfur in contact with lithium ions can only proceed with the
help of conductive agent such as conductive carbon, and conductive polymer.!’? The
sustainability of the reactions between polysulfide and lithium ions is highly dependent
on the absorption/adsorption ability of conductive architecture in the cathode. However,
the physical absorption and chemical adsorption of most known porous compound is
not very strong, therefore a large quantity of conductive media is required in sulfur
composite cathodes in order to maintain a good cyclability of Li-S cells. As a result, the
weight ratio of sulfur and area sulfur loading in cathodes are usually very low which
leads to limited capacity and power capability from Li-S cells.?6>?%* Further increase of
sulfur content in cathodes inevitably results in lower sulfur utilization rates, a high
concentration of polysulfide species and subsequential formation of insulating Li»S, and
Li>S phases on cathode surface, which causes fast performance deterioration of Li-S
cells.?®>26¢ The optimized high electrolyte volume to sulfur in cathode ratio is effective
to reduce the concentration of polysulfide in electrolyte and promote the cycleability of
Li-S cells. Therefore high loads of electrolyte must be coupled with high sulfur loading
cathodes to maintain the cycle life of Li-S cells, but the excess electrolyte also has
drawbacks as it reduces the volumetric energy density of batteries considerably.'*” Most
of the studies have been devoted to the optimization in sulfur cathode architectures with

well-designed porous host structures to retain the sulfur and subsequently, the
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polysulfide species. Different synthesis approaches has been demonstrated with
carbonaceous materials, metal oxide, MOFs and intermetallic oxides.?®’-*® Although
these strategies have suppressed the undesirable side reactions of Li-S chemistry, they
have not yet revealed any viable approach to a highly reversible reaction route utilizing
the Li/S redox couple from the fundamental chemistry level.**’! No matter how much
efforts was put into this field, the migration of polysulfide is still the critical issue that
cannot be overruled with present cell configurations. In this study, a different approach
differing from the common confinement strategy is investigated: using chemically
synthesized polysulfide solution directly as a liquid state sulfur cathode. The implication
from previous reports is that the improvement of Li-S battery performance can be

expected by adopting this new design of cell configuration.'”®7?

Mixed ether type solvents are commonly used in electrolyte for Li/S cells due to their
good solubility of polysulfides hence and better utilization of sulfur compared with
conventional carbonate type solvents used for Li-ion cells. The carbonate solvents are
ruled out from potential electrolyte components because of their tendency to react with
polysulfide species.?”® LiSO3CF3 and LiN(SO2CF3); are lithium salts of choice for the
electrolyte of Li-S cells, as they offer good ionic conductivity in conjunction with 1, 3-
dioxolane/dimethoxyethane (DOX/DME) or 1, 3-dioxolane/tetracthylene glycol
dimethyl ether (DOX/TEGDME) mixed solvents. However, both salts are also known
for causing the corrosion of aluminum, the commonly used cathode substrate for lithium

batteries. '

The semi-liquid Li-S cell configuration uses a metallic lithium anode and dissolved
polysulfide solutions as cathode, which is different from common Li-S cells

configuration with two solid electrodes. The sulfur cathode in such configurations is in
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the form of soluble polysulfides trapped in a porous carbon structure. In this way the Li-
S cell can avoid the problem of aluminum corrosion from LiSO3CF; or LiN(SO2CF3)2
salts, thereby achieving enhanced cycleability compared with conventional Li-S cells.
The concept of coupling lithium anodes with dissolved sulfur was previously

investigated for Li-S primary cells,?’

and now the accumulated knowledge and know-
how regarding rechargeable Li-S cells can greatly improve the performance of Li-
dissolved polysulfide semi-liquid cells by introducing LiNOs3 salts into the electrolyte.
Using LiNOs as electrolyte additive is an effective approach to improve the cycleability
of Li-S cells for certain periods, but the small amount of LiNOs3 in electrolyte will be
eventually consumed. In addition, the semi-liquid cell configuration offers a solvent-
rich environment at the cathode end, which is helpful to diminish the negative effects
from electrolyte depletion due to the reactions between solvent molecules and
polysulfide species. The previous research works, the free standing carbon fiber sheet
derived from electrospun PAN fibers has been demonstrated as a binder-free negative
electrode in both lithium and sodium secondary batteries (see Chapter 4). The PAN-
derived carbon fiber sheets offers good conductivity for electrical reactions, and its light
weight, structure flexibility and high porosity characteristics are ideal as the polysulfide
solution reservoir in the lithium/dissolved sulfide cell configuration, thereby further
investigation on novel Li-S semi-liquid cell configuration is conducted. This research
took an alternative path by using liquid phase sulfur cathodes from dissolving
stoichiometric amounts of sulfur and Li>S salt in electrolyte solvents. This approach is
shown to result in relatively good performance compared to the common confinement

approach. Such a strategy eliminates the detrimental Li»S deposition on cathode

surfaces, which seems beneficial to cell cycling performance.
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6.2 Experimental
6.2.1 Material synthesis

All chemicals used in our experiments were purchased from Sigma-Aldrich. Sulfur was
vacuum dried at 100°C before transferring into glove-boxes and other chemicals were
used as received. The polysulfide solution was prepared by dissolving stoichiometric
amount of lithium sulfide (Li2S) and octasulfur (Sg) (in this specific order) in 1,2-
dimethoxyethane (CH3SCH>CH(OCH3),, DME) and 1,3-dioxolane (C3HsO2, DOL)
mixed solvents under mechanical stirring for 24 hours at around 50°C, the operation
was carried in an argon filled glove-box with both moisture and oxygen level below 1
ppm (part per million). After the complete reaction, the homogeneous polysulfide
solution with a dark brown color was obtained (as shown in Figure 6.1). The as-
prepared polysulfide solution was keep still for at least 3 days for precipitation check
before the cell assembly, and the stable polysulfide solutions will be referred as
“catholyte” below. The formula of electrolyte for Li-S cells is 1.0 M lithium triflate
(CF3SOsL4, LiTf) and 0.1 M concentration lithium nitrate (LiNO3) in DME: DOL

mixed solutions as electrolyte additive.

Figure 6.1 The image of catholyte solution. The solution is 0.5 M/L concentration polysulfide
(Li2Se) in mixed DME/DOL (1:1 by volume) solvents.
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The porous carbon sheet was obtained from carbonized electrospun PAN fibrous mat.
The precursor for electrospinning was prepared by dissolving polyacrylonitrile (PAN,
average molecular weight of 15,000 g/mole) in N, N-dimethylformamide (DMF) with
constant stirring at 50 °C to form a homogeneous solution in 10 %wt./v concentration.
Before the electrospinning process, the polymer solution was loaded into a 10 mL
polycarbonate syringe, a stainless spinneret connected to the high-voltage DC power
supply (with the power switched off at this stage) is secured to the syringe. The distance
between the tip of spinneret and the grounded sample collector was set at 15 cm. An
aluminum foil was used to cover the collector for easy transfer of PAN fibers after the
electrospinning process. During electrospinning, the high-voltage DC power supply was
switched on to generate a stable 15 kV voltage output, then the PAN in DMF solution
was extruded from the spinneret tip at a fixed flow rate of 16.8 pL/min. The long-chain
polymer molecules were stretched into one-dimensional fibers and accumulated on the
collector surface. After the electrospinning process, the collected PAN fibrous mat was
removed from the aluminum foil and dried in vacuum oven at 80°C for 12 hours. The
thermal pyrolysis of electrospun PAN fibers was divided into two stages. In the first
stage, the dried PAN fibrous mats was place in a tube furnace and stabilized at 280°C in
air for 5 hours. In the second stage, the dried PAN fibrous mats underwent a
carbonization process via heating to a temperature of 900°C in argon atmosphere for 10
hours. The heating rate was fixed at 2°C/min in order to retain the original structural

characteristics of electrospun PAN fibers.

6.2.2 Material characterization
The morphological features of PAN fibers and carbonized PAN fibers were

characterized by a scanning electron microscopy (SEM) operating at an acceleration
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voltage of 5 kV. Raman spectroscopy was used to determine the carbon phases in PAN-
derived carbon fibers, with the spectrum collected in backscattering mode under a 532
nm wavelength laser beam. The crystalline structure in the PAN-derived carbon fibers

after pyrolysis was further examined with X-ray diffraction (XRD).

6.2.3 Electrochemical characterization

Electrochemical measurements were performed with type CR2032 coin cells comprised
of porous carbon fiber sheets and polysulfide solutions as the cathode, lithium metal
anode as active materials. Cell assembly was carried out inside an argon-filled glove
box, and an accurate amount of liquid electrolyte and catholyte were added using a
100uL Pipette. In general, higher polysulfide concentration in electrolytes is beneficial
for improving the cycleability of Li-S cells but it brings in the penalty of the sulfur
utilization rate of cathodes during the initial cycles. This study aims for enhanced
cycleability of Li-S cells other than high initial capacities of sulfur cathode, therefore

low electrolyte to catholyte volume ratio was used.
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Figure 6.2 Schematic illustration of components in the assembled Li-S coin cells.
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The typical cell assembly procedure is described as follows. First, a piece of porous
carbon sheet is placed in the lower case of a coin cell, the porous carbon sheet used as
the cathode substrate is cut by a round disc punch tool from a flattened carbonized PAN
sheet. The carbon sheet cut has a typical diameter of 14 mm and a typical weight of
0.65+0.10mg. 20 pL of catholyte is added on the carbon sheet afterwards. After the
addition of catholyte, the carbon sheet is covered by a piece of separator, then the
electrolyte is added. The amount of electrolyte is set to 8 puL in cells with a Celgard
porous polymer membrane as the primary separator, but increased to 20 pL in cells in
the case of glass fiber membranes used as the primary separators. After the addition of
electrolyte, another piece of Celgard porous polymer membrane (the secondary
separator) is covered on top the first separator. The lithium metal foil is placed on top of
the secondary separator and serves as the anode. A stainless steel spacer and a spring is
placed on top of the lithium foil to ensure good contact between both electrode and
separators in the cell. After all components are placed in the lower cell case, the upper
case of the coin cell is added and the cell is manually sealed with a capping machine.

The layout of cell components is shown in Figure 6.2.

Cyclic voltammetry (CV) was conducted to collect the information on Li/S redox
reactions. The CV scans were carried out in the potential range between 1.75 and 3.0 V,
with a scanning rate at 0.1 mV/s. Galvanostatic charge/discharge cycling tests were
performed with assembled Li-S coin cells at various current densities in a fixed voltage
range from 1.7 V to 2.6 V, which is different from commonly used voltage range
between 1.0 V and 3.0 V. The narrowed voltage window was adopted for cycling tests
in order to avoid the undesirable side reactions with LiNO3 decomposition and improve

the charge efficiency. All current densities and specific capacities are calculated based
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on the nominal value of Li2S¢ in assembled cells. The electrochemical impedance
spectra of assemble Li-S cells are collected at open circuit voltage (OCV) before and
after 10 cycles of charge/discharge cycling tests. The parameters of impedance

measurements are frequency range from 0.01 Hz to 100 kHz, at 5 mV voltage amplitude.

6.3 Results and Discussion

6.3.1 Morphology and composition of synthesized material

Figure 6.3 SEM images of PAN fibers and carbon fiber electrodes. (a), (b) electrospun PAN
fibers and (c), (d) PAN derived carbon fibers after calcination, (), (f) the carbon fiber electrode

retrieved from cycled lithium-sulfur cells after 20 charge-discharge cycles.
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Figures 6.3 a, b and 6.3 ¢, d are SEM images of the electrospun PAN fibers and PAN-
derived carbon fibers at 800°C, respectively. The insets in Figures 6.3 a and c are
optical images of PAN fibrous membrane and a piece of circular shape carbonized
PAN-fiber electrode, respectively. The electrospun PAN fibers have a wide diameter
ranging from 220nm to 350 nm, and PAN derived carbon fibers after pyrolysis at 800°C
showed smaller diameter values from 200nm to 330nm. The slightly decreased fiber
diameter after carbonization is attributed to the decomposition process of PAN and
vaporization of nitrogen, oxygen and hydrogen elements during long time pyrolysis.
The layout of carbon fibers forms a porous conductive network as the substrate to trap

polysulfide solutions.

Figure 6.4a shows the XRD patterns of CFs with a broad peaks around 25 degree
(2theta), corresponding to a graphitic crystalline structure. The ratio of sulfur in the
cathode needs to be addressed before the evaluation of its effect on the combined
performance of Li-S cells. A high load of carbon at the cathode end is beneficial to the
electronic percolation in the electrode but it also leads to reduced attainable energy from
sulfur redox reactions. Therefore, four polysulfide solutions with different concentration
of LizSe, including 0.5 M LixSs, 1.0 M LixSe, 1.5 M LizSe, and 2.0 M LixSs were
prepared in order to determine the optimized sulfur loading rate while minimize the
amount of carbon fiber in Li-S cells. However, only the 0.5 M Li»S¢ in DOX/DME (1:1,
v/v) passed the precipitation check after resting for 72 hours, it is suspected that the high
solution viscosity associated with high concentration polysulfide hinders the further
chemical reaction between sulfur and LiS salt, and subsequently, the formation of

soluble polysulfide species. Nevertheless, the lower concentration 0.5 M polysulfide
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solution with lower viscosity is still in favor for further experimental design due to its

easy percolation into porous carbon fiber sheets.
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Figure 6.4 (a) XRD pattern and (b) Raman spectrum of PAN derived carbon fibers. The carbon

fiber sample was converted at 800°C in argon.
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6.3.2 Electrochemical characteristics in lithium sulfur cells

Figure 6.5a shows the cyclic voltammograms collected from a lithium sulfur semi-liquid
battery. The initial scan is from the open circuit voltage (OCV) to 1.75 V. During the
initial cathodic scan, only one cathodic peak at 1.95 V corresponding to polysulfide
reduction, was observed. From the second cycle, two cathodic peaks showed in the CV
plot at 2.35 and 1.95 V, corresponding to the reduction process of high order
polysulfides (e.g. Li2Ss, Li2Se), respectively. In anodic scan, two overlapping anodic
peaks were observed. These two peaks at 2.30 and 2.45 V correspond to the oxidation of
LizS and low-order polysulfides (e.g. Li2S4). The tested battery maintained a stable peak
intensity during CV scans, indicating highly reversible cathodic and anodic reactions in
the modified battery configuration. As no redox peaks was observed in the voltage
range above 2.6 V in CV scans, the voltage windows of following galvanostatic charge-
discharge cycling tests were set between 1.75 V and 2.6 V. Figure 6.5b shows the 1st,
21th, 41th, and 61th charge and discharge voltage-capacity profiles, corresponding to
current densities of 200mA/g, 500mA/g, 1000mA/g and 200mA/g. The steady voltage
plateaus are consistent with redox current peaks in the cyclic voltammograms. The
charge voltage plateau following the varied current densities implies an increased level
of cell polarization. The semi-liquid cathode exhibited good reversible reactivity with
lithium anodes under variable current loads. Figure 6.5¢ shows the reversible capacity
of assembled cells with a constant current of 1A/g. The reversible capacity and
coulombic efficiency of the first cycle are 691 mAh/g and 74.9 %, respectively. The
capacity and coulombic efficiency gradually increased during the first few cycles. After
about 40 cycles, the slight decreases in both capacity and coulombic efficiency with
increasing cycle number were observed. The Li-S cell exhibited a high reversible

capacity of 1010 mAh/g for more than 120 cycles under 1A/g current density.
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Figure 6.5 Electrochemical characterization results for lithium-sulfur cells. (a) cyclic

voltammograms of lithium/lithium polysulfide couples between 1.75V and 3.0V, (b) voltage-

capacity profiles of lithium/lithium polysulfide couples at different current densities, (c)

reversible capacity and coulombic efficiency of a Li-S battery at 1000 mA/g current in

galvanostatic cycle tests, (d) reversible capacity and coulombic efficiency of a Li-S battery at

various current densities of 200 mA/g, 500 mA/g and 1000 mA/g, (e) Nyquist plots of a Li-S

battery from EIS measurements after the 1% cycle and the 20" cycle, (f) reversible capacity and

coulombic efficiency of a Li-S battery without LiNOs3 additive at a current density of 200 mA/g.
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Figure 6.5d displays the reversible capacity and coulombic efficiency of the Li-S cell at
various current densities. The sample cell shows a high initial reversible capacity of
1057mAh/g under a current of 200mA/g and gradually increase to 1340 mAh/g. Under
500 mA/g, 1A/g and back to 200mA/g, the batteries achieved high capacities of 1216
mAh/g, 1101 mAh/g and 1023 mAh/g, respectively. The increased specific capacity is
expected as the volume ratio of electrolyte to cathode in the Li-S cell was intentionally
set at a low level. A slight decrease in the capacity with increased cycle number was
also observed, which may be attributed to the passivation of insoluble polysulfides on
both negative and positive electrodes. The implication of gradually increased specific
capacity and change of voltage profiles with proceeding charge/discharge processes is
the sluggish reaction kinetics of precipitation and dissolution of polysulfide species in
catholyte and electrolyte. The highest level coulombic efficiency was obtained at the
1A/g density, this is expected if the shuttle mechanism induced charge inefficiency has
less impact upon large charge currents. Therefore further constant current
charge/discharge tests were carried out with a specific current of 1A/g. The reduction
reactions of elemental sulfur in a typical Li-S cell can be divided into a four stages
stepwise process: (i) conversion of solid state sulfur into high order polysulfides which
can be dissolved in aprotic solvents, (ii) high order polysulfides reduced to low order
liquid polysulfides, (iii) low order liquid polysulfides reduced to solid lithium sulfides,
and (iv) the complete reduction to lithium disulfide. The chemical equilibrium of
polysulfide species in electrolyte is highly dependent on their concentration in
electrolyte and temperature. Excessive electrolyte solvent with low polysulfide
concentration is favorable for sulfur utilization at the initial cycling of Li-S cell, while
low electrolyte volume to sulfur electrode ratio often causes a pattern of gradual

increase in the specific capacity during the charge/discharge cycling tests. This
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phenomenon can be attributed to the high polysulfide concentration in electrolyte,
which increases the overall viscosity of electrolyte, and polysulfide migration in
electrolyte is subsequently hindered.'®® The decreasing trend in coulombic efficiency of
cycling Li-S cells is associated with the continuous decomposition of LiNO3 electrolyte
additive. With the disappearance of active LiNO; from electrolyte, the surface of
lithium anodes gradually become rough and leads to increased side reactions between
lithium anodes and electrolyte. As a result, the impedance of cells also increases with

the increase of cycle number (Figure 6.5¢).

The use of PAN-derived carbon fibers instead of sulfur cathodes with engineered
nanostructure reduced the difficulties of sulfur cathode material preparation. With
flexible carbon fiber sheets as conducting agents, the semi-liquid lithium polysulfide
cathodes exhibited good capacity retention rate at both low and high current densities.
This feature can be attributed to the nature of soluble polysulfide species which avoid
the stress to conductive matrix from repeat volume expansion of solid state sulfur. In
addition, the contribution of lithium nitrate additive in stabilizing the reversible
capacities of batteries was also examined. LiNO;3 is one of the most widely used
electrolyte additives in lithium-sulfur batteries, which helps stabilize the surface of
lithium anodes. As shown in Figure 6.5f, both the reversible capacity and the coulombic
efficiencies of lithium sulfur cells cycled under 200 mA/g current dropped quickly when
using the 1.0 M LiTf in DME: DOL electrolyte without LiNO3 additive, the discharge

capacities already fell below 1000 mAh/g within 50 cycles.

The insulating Li>S precipitation on both anode and cathode sides is a direct result from
polysulfide migration. The deposition of Li>S has a detrimental effect to the structural

stability as the volume difference between Li>S and S phases is huge. The use of liquid
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phase polysulfides as a cathode for Li-S cells can suppress the detrimental reactions in
which the insulating LixS is accumulated on the surface of cathode. Cells with
polysulfide acts as the cathode material can thereby deliver an enhanced cycling

performance when compared with conventional Li-S cell configurations.

The investigation of polysulfide phase evolution at the cathode end of Li-S cells during
battery operation was conducted by ex-situ X-ray diffraction measurements in
conjunction with scanning electron microscopy on carbon fiber substrates extracted
from Li-S cells after 5 complete charge/discharge cycles. However, these attempts to
confirm the interpretation of Li-S redox reactions were unsuccessful. In general, X-ray
diffraction tests of the cycled carbon fiber sheets, extracted from Li-S cells at various
stages of discharge or charge, did not give any indication of intermediate phases, only
peak-free patterns were obtained. The deposition of LixS layer on the surface of carbon
fibers was confirmed by SEM (as shown in Figure 6.3 e and f). It is generally accepted
that the growth of insulating Li>S layers on the surface of sulfur cathode is associated
with the increasing cycle number of Li-S cells. As a result, the failure of sulfur cathodes
attributed to the deformation of cathode structure is often observed in Li-S cells
equipped with a solid state sulfur cathode. By switching to semi-liquid cell
configuration with catholyte as the active material, the detrimental effects from Li2S
deposition can be suppressed. Sulfur and the low order reduced polysulfide species, i.e.
Li»S;, LixS, are electronically non-conductive, and conductive agent must be
incorporated in sulfur containing cathode materials to improve the overall conductivity
of electrode. The Li-S cell loaded with Li>Se catholyte shows a voltage-capacity curve
similar to that of Li-S cell with solid state carbon-sulfur cathode, except for minor

polarization upon the charging process. The slight difference in voltage profiles of two
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types of Li-S cell configuration imply the improved reaction kinetics from the
utilization of catholyte. Therefore the investigation on solid state sulfur cathode was

excluded from further investigation.

6.4 Conclusions

The polysulfide catholyte percolated porous carbon sheet demonstrated good
performance as semi-liquid positive electrode for Li-S cells. The assembled Li-S cells
showed a high reversible capacity over 1010 mAh/g for 120 cycles, at the current rate of
1000 mA/g. The Li-S cells also exhibited excellent rate capabilities under various
current rates at 200 mA/g, 500 mA/g and 1000 mA/g, the best results for coulombic
efficiency was obtained at the highest current rate. The stacks of carbon fibers forms a
highly porous structure that offers both high free volume and high surface area to
absorb/adsorb the sulfur catholyte, and the conductive carbon fibers provide large
number of electrochemically active sites for Li/S redox reactions. . In addition, the cycle
life of Li anode in Li-S cells being greatly extended with LiNO3 electrolyte additive.
Nevertheless, this Li-S cell configuration still suffered from the low level coulombic
efficiencies due to the shuttle mechanisms of polysulfide species which requires further

research works.
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Chapter 7 Antimony sulfide — graphene composite anode
materials

7.1 Introduction

Nanostructured transition metal oxides or sulfides that can react with lithium via a
conversion process are also considered as ‘advanced’ anode materials for future lithium
secondary batteries owing to their higher gravimetric charge capacity compared with
that of graphite anodes. However, the application of conversion type negative electrode
materials in lithium-ion batteries experienced fatal issues including: (i) poor electrode
stability due to high level structural deformation accompanied by large volume changes,
(i1) side reactions with the electrolyte during the electrochemical reduction process,
which are attributed to large surface areas of their nanoarchitectures, (iii) low level
energy efficiency caused by the high level voltage hysteresis between the discharge and
charge steps, (iv) low initial coulombic inefficiency. These pose inherent restrictions on
the maximum attainable energy in any potential lithium battery system utilizing these
materials as anode. Understanding the fundamental principles of the inefficiencies
followed with carefully designed electrode materials can certainly improve the
reversibility of conversion type transition metal oxide compounds, but some obstacles
originate from the nature of non-aqueous battery chemistries e.g. interfacial reactions
remain challenging. Therefore, despite the conversion type electrode materials
remaining an active topic in academic research with large number of publications
emerging from time to time, very limited progress has been shown towards practical
battery applications. In this case study, the orthorhombic Sb,S; (stibnite) — reduced
graphene oxide composite is selected as an anode materials for lithium and sodium

secondary batteries, with the hope of exploring a facile synthesis approach to effectively
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improve the electrochemical performance of Sb.S; based conversion type electrode

materials at a relatively low cost.

12 Li* + SbyS3 —2T8¢_ 311§+ 2 LisSh, 7-1
discharge—
12 Na* + SbyS3 —2r8_ 3 Na»S + 2 NasSb, 7-2

discharge—
Assuming a complete conversion reaction between lithium (or sodium) ions and Sb2S;
during battery operation according to equations 7-1 and 7-2, the bulk Sb>S3; with a

typical density of 4.63 g/cm?

offers a high theoretical specific capacity of ca. 850
mAh/g as anode material for both lithium and sodium cells. However, high expectations
on the increase of battery energy from Sb>S; based anode alone is unrealistic because
the electrical resistance for bulk stibnite crystal is rather high (about 10® Ohms for a
centimeter rod measured near room temperature), therefore nano downsizing process is
necessary in order to turn Sb»S; into electrode material by reducing the electronic/ionic
diffusion length at the expense of volumetric capacity. In this study, conductive
reduced-graphene oxide sheets with high surface area as well as certain charge storage
capabilities are selected as the backbone structure to synthesize the Sb>Si/graphene
composite. The oxygen containing groups on graphene can act as binding sites, thus
ensures the sufficient connection between semiconductor and graphene as well as avoid
the aggregation of nanoparticles during material synthesis. This composite design is
expected to compensate the reduced capacity of SboS; and accommodate the volume
change of Sb,S3 phase upon the conversion reaction with lithium and sodium ions. The
time-saving synthesis process adopted for SboSs/graphene composite preparation is a
facile approach utilizing the microwave-assisted solvothermal reaction which offers

great convenience in the formation of SboS; nanoparticles on supporting graphene

sheets.
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7.2 Experimental

7.2.1 Material synthesis

Chemicals used in this study include antimony chloride (SbClz), super P carbon,
ethylene carbonate (EC), dimethyl carbonate (DMC), fluorinated ethylene carbonate
(FEC), graphite powder (C), hydrogen peroxide (H20.), isopropyl alcohol (IA,
C3H70H), polyvinyl pyrrolidone (PVP, My=40,000g /mole), potassium permanganate
(KMnOg4), sodium nitrate (NaNOs3), sodium perchlorate (NaClOs), sodium
carboxymethyl cellulose (CMCNa), sulfuric acid (H2SO4), and thiourea (CH4N2S). All
chemicals were purchased from Sigma-Aldrich and used as received without further
treatment.

The graphene oxide (GO) precursor was prepared from fine graphite powder via a
modified Hummers’ method, after which the obtained dry GO powder was dispersed in
isopropyl alcohol (IA) with ultrasonication to form a homogeneous suspension
containing ca. 0.10 g/L concentration exfoliated graphene oxide nanosheets. Antimony
chloride was then added into GO/IA suspension to a concentration of 100gsy/L and
heated at 30°C for 5 minutes in a microwave reactor. After the complete dissolution of
antimony chloride in GO/IA suspension, an IA solution containing thiourea and
polyvinyl pyrrolidone was added into the Sb-GO/IA suspension. The concentrations of
thiourea and polyvinyl pyrrolidone in the final suspension were 0.6mol/L and 5g/L,
respectively. After adding in thiourea and polyvinyl pyrrolidone, the suspension was
heated in microwave reactor at 100°C for 30 minutes. The solution was under vigorous
stirring with a magnetic stirring bar during the microwave-assisted solvothermal
reaction. Once the reaction was complete, the solid material in the suspension was
separated by filtration and washed with ethanol and distilled water. The obtained black

color powder was first vacuum dried under 50°C for 6 hours before morphology
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determination under SEM. Once the desired particles-on-sheets morphology was
confirmed, the sample was transferred into a tube furnace, and heated at 450°C under
argon atmosphere protection for 2 hours to complete the thermal reduction of graphene
oxide. The sample after microwave-solvothermal reaction and the sample after thermal
reduction are referred as the Sb2S;@GO and SbaS;@RGO composites, respectively.
The SbaS;@RGO composite obtained after the thermal reduction had a greyish metallic
luster under natural light, while the Sb2S;@GO sample only appeared as a dim dark
color.

7.2.2 Material characterization

The structural characteristics of Sb2S; and Sb2S;@RGO composite samples were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM), Brunauer, Emmet and Teller (BET)
measurements, Raman spectroscopy. Thermal gravimetric tests were also performed to

determine the weight ratio of Sb,S3 inside the composite.

7.2.3 Electrochemical characterization

For an electrochemical evaluation of SbaS;3@RGO composite, the material was made
into electrodes by coating copper foil substrates with a slurry containing the fine
SbS3@RGO composite power (80 wt%), acetylene black (10 wt%), and sodium
carboxymethyl cellulose (CMCNa, 10 wt%) binder with distilled water as the disperse
media. The coated electrodes were dried under vacuum at 120 °C for 8 hours and
pressed with 5 MPa force afterwards for material densification. The as prepared
electrode were transferred into an argon-filled glove box for coin cell assembly. For
lithium half-cells, Li foil was used as the counter and reference electrodes, and 1M

LiPFs in ethylene carbonate (EC)/ diethyl carbonate (DEC) (1 : 1 by volume) as the
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electrolyte in conjunction with Celgard 2400 separator. For sodium half-cells, trimmed
sodium metal pieces were used as the counter electrodes, and 1M NaClO4 in ethylene
carbonate (EC)/ dimethyl carbonate (DMC) (1 : 1 by volume) with 2% (wt./v)
fluoroethylene carbonate (FEC) was used as the electrolyte, and glass fiber membranes
were used as the separators due to the rough surface of manually trimmed metallic
sodium. The assembled cells were examined with cyclic voltammetry and
charge/discharge cycling tests. During cycling tests, all cells were tested in
Galvanostatic mode in a fixed voltage window between 0.1 V and 2.0 V under various
current densities. Li (Na) ion was inserted into the working electrode during the
discharge process of cells, and extracted from the working electrodes during subsequent

charge processes.

7.3 Results and discussion

7.3.1 Compositions and morphologies of synthesized materials

—GO
—— Stibnite@rGO

Intensity (a.u.)

10 20 30 40 50 60 70 80

2Theta (°)

Figure 7.1 XRD patterns of synthesized GO and Sb,S3@RGO composite. (a) GO obtained from
modified Hummers’ method, (b) Sb,S;@RGO composite after thermal treatment.
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Figure 7.1 shows the XRD patterns of the GO flakes obtained from the modified
Hummers’ method and Sb2S;@RGO composite obtained from the microwave-assisted
solvothermal approach, both samples were collected after the thermal treatment at
300°C under vacuum. The major peaks GO center at 20 = 26° are attributed to the (002)
plane of graphite. All the peaks of SbaS3@RGO correspond to the orthorhombic phase
stibnite (JCPDS No. 42-1393, space group: Pbnm, a = 11.25 A, b =11.33 A, ¢ = 3.83
A), indicating a high purity crystalline phase was obtained after the complete synthesis
process.

Figure 7.2 a,b,c shows the scanning electron imaging of graphene oxide (GO) sheets,
Sb2S3;@GO and SbS3;@RGO composite materials. The typical morphology of GO
obtained from the modified Hummers’ method was a corrugated sheet in scanning
electron microscopy (Figure 7.2a), while the Sb2S3@GO and SbaS;@RGO composites
both show uniform particles with an average size below 100 nm spread on graphene
layers. In addition, the SEM images (Figure. 7.2 b and ¢) clearly show the uniform
distribution of SboS3; particles on the surface of graphene, which confirmed the
microwave-assisted synthesis approach successfully promoted the homogeneous
particle growth on graphene-oxide templates. The transmission electron microscopy
(TEM) images of the Sb>S;@RGO composite are displayed in Figure 7.2 d,e,f. The
morphological features of SbaS;3@RGO sample under TEM were in good agreement
with SEM observation, where the SboS; nanoparticles with the size of about 100 nm
were densely coated on the graphene sheet owing to the low GO concentration in this
composite, but area aggregated of nanoparticles were not observed. The high resolution
TEM images (Figure 7.2 e,f) revealed the ordered diffraction planes of the stibnite
crystallites with an interplanar distance of 0.28 nm, which corresponds to the (211)

interplanar distance of stibnite.
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Figure 7.2 SEM images and TEM images of GO, Sb,S; @GO, Sb.S;@RGO composite. SEM
images of (a) GO flakes, (b) Sb.S;@GO, (c) SbS;3@RGO composite. TEM images of
SbyS3;@RGO at low (d) and high (e,f) magnifications.
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Table 7.1 Thermogravimetric analysis and Raman spectroscopy results. Weight ratio of Sb,S;
phase in SbyS;@GO, SbaS;@RGO composite are given in the 1® row, and intensity ratio
between D band and G band (Ip/Ig) in Raman spectrum of bare GO, Sb,S3;@GO before thermal

reduction and Sb,S;@RGO composite are given in the 2™ row.

Graphene oxide

Sample Sh:S; @GO Sb2S; @RGO
P (GO) @ @
Weight ratio of
N/A 62.50 71.78
Sb,S3
In/I¢ ratio 1.29 1.26 1.12

The weight ratio of stibnite in SbaS3;@GO and SboS3@RGO samples were determined
by thermogravimetric analysis (TGA). The Raman spectra of three samples, i.e. bare
GO, Sb2S3@GO before thermal reduction and SboS;@RGO after thermal reduction,
were collected to determine the D/G ratios of carbon content in these materials. The
TGA and Raman results are presented in Table 7.1 and Figure 7.3. The TGA results of
SbaS; @GO and SboS3@RGO clearly show increased weight ratio of SboS3; in the
thermally-reduced Sb2S3@RGO sample compared with that in the Sb,S;@GO sample.
The loading rates of Sb,S3 particles in the SboS3@RGO composite were calculated
based on the TGA results and used as the references in further electrochemical
characterizations. The Raman spectra of GO, SbaS3;@GO and Sb2S3@RGO composite,
as shown in Figure 7.3b, revealed a clear decrease trend of the D/G band ratio from bare
GO to SbS;@RGO composite, indicating an increased ratio of sp? carbon in
SbaS3;@RGO sample, which corroborates the successful thermal reduction of the GO
phase by heating the sample in argon atmosphere without additional reducing agents.
The nitrogen adsorption-desorption isotherms and the Brunauer, Emmet and Teller
(BET) plot of Sb2S3@RGO composite are as shown in Figure 7.4. The specific surface
area of SbyS;@RGO composite sample is 8.46 m?/g according to linear regression

results of the Brunauer, Emmet and Teller (BET) plot (Figure. 7.4b).
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Figure 7.3 Thermogravimetric curves and Raman spectra of Sb,S; @GO and Sb,S;@RGO
composites. (a) Weight-temperature curve from thermogravimetric analysis of Sb,S;@GO and

SbaS3@RGO samples, (b) the Raman spectra of GO, Sb,S;@GO and Sb,S;@RGO samples.
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Figure 7.4 Nitrogen adsorption-desorption isotherms (a) and the BET plot (b) from
SbyS3@RGO composite.
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7.3.2 Electrochemical characteristics in lithium half-cells

The current peaks associated with the electrochemical reactions between Sb2S;@RGO
composite and lithium can be directly observed from the cyclic voltammetry (CV)
profiles of the assembled lithium half cells. Fig. 7.5a shows the cyclic voltammetry plot
of Sb2S;@RGO composite electrodes between 0.01 V and 2.5 V versus lithium
electrodes. During the initial CV scan, the SboS3@RGO electrode shows three reduction
peaks at 1.6 V, 1.4 V, and 0.8 V, and two oxidation peaks at 1.1 V and 2.1 V. The
reduction peak at 1.6V corresponds to partial reduction of antimony (Sb) and formation
of polysulfide species (LixSn), while reduction peaks at 1.4 V and 0.8 V correspond to
formation of lithium disulfide and complete reduction of antimony, and formation of
lithiated antimony (Li3Sb), respectively. The oxidation peak at 1.1 V corresponds to
liberation of antimony from lithium-antimony alloy, and the oxidation peak at 2.1 V
corresponds to reconstruction of stibnite phase (Sb2S3). In the subsequent four cycle CV
scans, the Sb2S3@RGO electrode shows redox peaks identical to that of the initial CV
scan, suggesting that reactions between SbaS3@RGO composite and lithium are
sustainable. In a previous study of amorphous Sb>S3 anode based on X-ray absorption
near-edge structure (XANES) analysis, the detailed reaction mechanism of full

conversion between Sb,S3 and lithium is suggested as follows?>"*:

SbyS; — LixS + Sb — Li2S + Sb — LizS + LisSb (Discharge), 7-3

LixS + Li3Sb — Li2S + Sb — SboS3 (Charge), 7-4

Fig. 7.5b shows the cyclic voltammetry plot of a different lithium half-cell with a
SbaS3;@RGO composite working electrode between 0.05 V and 2.0 V. During the initial
CV scan, the SbaS3@RGO electrode shows three reduction peaks at 1.6 V, 1.4 V, and

0.8 V, and one oxidation peak at 1.1 V. From the second cycle on, the Sb2S3@RGO ele-
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Figure 7.5 Cyclic voltammograms of SboS;@RGO composite in lithium cells between 0.01 V
and 2.5 V (a), and between 0.05 V and 2.0 V (b).

ctrode shows three reduction peaks at 1.6 V, 1.4 V, and 0.8 V, and one oxidation peak at

1.1 V. The appearance of reduction peak at 1.5 V in the second cycle CV scan
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associated with the disappearance of reduction peaks at 1.6 V and 1.4 V suggesting that
the reduction peak at 1.5 V is the merged reduction peaks of 1.6 V and 1.4 V in the
initial cycle, corresponding to different conversion reaction steps. The slightly higher
intensity of current peaks in Fig 7.5b compared with that of Fig 7.5a is suspect to be

attributed to differences in area specific loading rate of electrode material.

In order to confirm phase transition of Sb2S; particles, ex-situ XRD was performed on
the SboS3@RGO composite electrodes extracted from cycled cells after one complete
charge/discharge cycle with upper cut-off voltages at 2.0 and 3.0 V. However, no XRD
peaks were identified from the extracted composite electrode, suggesting an amorphous
phase of SbaS3 is dominant inside the electrode after the recombination of liberated Sb

and S phases during the initial charge-discharge process.

Figure 7.6 a and b shows the typical voltage profiles (voltage versus capacity plot) of
the Sb2S3@RGO composite electrodes in lithium half cells during one complete charge-
discharge cycle between 0.01 V and 2.5 V (a), and between 0.01 V and 3.0 V (b) at a
fixed current density of 50 mA/g (the current density is calculated based on the weight
ratio of SboS3@RGO composite in the electrode). These voltage profiles are in good
agreement with cyclic voltammetry results. It is also worth noted that the Sb,S;@RGO
composite exhibited relatively poor reaction kinetics with lithium as there was a clear
voltage hysteresis between charge and discharge steps, especially when the cell was
cycled between 0.01 V and 3.0 V. The voltage hysteresis is a common phenomenon
overserved in conversion type electrodes, for which overpotential is necessary to
overcome the reaction barrier during the extraction of lithium ions and reformation of
metal oxide, metal sulfide, etc. Fig. 7.6 ¢ and d shows the specific capacity of the

SboS;@RGO composite electrode versus cycle number with different upper cut-off
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voltages. At the voltage range between 0.01 V and 2.0 V, the first discharge and charge
capacities are 1095 mAh/g and 595 mAh/g, respectively, corresponding to an initial
cycle coulombic efficiency of 54.34 %. Such a low initial coulombic efficiency of the
Sb2S;@RGO composite electrode can be explained by the high surface area of the
porous electrodes due to the nature of active materials, which causes irreversible
decomposition of a large quantity electrolyte on the electrode/electrolyte interphase
upon the initial lithium insertion process. The coulombic efficiency gradually increases
to above 98% within 8 cycles and remains stable in subsequent cycles. As to the
capacity retention rate, the SbaS3@RGO composite electrode showed rather poor
reversibility of electrochemical reaction with lithium as the reversible capacity dropped

to 353 mAh/g after 100 cycles, corresponding to a capacity retention rate of 61.92%.

When the electrode was cycled between 0.01 V and 3.0 V, the Sb2S;@RGO electrode
showed higher reversible capacity at 872 mAh/g in the first cycle, but the capacity
decay is also faster between 0.01 V and 3.0 V compared to that between 0.01 V and 3.0
V. The capacity retention rate was only approximately 46% after 70 cycles of charge
and discharge of the cells (as shown in Fig. 7.6 d). However, as shown in Fig. 7.6e, the
Sb2S;@RGO composite electrode exhibits excellent rate capability under a wide range
of currents from 50 mA/g to 1000 mA/g, with the reversible capacity only slightly
dropping under doubled or quadrupled current densities of charge-or discharge cycling.
The Nyquist plots from EIS measurements of cells at the charged state after the 1% and
the 20" cycle are displayed in Figure 7.6f. The cell demonstrated a high charge transfer
resistance. The impedance profile at the 20" cycle showed a slightly larger single
semicircle similar to that of the 1% cycle, which indicates well-sustained electronic

contact within the electrode after short-term cycling. These good electrochemical chara-
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Figure 7.6 Electrochemical characterization results for lithium cells. Voltage profiles of
SbaS3@RGO composite electrode in lithium half-cells between 0.01 V and 2.0 V (a), and
between 0.01 V and 3.0 V (b). Reversible capacities and coulombic efficiencies of Sb,S;@RGO
composite electrode in lithium half cells between 0.01 V and 2.0 V (c), and between 0.01 V and
3.0 V (d) at 50 mA/g. Cycling performance of Sb.S;@RGO composite electrode at 50 mA/g,
100 mA/g, 200 mA/g, 500 mA/g, 1000 mA/g, and back to 50 mA/g between 0.01 V and 2.0 V
(e), Nyquist plots of SboS3@RGO electrode in lithium half cells after the 1 and 20" cycles (f).

cteristics under high current rates are attributed to the structural feature of Sb2S3@RGO
composite, namely, the uniform distribution of Sb>S3 on the two dimensional flexible,

conductive and high strength graphene layers, which helps to accommodate a large
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volume change of Sb,S; and maintain solid conductive networks within electrodes upon

cycling versus lithium under low depth of charge and discharge conditions.

7.3.3 Electrochemical characteristics in sodium half-cells

To investigate the performance of Sb2S3;@RGO composite electrodes as negative
electrodes for sodium batteries, cyclic voltammetry tests were performed with sodium
half cells equipped with Sb2S3@RGO composite electrode between 0.01 V and 2.5V,
and between 0.05 V and 2.0 V, and the corresponding cyclic voltammograms are as
shown in Figure 7.7 a and b, respectively. In both CV plots the position of reduction
peaks during the subsequent cycles showed large variation from that in the first cathodic
scan, suggesting a formation step during the first discharge process these cells, which is
believed to be the result of passivation of electrolyte species at the electrode/electrolyte
interphase. In Figure 7.7a, the Sb2S3;@RGO electrode shows three reduction peaks at
1.1 V,0.7V, and 0.2 V, and two oxidation peaks at 0.8 V and 1.25 V during the initial
CV scan. From the second cycle on, the SbaS3;@RGO electrode shows multiple
reduction peaks at 1.3 V, 1.2 V,0.85V, 0.4 V and 0.2 V, and two oxidation peaks at 0.8
V and 1.2 V. The changes of redox peaks from the initial cycle scan to subsequential
scans suggests variation of detailed reaction mechanisms within the Sb2S3@RGO
composite electrode. However, similar to the case of lithium cells, ex-situ XRD was
performed on the Sb2S3;@RGO composite electrodes extracted from cycled sodium cells.
These also showed peak-free patterns of intermediate phases, therefore more specific
examination measures (i.e. XPS, XANES) are still required for the determination of
reaction mechanisms between the Sb2S3@RGO composite and sodium, which is not
clear-cut at this stage. In Figure 7.7b, the SbaS3@RGO composite electrode shows three
reduction peaks at 1.2 V, 0.75 V, and 0.25 V, and two oxidation peaks at 0.75 V and

1.3 V during the initial CV scan between 0.05 V and 2.0 V. In the subsequent CV scans,
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Figure 7.7 Cyclic voltammograms of Sb,S;@RGO composite in sodium cells between 0.01 V
and 2.5 V (a), and between 0.05 V and 2.0 V (b).

the SbaS3@RGO electrodes showed three reduction peaks at 1.4 V, 0.8 V, and 0.3 V,
and three oxidation peaks at 0.8 V, 1.2 V and 1.55 V. The change of redox peak

intensity from the initial cycle scan to subsequential scans implies much slower reaction
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kinetics and lower level active material utilization of Sb2S3@RGO composite electrode

in the sodium cells compared to that in the lithium cells.

The voltage profiles of Sb2S3@RGO composite electrodes versus sodium under 50
mA/g charge/discharge current between 0.01 V and 2.0V, and between 0.01 V and 3.0
V are as shown in Figure 7.8 a and b, respectively. The voltage curves of SbaS;@RGO
electrodes in sodium cells also show large hysteresis between charge and discharge
steps, but their plateaus are shorter compared with that in lithium cells. The reversible
capacities and coulombic efficiency data under constant current are presented in Figure
7.8 ¢ and d. The Sb2S3@RGO composite electrode achieved a high discharge specific
capacity of 808 mAh/g and a reversible charge capacity of 570 mAh/g at the initial
cycle under 50 mA/g current density between 0.01 V and 2.0 V, which gives a
coulombic efficiency of 70.54 %. In the second cycle, the coulombic efficiency of
SbaS3@RGO composite electrode rapidly increased to above 95%, and the coulombic
efficiency remained above 96% from the 4™ cycle to the 100™ cycle. The fast increase
of coulombic efficiency in sodium cells is most likely the result of FEC electrolyte
additive, whose decomposition products play a vital role in stabilizing
electrode/electrolyte interphases. After 100 cycles of charge and discharge, the
Sb2S3@RGO composite electrode was still able to deliver a reversible capacity of 440
mAh/g. However, when the Sb2S3;@RGO composite electrode was cycled between 0.01
V and 3.0 V, the initial reversible capacity increased to 650 mAh/g. After 54 cycles both
the capacities and coulombic efficiencies of electrodes showed an accelerating pattern
of fading. As a result, the reversible capacity Sb2S3;@RGO composite electrodes
dropped to 350 mAh/g and the coulombic efficiency reduced to 90% at the 66th cycle,

implying severe active material loss.
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Figure 7.8 Electrochemical characterization results for sodium cells. Voltage profiles of
SbS3@RGO composite in sodium half-cells between 0.01 V and 2.0 V (a), and between 0.01 V
and 3.0 V (b). Reversible capacities and coulombic efficiencies of Sb>S;3@RGO composite
electrode in lithium half cells between 0.01 V and 2.0 V (¢), and between 0.01 V and 3.0 V (d).
Cycling performance of Sb.S;@RGO composite electrode at 50 mA/g, 100 mA/g, 200 mA/g,
500 mA/g, 1000 mA/g, and back to 50 mA/g between 0.01 V and 2.0 V (e), Nyquist plots from
EIS of sodium cells after the 1*' and the 20" cycles at the charged state ().

The performance deterioration of Sb2S3@RGO composite electrodes can be attributed

to electrode deformation after repeated liberation and recombination of antimony and
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sulfur, and the associated large volume change during the alloying reaction between
antimony and sodium also leads to pulverization of the electrodes. Considering the
larger volume of sodium ions and sodium alloys compared to their lithium analogues, it
would be more challenging to maintain good electrical contact of conversion type
electrodes in sodium cells than in lithium cells. Figure 7.7e shows the cycle
performance of SbaS3@RGO composite electrode at different current rates. Similar to
its behavior in lithium cells, the Sb2S3@RGO composite electrode also exhibits capacity
loss when the current density increased from 50 mA/g to 1A/g between 0.01 V and 2.0
V. The good rate capability of SboS;@RGO composites in sodium half cells can be
attributed to the synergistic effect of both low depth of charge and discharge of cells and
the structural features of Sb2S;3@RGO composite design. The Nyquist plots in Figure
7.8f confirmed the electrode exhibited an enlarged semicircle from the Ist to the 20th
cycle, suggesting a gradual increase of the SEI film resistance and the charge transfer
resistance with increasing cycles, but the electronic contact within the electrode was
well-sustained within the tested range. In general, the reversible capacity from the
conversion type metal chalcogenide is higher with reduced particle size. The advantage
in the architecture of Sb2S3@RGO composites is that it further enhance the reversibility
of the conversion reactions of SboS3; phase by arching the particles on graphene sheet
template. The role of graphene on the enhanced electrochemical performance of
SbaS;@RGO is positive from two aspects: (i) the conductive graphene layer offers
better conductivity between Sb>S; particles compared to the bare Sb,Ss electrode, (ii)
the graphene template forms a physical barrier to prevent the aggregation of the
liberated Sb phase during the sodium insertion process, which is beneficial for the

reversibility of Sb,S3 conversion reactions.
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7.4 Conclusion

In this study, a facile and time-saving synthesis route was developed to produce
stibnite/graphene (Sb2S3@RGO) composite comprised of orthorhombic phase stibnite
nanoparticles which are uniformly dispersed on graphene sheet based carbon matrices.
The electrochemical characterization of this composite as an anode material in lithium
and sodium half-cells demonstrates a reversible reaction with lithium (sodium) ions,
delivering a reversible capacity of 595 mAh/g between 0.01 V and 2.0 V versus lithium,
and a reversible capacity of 560 mAh/g between 0.01 V and 2.0 V versus sodium. When
the upper cut-off potential increased to 3.0 V, the reversible capacities of this composite
electrode can be further extended to 872 mAh/g versus lithium and 653 mAh/g versus
sodium, respectively. The enhanced electrochemical behavior of stibnite/graphene
composite is attributed to the well dispersed Sb>S; nanoparticles on conductive
graphene sheets, which helped maintaining the conductive networks in active phases as
well as keeping the structure integrity of electrode. This material also showed low initial
coulombic efficiency, high average voltage and large voltage hysteresis between charge
and discharge process. All of which may prohibit its practical applications as the
negative electrode for lithium and sodium batteries. Nevertheless, the excellent rate
performance of SboS3@RGO electrode highlighted the advantages of composite design
with graphene as the conductive substrate. The uniform distribution of nanoparticles on
graphene can be obtained via the facile solvothermal method, which makes it a very

attractive synthesis approach for a variety of functional materials.
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Chapter 8 Conclusions

8.1 Conclusions

This research project aimed at materials synthesis approaches with electrospinning
technique and microwave-assisted solvothermal routes for electrode materials
preparation. The electrospinning technique is a dynamic synthesis process to generate
cylindrical shape polymer fibers and subsequently, carbon based composite fibers with
typical diameters of a few hundreds of nanometers. The quality of electrospun polymer
fibers was highly dependent on a variety of factors including, but not limited to, the type
of polymer and solvent chosen for the precursor solution, solution concentration,
solution feeding speed, applied voltage, and ambient conditions, etc. and the optimal
process window must be determined by intelligent experimental design for individual
electrospinning systems. The microwave-assisted solvothermal synthesis route offered a
facile material preparation approach for the metal chalcogenides deposition on graphene
sheets, and the morphology of resultant composite material could be easily manipulated
by adjusting precursor solution concentration, reaction temperature, reaction time, and
the upper limit of reaction pressure. The polyacrylonitrile derived carbon fibers and
antimony-carbon fiber/graphene composite obtained with electrospinning process and
subsequent thermal pyrolysis process, and solvothermal synthesized antimony
sulfide/graphene composite material were investigated as the electrode materials in
lithium and sodium cells, respectively. The major research outcomes of this project are

summarized below:

1. For electrospinning polymer fiber synthesis, the concentration of polymer
solution and applied voltage were found to be critical process parameter that

affect the quality of resultant electrospun fibers. With high temperature pyrolysis,
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electrospun polyacrylonitrile fibers could be converted to carbon fibers, while
the polyvinyl alcohol fibers failed to maintain their original structure under
similar conditions. After pyrolysis in inert gas atmosphere, a free-standing sheet
comprised of polyacrylonitrile derived carbon fibers was obtained. The carbon
fiber electrode achieved stable reversible capacities of 118 mAh/g and 84 mAh/g
versus lithium and sodium at a 50 mA/g current density, respectively. The
conductive carbon fiber sheet is an attractive material for the synthesis of
composite electrode materials due to its conductivity, high specific surface area
and high porosity. However, the carbon fiber electrodes also exhibited poor
initial coulombic efficiency (< 70%) due to its large surface area, which greatly
impedes their applications in batteries.

2. The electrochemical performance of antimony-embedded carbon fibers/reduced
graphene oxide (Sb-CF/RGO) composite was investigated as alloy type negative
electrode materials for lithium and sodium secondary batteries. The free-
standing composite electrodes delivered high reversible capacities (562 mAh/g
versus Li and 371 mAh/g versus Na) as well as good capacity retention over 100
cycles under mild charge/discharge conditions (50~100 mA/g) versus both
lithium and sodium counter electrodes. The Sb-CF/RGO composite contains
15.07% antimony nanoparticles in weight, but its reversible capacities versus
lithium and sodium greatly increased compared with pristine carbon fibers
electrode converted from polyacrylonitrile. The utilization of small amount
flexible RGO in the composite offered advantages including enhanced structural
stability as well as good electrical contact within the electrode. The nanoscale
antimony particles inside carbon fibers also induce less stress upon repeated

alloy/de-alloy process. As a result, the composite electrode can maintain a
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stable charge-discharge behavior under high current density up to 1000 mA/g.
However, the low initial coulombic efficiency and large irreversible capacities
and during charge-discharge cycling of these composite materials also implies
remaining difficulties for the implementation of these materials as practical
anode materials for lithium and sodium-ion batteries.

3. A polysulfide viscous solution percolated porous carbon sheet was used as a
semi-liquid composite positive electrode for Li-S cells. The highly porous
structure from stacks of carbon fibers offered high free volume and high surface
area to absorb/adsorb polysulfide solutions, and the conductive PAN-derived
carbon fibers also provided large numbers of electrochemically active sites for
Li/S redox reactions. The lithium-sulfur cells demonstrated a high reversible
capacity of 1010 mAh/g at a constant 1000 mA/g charge-discharge current after
120 cycles. However, limited by the cell chemistry, the detrimental effects of
polysulfide species remain a cause of capacity loss. This problem has not yet
been properly addressed despite the cycle life of Li anodes in Li-S cells being
greatly extended with LiNOs electrolyte additive. Nevertheless, the tested Li-S
cell is still remote from practical battery applications as its overall coulombic
efficiencies were below 98% and gradually decrease after prolonged cycling.
The poor cycling efficiency will be a major factor that hampers the
transformation of Li-S cell from a conceptual design into a practical battery
technology.

4. The stibnite (SboS3)/graphene composite comprising orthorhombic phase stibnite
nanoparticles which are uniformly dispersed on graphene sheets based carbon
matrices was synthesized with a facile solvothermal synthesis route. The

composite electrode exhibited high reversible capacities (595 mAh/g versus
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lithium and 560 mAh/g versus sodium) in both lithium and sodium cells. The
reversible capacities of this composite electrode can be further extended to 872
mAh/g versus lithium and 651 mAh/g versus sodium by increase the upper cut-
off potential to 3.0 V. The enhanced electrochemical behavior of
stibnite/graphene composite is attributed to the well dispersed SbaS;
nanoparticles on conductive graphene sheets, which helped maintaining the
conductive networks to active phase as well as the structure integrity of
electrodes when the Sb,S; nanoparticles react with lithium and sodium ions
through conversion reactions. In addition, the excellent rate performance of
stibnite/graphene composite also highlights the advantages of microwave-
assisted solvothermal method in the preparation of uniform morphology
graphene composite materials containing metal chalcogenides, which is
attractive for the synthesis of a variety of functional materials. Nevertheless, this
material also suffers from a low initial coulombic efficiency, high average
voltage, and large voltage hysteresis upon charging. All of this leads to relatively
poor combined electrochemical properties to serve as negative electrodes for
lithium or sodium secondary batteries, as it will greatly impede the achievable

energy in cells with charge balanced designs.

The main effort in this research was devoted to the improved of specific capacities and
the rate capabilities of electrode materials via novel designs of nanoarchitectures. The
results are very appealing as most of synthesized electrode presented in this thesis have
demonstrated high capacities at fast charge-discharge conditions. However, these
electrodes being studied failed to demonstrate a coulombic efficiency value within the

acceptable range (> 99.9%) for long-term cycling. The decrease of cycling efficiency is

165



Chapter 8 Conclusions

attributed to parasitic reactions on electrode/electrolyte interphases and involve both
electrode and electrolyte materials, and implies accumulative irreversible capacities of
electrode over each charge-discharge cycle, which leads to further penalties in
achievable energy of cells. The lithium-sulfur batteries with electrospun carbon fiber as
cathode substrate exhibited both high capacities and good rate capabilities. The main
disadvantage of semi-liquid cathode (catholyte) design is that the high porous structure
carbon fiber membrane and its cut-off voltage of lithium-sulfur batteries, both of which
have limited the achievable energy of lithium sulfur batteries. The coulombic efficiency
of this sulfur cathode took more than 5 cycles to maintain stable at about 98%,
suggesting it requires more compatible electrolyte solutions that have good passivation
properties for the solid-electrolyte interphase. Many aspects of the reaction mechanisms
in these materials are not fully understood. The irreversible capacity loss is common
issue observed in those electrode materials, which can be attributed to unstable SEI
films over the large surface area of electrodes. The solution to this issue requires more
research and better understanding of reaction mechanisms on the electrode/electrolyte

interphase.

8.2 Future perspectives

The lessons learn from the development of lithium-ion batteries is very useful in the
search for new electrode materials as well as new battery chemistry. The great success
of commercial lithium-ion batteries inspired massive research efforts in the
development of commercial sodium-ion batteries which are also operating based on
intercalation chemistry. Sodium is one of the most abundant element in Earth’s crust
and sea, therefore the sodium-ion battery technology is believed to be a low cost

solution for large scale electrochemical energy storage systems. Although the research
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of electrode materials have showed some promises, further in-depth understanding of
the reaction mechanisms and innovative design of electrode materials for sodium-ion
batteries are essential because the electrochemical performance of sodium-ion batteries
must be improved to meet the demands of battery applications. In addition, the
development of Na-ion batteries are facing more technical barriers compared with

lithium-ion batteries despite their similarities in battery chemistry.
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