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ABSTRACT

Lithium-ion batteries (LIBs) have been widely used since the early 1990s as the
power sources for the small electronic devices that are ubiquitous in our daily lives,
due to their high energy densities. With the increasing demand for Li commodity
chemicals and geographically-constrained Li mineral reserves, however, LIBs are
confronting a huge challenge to satisfy the demands of the ever growing electronics
market and the markets for electric vehicles (EVs) or hybrid electric vehicles
(HEVs), and stationary energy storage systems. Rechargeable sodium ion batteries
(NIBs), therefore, are currently regaining interest for use in large-scale applications
because of their huge advantages in terms of low cost and the abundance of sodium
resources. My doctoral work focuses on the sodium-storage properties of anode
materials, including reduced graphene oxide, tin oxide/reduced graphene oxide
composite, molybdenum disulfide/carbon composite, molybdenum disulfide/reduced
graphene oxide composite, and iron disulfide/carbon composite. The obtained active
materials were characterized for their physical characterization and electrochemical

properties. The corresponding sodium-storage mechanisms were studied as well.

Reduced graphene oxide (RGO) was fabricated via the facile Hummers’ method,
which achieved by exfoliating the graphite through oxidation by a strong acid. The
obtained RGO is a compound of carbon, oxygen, and hydrogen in the form of C-C,
C=0 and C-OH species. With large d-spacing, high surface area, high conductivity,
and high density of cavities and/or holes and/or defects in the graphene nanosheets,
its structural properties result in excellent cycling stability for sodium ion batteries.
The reaction mechanism between sodium and the graphene layer is capacitive

behavior, showing outstanding cycling stability without capacity decay over 1000
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cycles. Excellent rate capability is delivered due to its adsorption mechanism, and the
reversible capacity is as high as 217.2 mAh g™at 0.2 C, which slightly decreases to

95.6 mAh g™ when the applied current rate increase to 5 C.

Tin oxide/ reduced graphene oxide (SnO,/RGQO) nanocomposite was prepared via a
simple hydrothermal method, and it possesses a lacunose structure with large
amounts of buffering space between the small SnO, nanoparticles and nanovoids
amongst the agglomerated SnO, clusters. This unique nanostructure is able to
tolerate the large volume expansion during charge/discharge processes, and is
favourable to fast Na* diffusion. Furthermore, the synergistic effects due to RGO in
the composite are capable of increasing the overall conductivity of the electrode.
SnO,/RGO thus shows good cycling performance (330 mAh g™ after 150 cycles) and
outstanding rate capability. The mechanism is deduced to be a reversible
alloying/dealloying reaction between tin and sodium, while RGO contributes to the

capacity via the absorption reaction.

Exfoliated molybdenum disulfide (E-MoS;) was prepared by chemical exfoliation,
and the E-MoS,/C composite was further fabricated by the hydrothermal method. E-
MoS,/C composite shows a graphene-like structure, with an enlarged interlayer distance
of 0.64 nm (d-spacing of 0.61 nm for pristine MoS;) and higher conductivity. When it
was applied as anode material in sodium-ion batteries, different electrolytes were used to
optimize the electrochemical properties. The composite exhibits a high capacity of 400
mAh g™ at 100 mA g™ over 100 cycles in electrolyte consisting of 1.0 M NaClO, with
propylene carbonate / ethylene carbonate and 5 wt. % fluoroethylene carbonate
additive (PC/EC + 5 wt. % FEC). Meanwhile, the anode was tested at different cut-

off voltages, which correspond to different sodium-storage mechanism, thereby
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showing various cycling performance. Furthermore, ex-situ X-ray diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) were conducted to investigate the

conversion reaction mechanism between sodium and MoS,.

Exfoliated molybdenum disulfide / reduced graphene oxide (MoS,/G) composite was
synthesised by attachment of exfoliated MoS, nanosheets onto a graphene
nanosheets matrix. The MoS,/G composite has a graphene-like structure with
interlayer spacing of 0.69 nm, so that it was first investigated as an anode for
sodium-ion batteries. The reaction mechanism between MoS; and Na was clearly
confirmed by ex-situ XRD, and it is supposed to be an intercalation reaction at first
discharge process, with a following conversion reaction for the subsequent cycles.
The reversible capacity was 313 mAh g™ at 100 mA g™ after 200 cycles. Due to the
voltage hysteresis in the conversion reaction, the MoS,/G composite can be applied
in sodium-ion pseudocapacitors. The Na,MoS,/G electrodes from the sodiation of
MoS, were utilized to construct symmetric sodium-ion pseudocapacitors. The full
cell exhibits outstanding cycling performance of ~ 50 F g™ during prolonged 2000

cycles at 600 mA g™,
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CHAPTER 1 INTRODUCTION

1.1 General background

For several decades, rechargeable lithium ion batteries (LIBs) have long been
successfully used in portable electronics, and they are currently being considered for
energy demanding applications such as electric vehicles. Lithium sources, however,
are too geographically constrained and limited to meet the increasing demands.
Therefore, sodium ion batteries (NIBs) are currently regaining extensive interest for
large-scale electric storage applications due to the low cost of sodium sources and the
similar chemistry of sodium and lithium. NIBs certainly are a promising option for

large-scale applications.

Sodium electrodes, not strictly isostructural to their lithium counterparts, have
various thermodynamically stable phases due to the influence of the alkali
size/charge ratio. Different electrochemical performance, therefore, have been
demonstrated between the Li and Na systems, especially in the case of electrode
materials based on intercalation chemistry. For example, hard carbons, rather than
the graphitic materials used as anode in Li-ion batteries, have been confirmed to be
active sodium-ion intercalation compounds at low potential. Furthermore, modelling
studies have revealed that the activation energy for Na-ion hopping is often lower
than for Li ions because of less polarization of sodium electrode, which leads to
lower voltage of Na compounds. For the sodium anodes, lower voltages are
beneficial for increasing the overall voltage and hence the energy density. The lower
voltages of sodium cathode lead to lower energy density, and they offer the
opportunity to explore materials where the lithium analogues have too high a

potential to support many conventional electrolytes. However, Na-ion transport in
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NIBs requires higher activation energy and much larger volume
expansion/contraction occurs in the cathode and anode electrode materials. It has
been proven that open and layered structures are better able to accommodate the
larger Na" ions, which hold the most promise of intercalation compounds. It is
manifest that the nanostructure and framework of electrode materials plays the most

crucial role in the advancement of sodium-ion storage.

This doctoral work aims to realize higher sodium-storage via constructing
nanostructured electrode materials and optimizing electrolyte systems. Specifically,
the emphases of this doctoral work are outlined as follows: 1) Choosing simple and
scalable synthesis methods for commercialization, including the wet chemical
method and the hydrothermal method. 2) Enhancing the Na-storage capacity via an
exfoliation strategy, such as with exfoliated graphite and exfoliated molybdenum
disulfide. 3) Constructing special nanostructures via the incorporation of active
materials in a conductive matrix, such as graphene-like molybdenum disulfide /
amorphous carbon (MoS,/C) composite and lacunose tin dioxide nanoparticles /
reduced graphene oxide (SnO,/RGO) composite. 4) Optimizing the electrolyte
systems by employing various solvents with different viscosity and ionic
conductivity. The effect of additive is investigated as well. 5) Utilizing various
techniques to deduce the probable reaction mechanisms between active material and
sodium, such as ex-situ powder X-ray diffraction (XRD) and X-ray photoelectron

spectroscopy (XPS).
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1.2 Chapter overview

Chapter 2 contains basic background knowledge on the sodium-ion energy storage
system. Various topics are briefly introduced, including the history of sodium ion
batteries, the reaction mechanism of sodium-ion storage, and an overview on the
general battery components, such as the positive and negative electrode materials,

and the electrolyte.

Chapter 3 presents the experimental and characterization methods used in this thesis,
including the details of chemicals, synthesis procedures, physical characterization

techniques, and electrochemical characterization methods.

Chapter 4 discusses the electrochemical properties of reduced graphene oxide (RGO),
which achieves the sodium storage by expansion and distortion of graphite via the
Hummers’” method. A capacity of 141 mAh g™ is maintained over 1000 cycles at the
current rate of 1 C (20 mA g™, which is a significant enhancement compared to the
inactive graphite in sodium-ion batteries. The corresponding reaction mechanism
between reduced graphene oxide and sodium is likely to be an adsorption mechanism

according to its charge/discharge curves and cyclic voltammogram (CV) behavior.

The application of RGO in sodium-ion batteries is extended in Chapter 5, where it is
used as an active matrix for SnO,/RGO composite. The composite is prepared by
loading ultrafine SnO, on RGO nanosheets via a simple hydrothermal method. The
construction of unique nanostructures with large amounts of nanovoids and free
space is proven to be an effective strategy for optimizing electrochemical

performance. The alloying/dealloying reaction mechanism is deduced based on its
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CV curves for sodium-ion batteries and comparison with its lithium-storage

performance.

Chapter 6 presents an exfoliation strategy that is utilized to improve the
electrochemical performance of MoS; in sodium-ion batteries. The exfoliation
strategy can effectively enlarge the interlayer distance and degree of disorder, which
is favorable for the acceptance of the larger sodium ion, thereby tolerating severe
volume expansion. Exfoliated MoS, delivers a high capacity of 400 mAh g*at 0.25 C
(100 mA g*) after 100 cycles. The impacts of various electrolytes are investigated,
which confirms that the electrolyte with ethylene carbonate/propylene carbonate as
solvent achieves the best sodium-storage properties due to its good viscosity and ionic
conductivity. The cycling stability can be further optimized by adding fluoroethylene
carbonate additive, which is favourable for forming thinner and more stable solid
electrolyte interphase films due to the participation of additive during electrolyte
decomposition during the first discharge process. Furthermore, the probable conversion
reaction mechanism is confirmed by ex-situ X-ray photoelectron spectroscopy (XPS)

and ex-situ X-ray diffraction (XRD).

Chapter 7 is a study of the electrochemical properties of exfoliated MoS; that is attached
on graphene nanosheet matrix (MoS,/G) for sodium-ion batteries and pseudocapacitors.
It is obvious that this MoS,/G composite shows better cycling stability and rate
capability than MoS,/C (Chapter 6). This is ascribed to the benefits of the graphene
matrix, which is able to improve the conductivity and stability of the active materials,
and effectively protect exfoliated MoS; sheets from aggregation. On the other hand,
MoS,/G interfaces show a synergistic effect, which leads to higher Na storage capacity
in the MoS,/G composite. In addition, Chapter 7 discusses a symmetric sodium-ion
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pseudocapacitor that was constructed using sodium-doped MoS,/G (Na,MoS,/G)
electrodes, which shows a capacitance of ~ 50 F g™ for 2000 cycles with outstanding
cycling stability. Meanwhile, this pseudocapacitor delivers excellent rate capability.
Furthermore, the Na-storage mechanism is confirmed in detail by ex-situ XRD of
pristine MoS,, in which it is easier to detect the phase changes during the
charge/discharge process due to its good crystallization and high intensity diffraction
peaks. It is speculated that the MoS;, and Na undergo an irreversible intercalation

reaction during the first charge, followed by a highly reversible conversion reaction.
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CHAPTER 2 LITERATURE REVIEW

Owning to the increased demand for energy and the need to reduce carbon emissions,
energy storage innovation has been a constant global concern over the past decade.
The traditional fossil fuels suffer from drastic increases in the price and have led to
serious environmental problems, such as global warming. Some renewable energy
resources, such as wind, wave, and solar power are becoming increasingly popular in
several industrialized countries, however, they provide intermittent energy;
Rechargeable lithium ion batteries (LIBs) have become successful and sophisticated
energy storage devices for portable electronic devices since the first
commercialization of the carbon//LiCoO; cell in 1991. The demand for lithium-ion
batteries for large-scale applications is rapidly emerging throughout the world, such
as for hybrid electric vehicles (HEVS) and plug-in hybrid electric vehicles (PHEVS),
which could reduce the energy dependence on fossil fuels for a transportation system
in the future. In addition, a large-scale energy storage system for the grid is necessary
to utilize electrical energy with high efficiency and for peak shift operation.® Indeed,
some battery companies have already developed LIBs on the megawatt hour (MWh)
scale and plan to begin a demonstration testing for electrical energy storage (EES).
Such MWh-class batteries can also probably be used to store electricity generated
from solar cells and wind turbines as green and renewable energy resources. In
consequence of the enormous application potentials of lithium ion batteries for EV
and EES, and the limitations of available global lithium resources, concerns over
lithium supply have arisen both in terms of its cost and its long-term sustainability.
As shown in Figure 2.1, the distribution of lithium is wide in the Earth’s crust, but it

is regarded as a scarce element. Its relative abundance in the Earth’s crust is only 20
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Figure 2.1 Elemental abundance in the Earth’s crust *

ppm. Moreover, lithium resources are unevenly distributed, and they are mainly
located in remote or in politically sensitive areas (such as South America).>° It is not
surprising that the cost of the main lithium source (Li,COs3) has soared during this
past decade.” In contrast to lithium, sodium is one of the most abundant elements in
the Earth’s crust; and the distribution of sodium resources is extensive everywhere,
Practically unlimited sodium resources are found in the ocean as well. Based on this
material abundance, similar intercalation chemistry to Li and standard electrode
potential, rechargeable sodium energy storage system hold promise as a complement
or even substitute for lithium-based technology.®®

In the first place, all-solid-state sodium batteries with inorganic solid electrolytes are
promising power sources for a wide range of applications because of their safety,
long-cycle life and versatile geometries.’® Recently, new developments in room-
temperature sodium-sulfur batteries (Na-S), Na-ion batteries (NIBs), and novel Na—

O, batteries are rapidly taking place. The details of these technologies and some of
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the significant issues and opportunities provided by the field of sodium-ion batteries

will be discussed herein.
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2.1 General background

Historically, studies of Li*/Na" ions for electrochemical energy storage at ambient
temperature started before 1980. The application of TiS, in energy storage devices
was first proposed in the 1970s.**"** Electrochemical and highly reversible sodium
insertion into TiS, at room temperature was also demonstrated as soon as in 1980.*
Lithium cobalt oxides (LiCoO;), a lithium-containing layered oxide, was first
reported in 1980.% It is still widely used as the high energy positive electrode
materials in LIBs. Similarly, sodium containing layered oxides (NayCoO,) were also
reported for NIBs.'® Apart from few of reports on sodium insertion materials after
that period'” *® nevertheless, studies on sodium insertion materials for energy storage
almost disappeared. In the past three decades, significant research efforts have been
made only for LIBs. This big rush of Li battery research after 1980 resulted from the
fact that the energy density of the Li system was believed to be much higher
compared with the Na system. Furthermore, the absence of suitable negative
materials hindered the development of Na-ion batteries for a long period of time. In
the mid-1980s, carbonaceous materials were believed to hold promise as Li insertion

19.20 and graphite.”*%* The

(intercalation) anodes, in such forms as disordered carbons
advancement of LIBs was further accelerated by the commercialization of graphite,
which delivers a high reversible capacity of 372 mAh g™ and possesses a low and flat
operating potential (0.1-0.2 V vs. Li*/Li). Graphite, however, was proven to be an
inactive host for sodium ions according to early research.? 2* Before the 1990s, only
a few materials were feasible as potential negative electrode materials for NIBs,

including disordered carbon? and Na—Pb alloy.” The first turning point on anodes

for NIBs was reported by Stevens and Dahn in 2000,%° which demonstrated hard
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carbon in NIBs with a high reversible capacity of 300 mAh g*, close to that for

lithium insertion in graphitic carbon; even though its cyclability was insufficient for
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Figure 2.2 Numbers of publications relevant to NIBs during the past three

decades.?’

battery applications at that time. Hard carbon is now extensively studied as a
potential candidate for the negative electrode material for NIBs. As shown in Figure
2.2, studies on Na-ion batteries have increased rapidly from 2010. With the positive
electrode materials extensively investigated, important negative electrode materials
have been also newly found in the past few years. An important difference was
noticed in the chemistry between Li and Na in aprotic polar solvents. For instance,

surface passivation processes are clearly different in both systems. The design of
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better electrolyte and suitable interphase for the Na system is quite important for

realizing long cycle life.

The structures, components, systems, and charge storage mechanisms of NIBs are
essentially the same as for LIBs, except that lithium ions are replaced with sodium
ions as shown in Figure 2.3. A NIB consists of two sodium insertion materials, the
positive and negative electrodes, which are electronically separated by electrolyte (in
general, electrolyte salts dissolved in aprotic polar solvents) as a pure ionic conductor.
The battery performance depends on the battery components selected, and many

different NIBs for different purposes can be assembled.

Discharge Electrolyte
and separator

Cathode Anode
(Sodium compound)

Figure 2.3 Schematic illustration of operation and charge storage mechanism of Na-

ion batteries
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2.2 Positive electrode materials
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Figure 2.4 Average voltage and energy density versus gravimetric capacity of

cathode materials for NIBs.?’

The recent research NIBs focuses on the sodium-ion based electrochemistry, with a

focus on intercalation compounds for positive electrode materials for sodium

intercalation (including layered transition metal oxides and polyanionic compounds).

Many different compounds are being studied as possible cathode materials as shown

in Figure 2.4, from oxides to phosphates, fluorophosphates or pyrophosphates. Each

compound presents its own advantages and disadvantages for its real application in

energy storage systems. It is clear that the gravimetric energy density of NIBs, which

combine various cathodes with hard carbon, is estimated to be from 200-350 mWh g

! The energy density of NIBs is now competitive with the graphite/LiMn,O,4 system.

Hopefully, research progress on cathode materials will further improve the energy
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density of NIBs in the future. The following sections explain the main features of

each compound family.

2.2.1 Layered structure oxides (NaMO;, where M is a metal)
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Figure 2.5 A comparison of reversible capacity and operating voltage ranges of the
layered sodium insertion materials. The energy density was calculated on the basis of
the voltage versus metallic sodium for simplicity. LiFePO,4 and LiMn,0O, are also

shown for comparison based on the voltage versus Li metal.?®

As shown in Figure 2.5, a great range of transition metals and their combinations can
result in layered structure oxides. All of them deliver different operating voltages and
specific capacities, which correspondingly decide their energy densities.?® The most
common layered structures are built up of a sheet of edge sharing MeO6 octahedra,

with Me a transition metal. Polymorphisms appear when the sheets of edge-sharing

35



MeO6 octahedra are stacked with different orientations along the c-axis direction. As

shown in Figure 2.6, sodium-based layered materials can be categorized into two

|29

main groups using the classification proposed by Delmas et al.”” O3 type or P2 type,

in which the sodium ions are accommodated at octahedral and prismatic sites,

MeO, Iayer MeO, layer
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Figure 2.6 Layered structures and different Na migration paths of P2-type and O3-

type NaMO, with sheets of edge-sharing MeO6 octahedra.?

respectively. In the P2-phase, Na occupies the trigonal prismatic sites (P, entirely
face-sharing or entirely edge-sharing) of the ABBA oxygen stacking sequence. In the

O3-phase, Na occupies octahedral sites (O, face-sharing) with ABC oxygen stacking.
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When the sodium source is off-stoichiometry (typically 0.6 < x < 0.7 in NaxMO,),
the P2-type phase is structurally stabilized, so that it has open paths for Na ions and a
low diffusion barrier. Typically, P2 compounds are accepted as better cathode

materials because of their high diffusion rate and prohibited slab-gliding.

2.2.1.1 O3-type NaNiO;

Fielden and Obrovac reported an irreversible capacity of 40 mAh g™ and a reversible
capacity of 80 mAh g™ within the voltage range of 2.0 — 3.5 V at C/10 after the first
cycle for NaNiO,.* Vassilaras et al. investigated the same system and showed that a
large amount of Na can be deintercalated/intercalated.®* Multiple plateaux were
observed due to phase change during charge/discharge cycling (Figure 2.7). Overall,
a 147 mAh g™ discharge capacity (0.62 Na) within the voltage range of 2.0 - 4.5 V at
C/10 was achieved. Large capacity loss was observed, however, probably due to an
irreversible phase change which is evidenced by the formation of an unidentifiable
phase after cycling. Cycling the cell over the voltage range of 1.25 - 3.75 V resulted
in a 123 mAh g™ discharge capacity (0.52 Na) with fairly stable capacity retention at
C/10. Significant improvement in Coulombic efficiency at lower cut-off voltage
indicated that the phase changes below 3.75 V are highly reversible, although the

fully sodiated phase is never achieved and Nag 9;NiO; is obtained instead.
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Figure 2.7 Voltage profile of NaNiO, after multiple cycles at C/10. The cell is
galvanostatically cycled between (a) 1.25-3.75 V, and (b) 2.0-4.5 V. The insets

show the cycling performance for the first 20 cycles. *
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2.2.1.2 O3-type NaFeO;

a-NaFeO, is known as a typical example of a O3-type layered structure and easily
prepared by conventional solid-state reaction.* Electrochemical Na extraction from
NaFeO, in a non-aqueous Li/ NaFeO, cell was first demonstrated by Takeda and co-
workers.®® Charge/discharge curves during sodium extraction/insertion processes for
a single phase of O3-type NaFeO, are shown in Figure 2.8. It is clear that
reversibility in electrode materials is significantly influenced by the cut-off
conditions on the charge (sodium extraction) process. Although the charging
capacity, corresponding to amounts of sodium ions extracted from the crystal lattice,
increases as a function of cut-off voltage, the reversible capacity obviously decreases

when the cell is charged beyond 3.5 V. Excellent reversibility with small polariza-

x in Na, FeO,
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Figure 2.8 Galvanostatic charge/discharge curves of Na/NaFeO2 at different cut-off
voltages.®
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-tion is observed with a cut-off voltage of 3.4 V. The observed reversible capacity
reaches 80 mAh g, indicating that approximately 0.3 mol Na is reversibly extracted
from NaFeO, and inserted into the Nag 7FeO; host structure. The deterioration of the
electrode properties beyond 3.5 V originates from an irreversible phase transition as
suggested by ex-situ X-ray diffraction (XRD) 3* and X-ray absorption spectroscopy
(XAS).® These facts suggest that part of the Fe** ions could migrate into the
neighbouring tetrahedral sites, when sodium ions are extracted from the crystal
lattice; vacancies are created at face-sharing tetrahedral sites with FeOg octahedra.
Significant irreversible structural change takes place, which is caused by the

migration of iron into the inter-slab spaces at high voltage.

2.2.1.3 O3-type NaCrO,

The electrode performance of O3-type NaCrO, was first reported in 1982, and it
shows a complicated phase transition on sodium extraction.*® The reversibility of the
Na extraction/reinsertion process was revisited in 2009, and it was reported to be that
approximately 50% of sodium ions can be reversibly extracted from NaCrO, with
small polarization based on the Cr¥*/Cr*" redox couple.®” A voltage plateau at nearly
3.0 V vs Na'/Na is observed in the high sodium content region, and the voltage shifts
up gradually to 3.3 V. An additional plateau at 3.6 V appears near x = 0.5 in
Na;xCrO,. Dahn and his co-workers reported the electrochemical performance of
NaCrO, as a positive electrode material for sodium-ion batteries in 1M NaClO4/PC
electrolyte. It delivered a reversible capacity of 110 mAh g™ during the first charge
and had good cycling stability. The reaction between deintercalated NaxCrO, (x =
0.5) in ethylene carbonate/diethyl carbonate (EC/DEC) solvent was studied via

accelerating rate calorimetry (ARC). In contrast to analogous results for
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LipsC00;, and LigFePO4 under the same conditions, NagsCrO, showed an
unexpected excellent thermal stability in solvent with no heat release in the ARC test
temperature range. The results proved that Na,CrO, is a fundamentally safe family
of positive electrode materials for NIBs with liquid electrolytes.®® In order to study
the effects of surface coating, carbon coated NaCrO, was synthesized by Ding et al
by adding an appropriate amount of citric acid in a solid-state reaction.*® Carbon-
coated NaCrO, maintained a stable 100 mAh g™ discharge specific capacity after 40
cycles as opposed to rapid capacity fading of nearly 20% after 20 cycles in previous
reports.’” The multiple peaks on the CV curve (Figure. 2.9 b) were identified as due
to a phase change from hexagonal O3 to monoclinic O3 to monoclinic P3 and the
sharp peaks were associated with the partial oxidation of Cr** to Cr*". The better
performance of coated particles is due to the fact that the coating prevents direct
contact between the active material and the electrolyte. This coating effectively
reduces side reactions between the electrode material and the electrolyte, and

decreases the polarization by increasing electronic conductivity.** *
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Figure 2.9 (a) Galvanostatic charge/discharge curves of NaCrO, at different current

densities; (b) Cyclic voltammogram during 2.6-3.4 V at a scan rate of 0.1 mV S™; (c)

Cycling performance of NaCrO, at the current of 5 mA g*.%
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2.2.1.4 P2-type NaxCoO;

P2-type Na,CoO; has been studied to investigate its thermal stability by accelerating
rate calorimetry (ARC). X-ray diffraction was used to detect the products after the
ARC experiments, which indicates that the de-intercalated P2-NaxCoO, reacts
strongly with both the electrolyte salt (NaPFs) and the solvent, leading to formation
of NaCoFs.*? In order to investigate the effects of the ionic diffusion length and
particle size, the electrochemical properties of two P2-Nap7:Co0O, samples with
different microstructures were studied.”* The P2-Nag7:CoO, with smaller particle
size exhibited a higher specific capacity of 105 mAh g* during the voltage range of
2.0 - 3.9 V at C/25, while the P2-Nay7:Co0, with larger particle dimensions only
achieved a capacity of 70 mAh g with the same voltage range and current density.
Meanwhile, the smaller particles resulted in higher capacity retention and less
polarization. These results confirmed that smaller particle dimensions induced
shorter ionic diffusion paths, thereby leading to better kinetics. Ding et al. studied a

similar composition of P2-type Nag 74C00, as cathode material.**

As shown in Figure
2.10, it delivered a discharge capacity of 107 mAh g™ (Nag,¢3C00,) at C/10 within
the voltage range of 2.0 - 3.8 V in NaPFg electrolyte. When starting on charge,
Nao5C00, could also be obtained with a capacity of 55.7 mAh g™*. Multiple plateaux
at2.72' Vv, 3.00 V, 3.30 V, and 3.60 V were observed, which implied a series of phase
changes during cycling. The voltage polarization was 150 - 250 mV. Figure 2.10b
shows the charge/discharge curves of P2-phase Nag7,C00; in NaClO, electrolyte.
The test was conducted using the same cut-off voltage at a current density of 0.05 C.
The initial charge/discharge capacities were ~ 54.86 and 110.2 mAh g, respectively.

Nag74Co0, showed similar electrochemical performancein  NaClO,4 and

NaPF; electrolyte, while poor capacity retention in NaClO, electrolyte. Interestingly,
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the Coulombic efficiency of the cell with NaClO, electrolyte was higher than that
with NaPFg. Regardless of the electrolyte, the Coulombic efficiency was reported to
be very consistent up to 40 cycles (Figure 2.25c). Ex-situ XRD showed expansion /
compression in the c-axis upon cycling, which indicates stable deintercalation /
intercalation of Na* in the inter-slab spaces. XPS measurements confirmed the

Co*>*/Co*" redox reaction during the charge/discharge processes.

44



b
[=]

> 1st )

:; ik {Charge)}
z

1]

- 3.0

g

:.'T‘. 25l (Charge)
=

% [Duschargeﬂ_l

Q. 20 (a) 4072 1*

0 20 40 60 80 100 120 140
Specific Capacity / mAh g™

-
*m
=
®
=
&
-
=
e}
g
[=]
o
a 20 40 'BID 80 100 120
Specific Capacity / mAh g
1.2

1O L aPensstan®, o po cppsat®ygosene oa o,

08+

Coulombic Efficiency
=]
=1}

0.4
02| = NaPF,
{c) = MNaClO,
0.0 e
0 5 10 15 20 25 30 35 40

Cycle Number

Figure 2.10 (a) Galvanostatic curves of P2-Nay 74C00,/NaPFg/Na cells at the current
rates of 0.1 C; (b) galvanostatic curves of P2-Nap 74C00,/NaClO,/Na cells at the
current rates of 0.05 C, and (c) Coulombic efficiency of the cells as a function of

cycle numbers.*
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2.2.1.5 O3-type and P2-type Na[Fe;;,Mn;/,]O,
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Figure 2.11 (a) Galvanostatic charge/discharge curves; (b) cycling performance of
P2-Na[Fe12,Mn1,2]O, and O3-type Na[Fe;,Mny2]O; at a current density of 12 mA g

! within a voltage window of 1.5 - 4.3 V.*°

Yabuuchi et al. prepared P2- and O3-type Na[Fe;,,Mny,2]O, as single phase materials,

respectively.*® The comparison of these two cathodes is displayed in Figure 2.11.

O3-type Na[Fe1,Mny,,]O, was able to achieve a capacity of 100 - 110 mAh g™ in the

voltage range of 1.5-4.2 V at C/20, showing large polarization at approximately 1 V.

In contrast, P2-type Nays[Fe12Mn12]O, displayed a high capacity value of 190 mAh
-1

g~ under the same testing conditions, which is 72 % of the theoretical capacity

based on the Fe**/Fe** redox process (Figure 2.11a). Both electrodes showed similar
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cycling behavior (Figure 2.11b) with relatively higher capacity and better cycling
stability for P2-type Nays[Fe12Mny2]O,. This implies that the structural

transformations do not degrade the material upon cycling.

2.2.1.6 P2-type Nag s7[MngesNig.15C00.2]O2

Metal substitution is one of the most effective methods to improve the
electrochemical performance of layered oxides via stabilization of the inter-slab
spaces. The electrochemical performance of P2-phase Naggz[MngesNio15C002]O2
(NaMNC) and Al-substituted Nagg7[MngesNio.15C00.15Al0.05]O2 (NaMNCA) using a
citric acid assisted combustion method were reported.*® The obtained NaMNC and
NaMNCA particles formed micro-flakes with almost the same XRD features and
peaks. The cyclic voltammogram (CV) curves of NaMNC in Figure 2.12a indicates
that there are three pairs of reversible redox peaks at the potentials of 4.25, 3.65, and
2.3 V, corresponding to the redox reaction of Ni**/Ni**, Co®**/Co*, and Mn**/Mn**,
respectively. The specific capacity of NaMNC was 141 mAh g* at 20 mA g*
between 2 and 4 V, with capacity retention of 89 % of the specific capacity after 30
cycles. The capacity became stable with prolonged cycling. NaMNCA exhibited
almost the same CV features as NaMNC except for a slight splitting of the oxidation
peak at 4.30 V. Interestingly, the NaMNCA electrode showed excellent capacity
retention of 95.4% over 50 cycles. It should be noted that the discharge capacity at
4.25 V was highly reversible with only 6 mAh g™ capacity loss over 50 cycles. More
importantly, NaMNCA showed good electrochemical performance at current density
of 100, 200, and 400 mA g*, delivering 78, 64, and 50% of the initial capacity

(Figure 2.12¢).
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Figure 2.12 (a) Cyclic voltammograms of NaMNC microflakes measured at a scan

rate of 0.5 mV s™; (b) cycling performance of NaMNC and NaMNCA at a current

density of 20 mA g*; (c) rate capability of NaMNCA at various current rates. *°
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2.2.2 Phosphate and fluorophosphate polyanionic compounds
2.2.2.1 Olivine NaFePQO,

Olivine NaFePO, has been thoroughly studied as it has the highest theoretical
specific capacity ((154 mAh g™) among phosphate polyanion cathode materials. In

addition, it is interesting that the electrochemical behavior of NaFePOy is quite

Figure 2.13 Crystal structure of (a) Na(Li)FePQO, (triphylite-type) and (b) NaFePO,

(Maticite-type).*’

different from electrochemical behavior of LiFePO,, even though they have the same
phase structure. As shown in Figure 2.13b, NaFePO, crystallizes in the maricite-type
structure as the thermodynamically stable phase. Its crystal structure is also closely
related to the olivine-type structure with a distorted hexagonal close packed (hcp)
oxygen lattice. In comparison with triphylite-type LiFePO, (Figure 2.13a), there is a
large gap in the ionic radii between Na and Fe, which results in significant distortion
of the hcp oxygen lattice. Iron ions are located at octahedral sites, and the FeOg
octahedra share edges, forming one-dimensional (1D) chains. The structure of 1D
chains of FeOg in the maricite phase is essentially the same as the 1D LiOg chains in
the triphylite phase. Sodium ions are located at large tetrahedral sites, which share

corners with PO, tetrahedra (Figure 2.13b). Since sodium sites are isolated in the
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structure as shown in Figure 2.28b, a large barrier for sodium migration is expected
in the maricite-type NaFePQO,. Indeed, the reversibility of Na extraction/insertion for
maricite-type NaFePO, as an electrode material seems to be unacceptable.*” *® In

contrast, triphylite-type NaFePO, (olivine), which is a metastable polymorph of

NaFePO,, is electrochemically active.*”*° Triphylite-type NaFePO, can be prepared

4.5

C
4

¢ 3.5

E (vs. Na/Na

0 0.2 0.4 x 0.6 0.8 1

Figure 2.14 Charge/discharge curves of NaFePO4 (triphylite-type) in N1Bs.*°

by an ion-exchange method from LiFePO,, including chemical and electrochemical
extraction of Li. Heterosite-type FePO, is formed without destruction of its core
structure. Na+ is correspondingly inserted into heterosite-type FePO, to form
triphylite-type NaFePO,, which possesses the same framework structure as
triphylite-LiFePQO,4. Triphylite-type NaFePQO, is stable below 480 °C under steady
nitrogen flow and is able to transform into maricite-NaFePO, on further heating
above 480 °C.”* *® The typical charge/discharge curves of triphylite-NaFePO, in a
Na cell* are shown in Figure 2.14. Nearly 1 mol Na ions is reversibly
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inserted/extracted into/from triphylite-NaFePO,. Since the ionic radius of the sodium
ion is much larger than that of the lithium ion, the unit cell volume of triphylite-
NaFePOy, is approximately 10% larger than that of triphylite-LiFePO,4. Two voltage
plateaus are observed on discharge (Figure 2.14). The open-circuit voltage on the
plateaus is observed to be between 2.87 and 2.97 V,* which is slightly lower than
that of ~ 3.1 V vs Na expected from LiFePO, (3.45 V vs Li). The appearance of two
voltage plateaus originates from the formation of an intermediate phase (a sodium-
ion ordered phase) in the form of Nag4FePO, (point B in Figure 2.14). Such an
intermediate phase is not generally found for LixFePO,4 under equilibrium conditions.
The larger interaction of Na ions, in comparison to Li ions, could result in the

9. 51 similar to the case of layered oxides.

occurrence of an intermediate phase,
Wang’s group prepared carbon-coated olivine NaFePO, (C-NaFePO,) spherical
particles by chemical delithiation and subsequent electrochemical sodiation of
carbon-coated olivine LiFePO, (C-LiFePO,).** From Figure 2.30a, C-NaFePO, can
deliver a reversible capacity of ~ 100 mAh g™ over 100 cycles, with the Coulombic
efficiency higher than 94%. Similar to Figure 2.14, two voltage plateaus appeared

during charge and only one for discharge. Poor rate capability is shown in Figure

2.15c and d, and it implies the poorer kinetics of C-NaFePO,at high rate.
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2.2.2.2 NASICON NazV2(PO4)3

Sodium vanadium (I11) phosphate, NazV2(POg4)s, has the sodium super-ionic
conductor (NASICON)-type framework structure consisting of corner-sharing FeOg
octahedra and PO, tetrahedra. It originates from Nay.xZr,P;—SixO12, Which has a
superior Na* network (Figure 2.16a). The name NASICON is an acronym for “Na*

super ionic conductivity”.>>*® Ordering of Na ions in NaszV2(PO.)s is observed to be

4.0.Window:2.3-39V 1C 0.2C

0.1C

od
o

Cell Voltage / V
w
o

2.5
- 40c 20c 10C
(a)
1-5 L Ll L] T L
0 30 60 90 120

Capacity / mAh.g”

Figure 2.16 (a) Crystal structure of NazV,(POy)s; (b) charge/discharge curves of

NasV,(PO,)s/C.*
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the NASICON-type framework structure.®* The full sodium-extracted phase
(V2(PQy)3) is prepared by chemical oxidation using Cl, gas without destruction of the
framework structure.”® LizV,(PO4); can be prepared by Na/Li* exchange from
NasVo(PO.)s, and its electrode performance in Li cells has been reported.**
Saravanan et al. reported the synthesis of carbon-coated nanosized NazV,(PO,)3 by a
solution-based approach. The NazV,(PO4)s/C delivers reversible capacity of 120
mAh g (Figure 2.16b) with excellent capacity retention.® Recently, Ji’s group
reported that the open three-dimensional framework of NASICON-type NVP has
two different Na sites, and that the ions extracted from the Na(2) sites would be
mainly responsible for its electrochemical performance. The ion occupation of 0.75
for all Na sites is suitable for the configuration of [NasV,(PO,)s]., and the two-step
extraction is accompanied by structural reorganization.>” The atomic structure and

kinetics of sodium insertion into NASICON Na,V,(PO,)s are studied in detail.®

2.2.2.3 Na3V2(PO4)2F3

As shown in Figure 2.17a, the framework structure of NasV,(PO,).F; comprises
VVO4F, octahedra and PO, tetrahedra, The VO4F, and VOsF octahedra share four
corners with PO, tetrahedra, forming V,(PO,).0.F and V,(PO,).F; layers. The
VO,4F; and VOsF octahedra in the V,(PO,4),02F and V2(PO,),F; layers further share
corners, forming the framework structure with two-dimensional (2D) paths for
sodium along the a-b plane. Recently, NazV,(PO,).Fs; has been revisited, and
excellent electrode performance has been reported.®®®! NazV,(PO,),Fs delivers 120
mAh g of reversible capacity (Figure 2.17b) with excellent cyclability and rate
capability. The two voltage plateaus appear at 3.6 and 4.1 V.*° The 2D diffusion

paths for sodium ions in NazV2(PO,).F3 were also evidenced by the results of first-
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principles calculations.”* NasV,(PO4),0.F, as an isostructural composite of
NazVo(PO4),F3, has been studied. NazVo(PO,4).0,F/graphene  composite
demonstrated a high reversible capacity of 120 mAh g™ over 200 cycles, showing
two plateaus at approximately 3.65 and 4.05 V on charge, and 4.0 and 3.6 V on

discharge.®
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Figure 2.17 (a) Crystal structure of NasV»(POy),Fs3; (b) charge/discharge curves of

NasV2(PO,) oF5 for the 1% and 10™ cycles.®®
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In summary, the most reported cathode materials with their reported capacities and

operating voltages for NIBs can be found in Table 2.1.
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Table 2.1 Summary of cathode materials with their reversible capacity and operating voltage for

sodium ion batteries.

Compound Reversible capacity (mAh g') Operating voltage (V vs. Na/Na™)
03-NaNiO, ~120 ~34.33. 30 24
03- NaFeO, ~80 ~34
03-NaCrO, ~100 Slope curve during 3.3-3.0
P2- NaxCoO, ~140 Multiple plateaux 2.25-3.75
P3- NaxCoO, ~130 2.25-3.75
03- NaxCoO, ~120 2.25-3.75
P2-Nay ¢7[Mng ¢5Ni 1:C0q 2]0; ~120 4.25,3.65,23
Olivine NaFePO, 154 ~2.9
NASICON Na;V,(PO,); 117 35
Na;V,(PO,),F3 130 36,41
Na;V,(PO,),0,F 120 3.6,4.0
P,-Na,[Fe,,Mn, ,]0; 190 ~2.75
03-Na[Ni, sFe;sMn, 5]0, 100 2.75
Nag 4,MnO, 160 ~2.75
Natg 45| Mg 6eNip 22C00 1105 141 2.3, 3.65,4.25
Na;V,0,,(PO2F; ,, 130 3.6,4.1
NaFePO,F 124 2.9-3.0
Na,FeP,0, 97 25,32
Na,MnP,0, 98 ~3.5
NaFeSO,F 138 35
Prussian blue analogues ~200 ~3.5
Polymeric cathodes ~173 ~32
Na,V,(P,0),PO, ~80 39
Na,Fe,y(S0,): ~100 3.8
Nay[Fe, ;Mn, jJPO,E ~110 3.36, 3.04, 2.86
P2-Na ,Lij ;Nip 25Mng 7505 ~100 2.0-42
Nags[NiysMn,y ;Ti;6]0; 127 3.7
03-NaVO, ~120 2
P2- Na,,VO, ~120 2
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2.3 Negative electrode materials

Significant progress on negative electrode materials for NIBs has been made during
the past several years, extending from carbonaceous materials to alloy materials,
phosphorus and phosphides, and metal oxides and sulfides. As shown in Figure 2.18,
when various anode materials are paired with P2-Nay;sFe;,Mny,0, cathode, the
specific and volumetric energy densities of sodium full cells can reach 80-200 W h
kg™ and 120-550 W h L™, respectively. When high-capacity anodes, such as P, Sn, or
SnO,, were applied, the energy density of NIBs was comparable to the performance
of commercialized LIBs (150-200 W h Kg ™, 400-650 W h L™). Since the electrode
potential is generally low around 0-1 V vs. Na/Na", decomposition of the electrolyte
solution at the negative electrode is a serious issue in terms of realizing long cycle

life for battery applications. Therefore, selection of binders, additives, and electrolyte
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Figure 2.18 Theoretical gravimetric and volumetric energy densities of full cells
with various reported anode materials paired with P2-Na,/sFe1,,Mn1,0, cathode for

Na-ion batteries. The region of the yellow ellipse represents the energy density of

commercialized LIBs.%
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has a significant impact on the electrochemical behavior of negative electrodes,
which is associated with the formation of surface passivation layers, namely, the

solid electrolyte interphase (SEI) film.%

2.3.1 Carbon materials
2.3.1.1 Graphite

Graphite is used as the commercial anode for LIBs due to its high gravimetric and
volumetric capacity. It is electrochemically less active in NIBs, however, since Na*
ions do not intercalate between carbon sheets.®>® Recently, Kim. et al reported

unusual Na*-solvent co-intercalation behavior in natural graphite in 2014.% As
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Figure 2.19 (a) Proposed schematic of Na storage in nature graphite using selected

electrolyte systems; (b) Cycling performance of natural graphite at 500 mA g .

shown in Figure 2.19a, the ether-based electrolyte, diethylene glycol dimethyl ether

(DEGDME), has a high donor number. Ether-based electrolytes with a high donor

59



number can form stable Na* solvated species with non-polar characteristics for co-

intercalation into natural graphite.

In addition, ether-based electrolytes could suppress electrolyte decomposition,
resulting in the formation of a negligible SEI film on the graphite surface, enabling
Na'-solvent transport to the graphite lattice. On the other hand, carbonate-based
electrolytes form relatively thick insulating SEI layers on the graphite surface, which
block Na*-solvent transport. Natural graphite delivered a reversible capacity of ~ 150
mAh g and the voltage could be varied from 0.6 V to 0.78 V (vs. Na/Na*) by
adjusting the chain length of the electrolyte solvents. Without any modification or
treatment, natural graphite exhibited excellent cycling stability (~ 2500 cycles) and

rate capability (~ 100 mAh g™ at 5000 mA g™).

2.3.1.2 Hard carbon

Hard carbon (HC) is composed of two domains, that is, carbon layers (graphene-like)
and micropores (nanosized pores) formed between disorderly stacks of carbon layers.
The electrochemical reversibility of Na insertion/extraction into/from HC at room
temperature was first reported by Stevens and Dahn in 2000.° They prepared a HC
sample by carbonization of glucose at 1000 °C, which delivered ~ 300 mAh g* of
reversible capacity in Na cells. Zhao et al.*® fabricated HC by carbonization of
organic polymer compound with an aromatic ring at 1600 °C, delivering a capacity
higher than 300 mAh g™. In contrast to graphite, a much higher amount of Na ions

1.”° demonstrated

can be reversibly inserted into hard carbon. Recently, Ponrouch et a
a capacity of ~ 326 mAh g at C/10 for HC anode with large particle size and low

degree of graphitization prepared through pyrolysis of sugar. It maintained excellent
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capacity retention (~ 300 mAh g* after more than 120 cycles) and rate capability (~
230 mAh g* at 1C). A possible reaction mechanism is proposed, in which sodium
ions are firstly inserted into the extended interstitial space, sandwiched between
hexagonally bonded carbon layers, then further inserted into the micropores.’""
Meanwhile, some carbonaceous materials with disordered structure have been
investigated. The reversible capacity of hollow carbon spheres reached 200 mAh g™
at a current density of 50 mA g™.”® Hollow nanowires showed 251 mAh g*
reversible capacity for 400 cycles at 50 mA g™*.”* Hollow nanotubes deliver 250 mAh
g™ reversible capacity at the same current of 50 mA g™ but over a narrower voltage
range of 1.2-0.01 V vs. Na'/Na with 82% capacity retention for 400 cycles. The
good cyclability is attributed to the short diffusion distance that sodium ions need to
travel in the hollow carbon and the quite large average graphitic interplanar distance

in the as-prepared nanowires. The N-doped material polypyrrole has also acted as the

precursor for the synthesis of N-doped carbon nanosheets,”® which exhibited larger
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capacity (~ 300 mAh g?) than the nanofibres at the low current density of 50 mA g™,
but only 50 mAh g* at 20 A g*. Nevertheless the capacity retention over 10 cycles

was less than 70 %.

2.3.2 Alloy materials
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Figure 2.21 (a) Theoretical gravimetric capacity estimated from phase diagrams for
alloy materials; schematic illustrations of the most Na-rich phases for Si and Ge (b),

Snand Pb (c), and P, As, and Sb (d). Data derived from ref”.
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Metals (Sn, Pb, Bi), metalloids (Si, Ge, As, Sh), and a polyatomic non-metal (P), are
known to form binary compounds with Na. These electrode materials, alloying with
Na or forming Na binary compounds, have been recently studied as potential

negative electrodes,”®®

which offer a much higher capacity than carboneous
materials. Large volume expansion, depending on the amount of Na ions
incorporated into the structure, is unavoidable in this system, while in many cases the
volume expansion for Na insertion materials does not exceed 120%. Therefore,
during successive cycles of charge/discharge the alloying/dealloying material suffers

from high mechanical stress and repeated passivation. The cracking in the composite

electrodes leads to a loss of electrical contact and results in capacity loss.

2.3.2.1 Sb-based

Recently, many research groups have demonstrated that Sb features excellent
electrochemical performance such as very stable capacity retention over 100 cycles
and high reversible capacity of about 500-600 mAh g™.8-% In particular, despite the
micronscale size of the bulk Sb particles used, Monconduit’s group.®” demonstrated
that Sb reversibly alloys with Na, forming NasSb, and showed the excellent cycling
performance of Sh, with even better cycling performance for NIBs than for LIBs.
They suggested that the better cycle performance of Sb for NIBs is caused by the
smaller volume change exhibited by Sb during the insertion/de-insertion of Na* ions
compared to that during the insertion/de-insertion of Li* ions. Reduction in the
volume change improves the cycling performance because large volume changes
lead to cracking and pulverization of the alloy materials and deformation of the

|'81

electrodes, resulting in severe capacity fading. Baggetto et al.”" suggested that the

better cycling performance of Sb for Na-ion batteries can attributed to the reduced
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Table 2.2 Typical alloying reaction of Sb with Li and Na in electrochemical cells( ¢: crystalline; a:

amorphous )

Na Li
Discharge ¢-Sb — a-NaSb ¢-Sb — ¢-Li,Sb
aNaSb —» ¢-Na,Sb (hex) ¢-Li,Sb —> ¢-Li,Sh
Charge ¢-Na;Sb (hex) —> a-Sb ¢-Li;Sb —> ¢-Sb

anisotropic mechanical stress due to the repeated formation of only one crystalline
phase for Na (NasSb) as opposed to the repeated formation of three crystalline phases
for Li (Sb, Li,Sh, Li3Sb), as shown by the reaction mechanism of Sb for Na and Li
(Table 2.2). In particular, Sb is transformed into hexagonal NasSb through
amorphous NasSb during sodiation, while it is changed into cubic LisSb through
Li,Sb during lithiation. The improved cycling performance was also suggested to be
caused by the formation of stable SEI layers composed of thin NaF-like or fluroalkyl
carbonate due to the addition of the fluoroethylene carbonate (FEC) additive. This
compact SEI film can protect the Sb particles from the volume changes of the alloy
particles during repeated charge and discharge cycling.* As shown in Figure 2.22,
the Sb/C electrode in the electrolyte with 5% FEC exhibited superior cycling stability

than the electrolyte without FEC.
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Figure 2.22 Cycling performance of Sb/C anodes in electrolytes with and without

FEC additive.®*
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2.3.2.2 Sn-based
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Figure 2.23 Three a-NasSn phases in the single-phase sodiation. Electron diffraction
pattern (EDP) of (a) the first a-NasSn, (b) the second a-Na,Sn phase, and (c) the third
a-Na,Sn phase; (d) schematic illustration of the structural evolution of Sn

nanoparticles during the sodiation process.®!

According to in-situ transmission electron microscope (TEM) analysis results (Figure
2.23), electrochemical alloying/dealloying for the Na—Sn system occurs in a series of
phase transitions.®* Sn nanoparticles (80-400 nm) were first sodiated to form
amorphous NaSn; and Na-rich amorphous phases such as a-NagSn, and a-NazSn
through a two-phase reaction and a one-phase reaction, respectively. Afterwards,
crystalline NajsSn, was finally obtained after full sodiation. The in situ TEM analysis
also showed that Sn nanoparticles are expanded by about 420% after full sodiation,
and this volume change is detrimental to the cycling performance of Sn. In order to
address this large volume change of Sn, polyacrylic acid (PAA), a three—dimension
cross-linkable binder, is utilized to inhibit the deformation of electrodes. Furthermore,
when FEC is added to the electrolyte, the performance of the Sn electrode with PAA

is further improved, owing to the formation of a stable SEI. The cycling performance
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of Sn in Na-ion batteries was dependent on the voltage cut-offs shown in Figure 2.24.
As the upper voltage limit was changed from 1.5 V to 0.8 V, the capacity retention

was greatly improved.®
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Figure 2.24 Charge/discharge curves for selected cycles of Sn-PAA electrodes in (a,
b) FEC-free and (c, d) FEC-containing electrolyte with the cut-off voltages of (a, c)
1.5-0.0 V and (b, d) 0.85-0.0 V. The inset to (d) shows the corresponding cycling

performance.®

2.3.2.3 Phosphorus-based materials

In 2013, Lee and co-workers reported for the first time that amorphous red
phosphorus/carbon composites showed excellent electrochemical performance in Na-
ion batteries.?® The amorphous red phosphorus/carbon composite powders were
obtained by mechanical ball milling using amorphous red phosphorus (P) and Super
P carbon. The composite delivered the highest reversible capacity (~ 1890 mAh g*)

among all reported anode materials for NIBs. The high reversible capacity and low
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redox potential of phosphorus enable Na-ion batteries to have energy densities
similar to those of Li-ion batteries. The P/C composite also showed good rate
performance, delivering 1540 mAh g™ with stable cyclability over 30 cycles at a
current density of 2.86 mA g™. Ex-situ XRD analysis of the P/C composite during
sodiation and desodiation revealed that NasP is formed after full sodiation, which
results in a volume change of 491 % between P and NasP. It is well known that PAA,
carboxymethyl cellulose (CMC), and alginate binders are effective in
accommodating the large volume changes of high-capacity anode materials such as
Si for Li-ion batteries.?> ® Phosphorus is also an insulator with very poor electrical
conductivity (~ 1x10** S cm™), and thus the addition of electrically conductive
materials such as carbon to phosphorus is necessary to improve the electrochemical
performance of phosphorus in Na-ion batteries. Independently and simultaneously,
Qian et al.®* reported that an amorphous red phosphorus and carbon composite
obtained by ball-milling showed excellent electrochemical performance, including, a
high reversible capacity of 1750 mAh g and a stable cycle performance over 140
cycles. The improved cycling performance is ascribed to the formation of stable SEI
layers because of the addition of the FEC additive. As demonstrated for alloy-based
materials, the FEC additive was effective in enhancing the cycling performance of
phosphorus. In addition, Li et al.”? demonstrated that a simple mixture of phosphorus
and carbon nanotubes (CNTs) obtained by hand-grinding showed good
electrochemical performance, but its performance was worse than that of the
phosphorus/carbon composite obtained by the mechanical ball milling. Recently,
Komaba and co-workers also examined the role of FEC in the electrochemical
performance of phosphorus.”® A more stable reversible capacity of 1890 mAh g* was

obtianed in the phosphorus—carbon composites studied, which were prepared with
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PAA binder; and ex-situ XRD data show the formation of NasP at the end of
discharge.® In addition, Monconduit and co-workers™ examined NiP; for the first
time as an anode in Na-ion batteries, and it delivered a high reversible capacity of
1000 mAh g™ with a capacity loss of 11% after 15 cycles. Lee and co-workers™
recently reported that SnsP3; showed excellent electrochemical performance for Na-
ion batteries. Sn4P; delivered a reversible capacity of about 700 mAh g* and
exhibited very stable cycling performance with negligible capacity fading over 100
cycles. Qian et al. and Li et al. also have recently examined the electrochemical

performance of Sn,P3.% %

2.3.3 Metal oxides and sulfides

The sodium-storage mechanisms for metal oxides and sulfides can be divided into
two types. In the first type of reaction, the M in MjyX, is an electrochemically
inactive element such as Fe, Cu, Ni, or Co, and X is O or S. The

sodiation/desodiation of these oxides proceeds via a conversion reaction:
MaXp+ 2nNa + 2ne- < aM + b Na,X (X =0, S) (2.1)

As shown in Figure 2.25, this type of reaction results in small volume change,
usually leading to high capacity. Most metal oxides with inactive metal elements
usually deliver relatively small reversible capacities of less than 400 mAh g, in
spite of their high theoretical capacities, for example, 1007, 674, 715, 1117, and 890
mAh g for Fe,03, CuO, CoO, MoOs, and NiCo,0., respectively. Nanostructured y-
Fe,O3/a-Fe,05 agglomerates delivered a reversible capacity of 300 mAh g ™ with
stable cycling performance over 60 cycles, while they showed a high polarization

of > 1 V in the voltage profile.®® The reversible capacity of FesO, for Na-ion
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batteries was also compared with that for Li-ion batteries, and it exhibited about 400
and 900 mAh g*, respectively.® MoOs'® and spinel NiC0,0,°" ** also was
reported, showing smaller reversible capacities (410 and 200 mAh g, respectively)
than the theoretical values. In contrast, various transition metal sulfides, such as FeS,

(pyrite),'* CuS,"™ NisS,,
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Figure 2.25 Schematic representation of reaction mechanisms for metal oxides and

sulfides in sodium-ion batteries.

1% and MoS; % have shown promising electrochemical performance. FeS, and NisS,
delivered high reversible capacities of 630 mAh g™ at about 1.3 V and 420 mAh g*
at about 0.9 V, respectively. The reversible capacity of MoS, depended on the size of
the MoS; particles and the species of carbon in the composite. The MoS, embedded
in carbon nanofibers obtained by electrospinning had lateral dimensions of 4 nm and
a thickness of 0.4 nm (Figure 2.26d) and delivered 1267 mAh g™ at a current density
of 100 mA g*. The material exhibited excellent cycling stability at high current
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densities (Figure 2.26e). The capacity was 484 mAh g™ at a current density of 1 A g™
after 100 cycles, while the value was 253 mAh g™ even at a current density of 10 A

g% Meanwhile, MoS,/RGO composite was also studied, which showed a

reversible capacity of about 400 mAh g*.1%
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Figure 2.26 (a) TEM- bright field (TEM-BF) micrograph. (b) High resolution TEM
(HRTEM) showing the ultrathin MoS, embedded in the carbon nanofiber. (c), (d)
Corresponding HRTEM images from the marked region in (b) and (c), respectively,
to show the detailed structure of single-layered ultra-small MoS, embedded in the
amorphous carbon; (e) cycling performance at different current rates of a single-

layered MoS,-carbon nanofiber composite for sodium batteries *°’

In the second type of reaction shown in Figure 2.25, the sodiation/desodiation of
these oxides and sulfides proceeds via a conversion reaction and a further alloying

reaction:
MaXp+ 2n Na + 2 ne- < a M + b Na,X (X=0, S) (2.2)
M+ m Na + m e- & NapX (2.3)

The reaction and failure mechanisms of SnO, were studied by in situ TEM analysis
with density functional theory calculations.'®® During the discharge process
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(sodiation), SnO, nanowires were changed into amorphous Na,Sn nanoparticles
dispersed in the Na,O matrix. Then, crystalline Na;sSn4 was formed accompanied by
a large volume expansion (>100% increase in diameter) after full sodiation. During
the discharge process (desodiation), Na;sSns was transformed into Sn nanoparticles
confined in a hollow matrix of Na,O, as shown in Figure 2.27f. The formation of
pores after desodiation increases the electrical impedance because of poor contact

between the Sn and Na,O, resulting in capacity fading.
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Figure 2.27 (a) Scanning TEM (STEM) Z-contrast image showing the reaction front
of the SnO; nanowire; and STEM — electron energy loss spectra (STEM-EELYS)
showing: (b) Sn M edge and (c) Na K edges obtained with the electron beam
positioned in the particle with a higher brightness in the Z-contrast image; (d) O K
edge and e) Na K edge with the electron beam positioned in the Na,O matrix region
close to the surface, which gives a low brightness in the Z-contrast image; (f)
schematic drawing showing the evolution of morphology the SnO, nanowire upon

Na insertion and extraction.'%
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Sh,0, thin films were also reported to deliver high reversible capacity of about 800
and 600 mAh g™ at 1/70 and 1/10 C-rates, respectively.'*® RGO/Sb,S; composite
showed a capacity of about 670 mAh g, with capacity retention of 495 % after 50
cycles.™™ The reactions between Sh,S; and sodium are expected to follow the

equations as below:
Conversion reaction: Sh,S;z + 6Na’ + 66" — 2Sb+3Na,S (2.4)
Alloying reaction: 2Sb + 6Na’ + 6e- — 2NasSh (2.5)

Through the same reaction mechanism, SnS@graphene composite also exhibited
outstanding capacity stability, which delivered a specific capacity of 940 mAh g*

after 50 cycles at 30 mA g, with capacity retention of 92.4 %2

In conclusion, the main problem for Na alloys and compounds as electrode materials
lies in the volume expansion of electrode materials correlated with destruction of the
structures of starting materials in the reaction with Na. There are more tough
challenges in the Na system compared with the Li system because the molar volume
of Na is much larger than that of Li. The current research is essentially to control at
least the unfavourable effects of volume changes of the electrodes during cycling and
to suppress the loss of electronic conduction in the composite electrodes. These
issues greatly penalize the cycling life and the kinetics of the charge/discharge
reaction for batteries containing these electrode materials. Further optimization of
alloy compositions and structures and careful study of the structural changes for the
different alloy phases during the electrochemical reactions will lead to further

improvement of the electrochemical performance. In addition, selection of binders
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and electrolytes, which affect the interphase of the electrode materials, is an effective

strategy as well.
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2.4 Electrolytes

Electrolyte is a key component for battery performance, since it is directly associated
with the formation of SEI film and the electron transfer. As compiled for electrolytes
of LIBs, a good electrolyte should exhibit: (i) good ionic conductivity, (ii) a large
electrochemical window (i.e., high and low onset potential for electrolyte
decomposition through oxidation and reduction at high and low voltages,
respectively), (iii) no reactivity towards the cell components, and (iv) a large thermal
stability window (i.e. melting point and boiling point lower and higher than the
standard temperatures for cell utilization, respectively). Finally, it should be
intrinsically safe, have as low toxicity as possible and meet cost requirements for the
targeted applications. All these features are intrinsically dependent on the nature of

the Na-salts, the solvent(s) and the possible use of additives.

2.4.1 Sodium salts

The choice of Na-salts mainly affects the electrochemical stability and ionic
conductivity. The choice of solvents decides the ion transport in total. Mostly the
total ionic conductivity is expressed as the sum over all species i of the electrolyte for
the 3-part product of: the number of charge carriers, n;, their mobility, m;, and their
charge, zj. The problematic point is that while the total ionic conductivity is easily
measured, the ion transport itself, and more importantly, the part carried by the
species of interest during migration, here Na®, is cumbersome to attain. The sodium

transference number (tna) that quantifies the Na transport is defined as:

tNa =tNaY i (2.6)
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where u is the relevant chemical potential. Rapid enough ion transport across the
electrolyte is one of the fundamental requirements for operation at high power. This
is dependent both on a fast enough ion transport in the bulk, to reduce polarisation
resistance, and on the delivery and kinetics of the ion intercalation processes at the
electrodes (charge transfer) including the transfer across the interfaces. The bulk ion
transport properties will somewhat differ from LIBs to NIBs by virtue of different
solvation shells, with Na" often exhibiting larger coordination numbers in solution

than Li".

Table 2.3 Basic properties of the most commonly used Na-salts fro NIB electrolytes

Salt Anion chemical structure M, [gmol '] Tw [°C] (Li-salt) o [mS em™ [ (Lisalt)
1T
NaClO, o/ic"o 122.4 468 (236) 6.4 (5.6)
]
F
NaBF, F',}\' 109.8 384 (293) (3.4)
F
£ -
Fe \/F-I
NaPF, F"T\F 167.9 300 (200) 7.98 (5.8)
F
:1\\ _I—
F, 0
NaTf \ S 1721 248 (>300) (1.7)
N \\o
F
A LN A
NaTFSI N AN 303.1 257 (234) 6.2 (5.1)
~ 00 r/ ™~
51~
\ ,N\Sfl
—
NaFSI P~ \B 01? \r 203.3 118 (130)

%1 M NaX (LiX) in PC at 25 °C.

All the commonly used Na-salts are shown in Table 2.3, ClO, is a strong oxidant and
therefore more or less banned for any practical cell development; BF, produces less
conductive electrolytes by virtue of a stronger interaction with the cation, and thus,
fewer charge carriers are present; PFs while being the anion of choice (the best
compromise candidate) for LIBs has severe safety issues, especially at elevated

temperatures and in the presence of moisture, suffering hydrolysis to yield PFs, POF3,
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and HF; trifluoromethane sulfonate (Tf) has the same main problem as BF4 (less
conductive electrolytes), and also corrodes the aluminium current collectors, which is
also the main problem for the academically popular
bis(trifluoromethanesulfonyl)imide (TFSI) anion. The corrosion has an onset

potential at ~ 2.7 VV vs. Li/Li* for Tf in a LIB electrolyte.**?

2.4.2 Solvents

The solvents also need to comply with most of the prerequisites already set for the
Na-salts: stable, non-toxic, inexpensive, etc. In addition, the presence of polar groups

to dissolve sufficient amounts of Na-salt is a compulsory feature. The families of
Table 2.4 Solvents commonly used. Tm, Tb, Tf, 1, &, and AN/DN stand for the melting point,

the boiling point, the flash point, the viscosity, the dielectric constant and the acceptor and
donor numbers, respectively.

Solvent Tem [°C) Ty (°C) ¢ (°C) n (cP) 25 °C £25°C AN (DN)

G-

Ethylene carbonate
(EC)

36.4 248 160 1.9 (40°C) 89.78 (16.4)

48.8 242 132 2353 64.92 18.3 (15.1)
Propylene carbonate

(PC)
\O/LO/

Dimethyl-carbonate
(DMC)

1.6 91 18 0.59 3.107

o
N 0)\0/\
Diethyl carbonate
(DEC)

-~
/\Oiﬁ 53 110 0.65 2,958

Ethylmethyl carbonate
(EMC)

Mo, 0,
™~ N
o/\'/ Me
Dimethoxyethane
(DME)

743 126 3 0.75 2.805 (16.0)

58 84 0 0.46 7.18 10.9 (18.6)

H ,CD/\’O\/\OCH,
Diethyleneglycol 64 162 57 1.06 7.4 9.9(19.2)
dimethylether
(Diglyme)

MVWW%
Triethylene glycol
dimethyl ether
(Triglyme)

16 216 111 3.39 7.53 10.5 (14)
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organic solvents investigated are much the same as those used for LIBs:*** organic

carbonates (linear and cyclic), esters and ethers, for which the most significant
properties are listed in Table 2.4. The electronic acceptor/donor capability of a

solvent is important as it will influence the electrochemical stability window.™

2.4.3 Additives

The third major component is additives, which are basically new chemicals in small
amounts used to address shortcomings of the original electrolyte. The limited amount
needed originates from the preferred reactions taking place at the
electrolyte/electrode interfaces rather than in the bulk of the electrolyte. Typical
interface/surface actions by an additive are to modify the SEI, increase the wetting of
the surface, and protect towards overcharging events by redox shuttles taking on the
extra charge. There are also additives with actions that are more global to the
electrolyte, including flame-retardants, fluidity enhancers/viscosity decreasers,
impurity or radical scavengers, etc. Several common additives in LIBs were studied
for NIB electrolytes,*”® including fluoroethylene carbonate (FEC), vinylene
carbonate (VC), ethylene sulphite (ES) and transdifluoroethylene fluorinated EC
(DFEC). The results pointed to a clear advantage of FEC with respect to the others.
The film-forming additive, FEC, is noticeably effective to achieve good reversibility
of the Na insertion in hard carbon with PC electrolyte, which is presumably
associated with formation of a stable passivation layer at the surface of the hard
carbon.® ** The addition of FEC was proven to be detrimental in the electrolytes to
allow the formation of a high quality SEI film, such as EC:PC, ™ for which a
decrease in the reversible capacity and Coulombic efficiency by FEC addition was

reported. The reduction process would not be able to access the low potential plateau
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(at ~ 0.1 V vs. Na/Na") region probably due to the highly resistive nature of the
surface layer formed by FEC addition with EC/PC mixtures. According to the
research, the benefits of FEC stand out for electrode materials undergoing significant
volume change, including SnO,, Sn, Sh, SnSh, Sh,Ss, M0S,, and red phosphorus.”
87,88, 111, 116, 117 \water contamination might affect the different influence of FEC.
Interestingly, VC, very effective in the field of LIBs, was not found to act in the

same way for NIBs.

2.4.4 General electrolytes
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Figure 2.28 Conductivity (black bars and left-hand-side y axis) and viscosity (green
bars and right hand side y axis) values of (a) PC based electrolytes with 1 M of
various Na salts and (b) electrolytes based on 1 M NaClO, dissolved in various

solvents and solvent mixtures (LP30: 1M LiPFg in EC:DMC).*®
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Ponrouch et al.*® did a systematic study on those electrolytes as well, Figure 2.28
illustrates a comparative survey of electrolytes prepared using several solvents (PC,
EC, DMC, DME, DEC, THF and triglyme) and solvent mixtures (EC:DMC,
EC:DME, EC:PC, and EC:triglyme) in combination with different Na salts, namely

NaClO,, NaPFg, and NaTFSI.

The conductivity values for PC-based electrolytes (Figure 2.28a) are relatively
similar, ranging from 7.98 mS cm™ for NaPFs to 6.2 mS cm™ for NaTFSI and
intermediate for NaClO,4. This dependence upon the nature of the anion is consistent
with what was previously reported for Li-based electrolytes.*™ It is associated with
the lower polarizing character of the PFg anions, which would improve salt
dissociation and enhance ionic mobility. In contrast, larger ionic conductivity
variations were found by fixing the salt (NaClO,4) and changing the nature of the
solvents with o values following the trend EC:.DME > EC:DMC > EC:PC >
EC:triglyme > EC:DEC > PC > triglyme (Figure 2.28b). These results confirm that
single-solvent-based electrolytes show much lower conductivity than binary-solvent-
based electrolytes, this being true even for PC, which presents a very high dielectric
constant value of 64.92. The addition of EC as a co-solvent strongly improved the
ionic conductivity in all cases. The lowest ionic conductivity for binary mixtures was
measured for EC:DEC (~ 6.35 mS cm™) and the highest for EC:DME (~ 12.55 mS
cm™). Such differences in the values of ionic conductivity were found to be
proportional to the dielectric constant of the EC co-solvent (PC > triglyme > DME >
DMC > DEC, see Table 2.4). The only exceptions to this trend are PC and triglyme-
based electrolytes which present lower ionic conductivity, most certainly due to their

higher viscosity values as compared to other co-solvents (PC > triglyme > DEC >
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DMC > DME). In conclusion, the nature of the co-solvent can enhance ionic
conductivity through improving the dissociation of the salt (if the dielectric constant
is high) and/or by lowering the viscosity of the resulting electrolyte and thus
improving the ionic mobility. Similar viscosity values of about 6.8 cP are observed
for PC-based electrolytes with 1 M NaTFSI, NaClO,4, or NaPFg (Figure 2.28a),
which indicates that counter anions of Na-salts do not have a significant effect on the
viscosity. On comparing the values measured for various solvents and solvent
mixtures with 1 M NaClO, (Figure 2.28b), the viscosity of single solvent-based
electrolytes (i.e. 1 M NaClO,4 in DMC, triglyme or PC) follows the same trend as for
the solvent alone (PC > triglyme > DMC, see Table 2.5). The same observation has
been made for binary solvent EC-based electrolytes (with 1 M NaClQ,), with their
viscosities being proportional to that of the co-solvent, thus following the trend:
EC:PC > EC:triglyme > EC:DEC > EC:DMC > EC:DME. Amongst single solvent
based electrolytes (i.e. 1M NaClO, in DMC, triglyme or PC), PC possesses the
highest ionic conductivity and the highest viscosity, which confirms that dissociation
of the salt is the key parameter (i.e. high dielectric constant value). In contrast, for
binary solvent-based electrolytes (i.e. 1 M NaCIlO, in EC:PC, EC:triglyme, EC:DEC,
EC:DMC or EC:DME) the highest ionic conductivity is recorded for EC:DME even
though DME does not exhibit the highest dielectric constant value (Table 2.4), yet it
presents the lowest viscosity among all the binary-solvent-based electrolytes. This
confirms that ion mobility is the most important factor here (i.e. low viscosity value),

with the presence of EC already allowing good dissociation of the salt.

Figure 2.29 demonstrates the electrochemical stability window for all the electrolyte

formulations studied. A combined plot (Figure 2.29b), which also lists the also
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thermal stability values for those exhibiting suitable ionic conductivities and
viscosities (Figure 2.28), allows the primary selection of the most suitable
electrolytes for use in sodium ion cells. Rather than being rooted in thermodynamics,
electrolyte inertness on active electrodes is usually related to kinetic limitations and

the existence of chemical passivation layers.
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Figure 2.29 Electrochemical potential window stability (black bars and upper y axis)
and thermal range (green bars and lower y axis) values of (a) PC based electrolytes
with 1 M of various Na salts, and (b) electrolytes based on 1 M NaClQO, dissolved in

various solvents and solvent mixtures.*
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CHAPTER 3 EXPERIMENTAL METHODS

3.1 Experimental procedures

The research work in this thesis follows the procedures described in Figure 3.1.
Firstly, various active anode materials were synthesized via simple methods that are
easy to scale up, such as chemical reaction and the hydrothermal method.
Furthermore, different physical characterization techniques were carried out to
confirm and observe the properties of the as-prepared samples, including X-ray
diffraction (XRD), scanning electron microscopy/ transmission electron microscopy/
energy dispersive X-ray spectroscopy (SEM/TEM/EDS), Raman spectroscopy,
thermogravimetric analysis (TGA), and the Brunauer-Emmett-Teller (BET) surface
area analysis technique. Finally, the corresponding electrochemical performance for
Na-storage was explored, involving galvanostatic cycling, cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS). Moreover, some physical
characterization techniques (SEM, X-ray photoelectron spectroscopy (XPS), and
XRD) were conducted to observe the morphology change and detect the possible

reaction mechanism.
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Material synthesis

Physical characterization
Electrode preparation &
cell assembl

Electrochemical testing

Ex-situ characterization

Figure 3.1 Outline of experimental procedures and techniques conducted in this

thesis.
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3.2 Chemicals

The chemicals used in this thesis are summarized in details in Table 3.1.

Table 3.1 List of chemicals used in the thesis.

Purity

Chemicals Formula (%) Supplier
Acetone (CHs),CO 99 Ajax Finechem
Aluminium foil Al N/A Vanlead Tech
Timcal
Carbon black C Super P graphite&Carbon
Copper foil Cu N/A Vanlead Tech
CR2032 type coin cells N/A N/A China
i Sigma  Aldrich,
Diethyl carbonate (DEC) CsH1003 99+ Australia
Q-store,
Ethanol C,HsOH Reagent Australia
O\ _-0 Sigma  Aldrich,
Ethylene carbonate (EC) Qf 99 Australia
F
Fluoroethylene carbonate Sigma  Aldrich,
Oj(o N/A Australia
o]
Sigma  Aldrich,
Glucose C1oH2,01; 99 Australia
: Sigma  Aldrich,
Graphite C N/A Australia
Sigma  Aldrich,
Hexane CH3(CH2)4CH3 95 Australia
Hydrochloric acid HCI 36.5 Sigma . Aldrich,
Australia
. Sigma  Aldrich,
Hydrogen peroxide H,0, 30 Australia
- 5 ppb |\ piu
Milli-Q Water H,O (TOC) Millipore, USA
. Sigma  Aldrich,
Molybdenum(IV) sulfide MoS; 99 Australia
Multi-wall carbon
nanotubes (MWCNTYS) ¢ % NanoAmor
25 M| .. .
n-butyl lithium solution | "o~ |in Sigma _ Aldrich,
hexanes Australia
Nitric acid HNO; 69 Sigma_ Aldrich,
Australia
. C\A\ Sigma  Aldrich
- o (0] y
N-methyl-2-pyrrolidone EH 99.5 Australia
3




[ O OH]
Poly (acrylic acid) \\L Sigma  Aldrich,
(MW=130,000) L N/A Australia
- “n
—IT Il:_
Polyvinylidene difluoride LA~ Sigma  Aldrich,
(MW=543,000) ¢—¢ NIA | Australia
[H F ],
. Sigma  Aldrich,
Potassium permanganate KMnQO4 99 Australia
CH;
/ ( Sigma  Aldrich,
Propylene carbonate O\[(O 99.7 Australia
@)
Sodium carbonate Na,COs 99 Sigma . Aldrich,
Australia
RO
Sodium  carboxymethyl RO RS | R_tar N/A Sigma  Aldrich,
cellulose (MW = 90,000) oy L 0 Australia
RO '\)Loma
OR
Sqdlum pubes (stored in Na 99.9 Sigma _ Aldrich,
mineral oil) Australia
Sodium ingot Na 99.95 Sigma . Aldrich,
Australia
Sodium nitrate NaNO; 99 Sigma . Aldrich,
Australia
Sodium perchlorate NaClO, 98 Sigma . Aldrich,
Australia
L Sigma  Aldrich,
Sulfuric acid H,SO, 98 Australia
Sulfur S 99.5+ Sigma . Aldrich,
Australia
Tin (1) chloride dihydrate | SnCl, 2H,0 96 Fluka, Australia
. o Sigma  Aldrich,
Tin (1) chloride dihydrate | SnCl, 2H,0 96 Australia
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3.3 Methodology and theory of experiments

3.3.1 Liquid exfoliation

Liquid exfoliation is a process of exfoliating layered materials into mono- or few-
layers by chemical reaction or intercalation. Such a technique involves introducing
guest species in-between the gaps of the host layered materials then separating them.
Specifically, graphene oxides were prepared by a modified Hummers’ method,
treating graphite with a mixture of sulfuric acid (H,SO,), sodium nitrate (NaNO3),
and potassium permanganate (KMnQ,). Strong acids are able to insert themselves
into the interlayer space of graphite, leading to oxidation of the graphite, enlargement
of the layer distance, and disorder of the layered structure. Molybdenum disulfide
(MoS,) is a black inorganic layered material with a structure similar to that of
graphite. From a similar viewpoint, n-butyl lithium was utilized to intercalate into
MoS; interlayers. When the interacting lithium was washed out from LixMoS,,
higher disorder degree and larger interlayer distance could be achieved. In addition,
ultra-sonication is an important procedure for realizing better exfoliation and
guaranteeing homogeneous dispersion. Meanwhile, centrifuging is a key step to

remove un-exfoliated impurity.

3.3.2 Hydrothermal method

The hydrothermal method is a process to gradually crystallize substances from high-
temperature aqueous solutions at high vapour pressures. This method is extremely
efficient for crystal growth and nanomaterials synthesis. As shown in Figure 3.2, the
device consists of a polytetrafluoroethylene (PTFE) vessel and a stainless steel
protector. The composition, morphology, and crystal structure of the products is

associated with several factors. The volume of the solvent is related to the pressure of
99



the autoclave. Generally, the solution volume is controlled to be below 2/3 of the
volume of the Teflon-liner due to the safety issue. The concentration of the
precursors is responsible for the size and morphology of the products. The
temperature for hydrothermal synthesis is a key parameter as well, directly deciding
the final resultant. Thus, the relevant parameters should be considered in order to

fabricate target materials.

Pressure plate

Cap screw
/ p

Screw cap

Rupture disc and
corrosion disc

"/ PTFE cover
Solution — W and cup

\ J /7,
> e

S #

Bottom plate

Figure 3.2 Schematic diagram of stainless steel autoclave.
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3.4 Characterization and measurement methods

3.4.1 X-ray diffraction

X-ray diffraction (XRD) is a direct and powerful experimental technique to
determine the structural characterization of materials, using the diffraction of X-rays
on powder or microcrystalline samples. X-rays can be considered waves of
electromagnetic radiation, and crystals are regular arrays of atoms. When X-rays go
through a specimen, the periodic lattice found in crystalline structures acts as a
diffraction grating for electromagnetic radiation with wavelengths of a similar order
of magnitude. X-rays scattered by ordered features will be scattered coherently “in-
phase” in certain directions meeting the criteria for constructive interference, which

are determined by Bragg’s law:
2dsing = nA (3.1)

where d is the distance between lattice planes, 4 is the X-ray wavelength of the
incident beam, n is any integer, and @ is the angle of incidence with the lattice plane.
The crystal size of materials can also be estimated and calculated according to the
Scherrer formula:

D~ KA
pcosd

(3.2)

where K represents the shape factor of the average crystallite (with a typical shape
factor around 0.9), 1 represents the X-ray wavelength, £ represents the half-peak

width, and 260 represents the peak position (°).

In the X-ray diffractometer, the copper anode is irradiated with a beam of high-

101



energy electrons that is accelerated by a high voltage electric field to a very high
speed. A small Be window in the X-ray tube allows the X-rays to exit the tube with
little attenuation, while maintaining the vacuum seal required for the X-ray tube
operation. In this thesis, X-ray powder diffraction was conducted. Powder samples
are loaded onto a small disc-shaped sample holder, which is put on one axis of the
diffractometer and tilted by an angle &, while a detector rotates around it on an arm at
a 26 angle. The XRD devices used in this thesis were a GBC MMA diffractometer in
UOW and an EMPYREAN, PAN analytical X-ray diffractometer in KETI,

respectively. All the XRD devices use Cu Ka radiation, 4 = 1.54056 A.

3.4.2 Scanning electron microscopy

The scanning electron microscope (SEM) is a type of electron microscope to scan a
sample surface with a high-energy beam of electrons. The electrons interact with
atoms in the sample, producing various signals that can be detected and that contain
information about the sample's surface topography and composition. Typically, an
electron beam is thermionically emitted from an electron gun fitted with a tungsten
filament cathode. The electron beam usually has an energy ranging from 0.2 to 40
keV. Then it is focused by one or two condenser lenses to a spot about 0.4 nm to 5
nm in diameter. The beam passes through pairs of scanning coils or pairs of deflector
plates in the electron column, typically in the final lens, which deflects the beam with
respect to the x and y axes so that it scans in a raster fashion over a rectangular area
of the sample surface. The types of signals produced by an SEM include secondary
electrons, back-scattered electrons (BSE), characteristic X-rays, light specimen
currents, and transmitted electrons. Secondary electron detectors are common used in

all SEM, which can offer very high resolution images. The morphology and structure
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of samples in this thesis were characterized with a field-emission scanning electron
microscope (FESEM; JEOL JSM-7500FA in KETI or JEOL 7500 in UOW,

respectively).

3.4.3 Transmission electron microscopy

Transmission electron microscopy (TEM) is a technique to observe sample’s
morphology, lattice spacing, crystal orientation and electronic structure. When a
beam of electrons is transmitted through an ultra-thin specimen, the specimen will
interact with the electrons, and then an image is collected during the interaction.
TEM is capable of significantly higher resolution imaging than light microscopes.
Selected area electron diffraction (SAED) is a crystallographic experimental
technique, which is often complementary to TEM. The TEM consists of an emission
source, which may be a tungsten filament or a lanthanum hexaboride source. By
applying a high voltage source (typically 100 — 300 kV), the gun will begin to emit
electrons either by thermionic or field electron emission into a vacuum. This
extraction is usually aided by the use of a Wehnelt cylinder. Once extracted, the
upper lenses of the TEM allow for the formation of the electron probe in the desired
size and location for later interaction with the sample. 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. Standard TEM grid
sizes are in the form of a 3.05 mm diameter ring, with a thickness and mesh size
ranging from a few pm to 100 um. The sample is placed on the inner meshed area,
having a diameter of approximately 2.5 mm. The grid is placed on the sample holder,
which is paired with the specimen stage. The samples for TEM in this work were

dispersed in ethanol and then loaded onto a holey carbon support film on a copper
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grid. The TEM used in this thesis was a TEM, JEOL 2011, 200 keV. Elemental
mapping was performed on the X-ray spectrometer attached to the JEM-2100F

instrument.

3.4.4 Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique for the
elemental analysis or chemical characterization of a sample. It relies on the
interaction of some source of X-ray excitation and the sample, and its
characterization capabilities are due in large part to the fundamental principle that
each element has a unique atomic structure allowing a unique set of peaks on its X-
ray spectrum. To stimulate the emission of characteristic X-rays from a specimen, a
high-energy beam of electrons, X-rays or protons is focused onto the sample being
studied. In this doctoral work, point and mapping analysis EDS spectroscopy was

generally used in both SEM and TEM studies of the materials.

3.4.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a method to analyse the chemical changes or
physical weight changes of materials with increasing temperature. Commonly, it is
used to determine selected characteristics of materials that exhibit mass loss or
increase because of decomposition, oxidation, or loss of volatiles. In this doctoral
work, TGA was used to determine the carbon contents in the carbon composite
materials. TGA was carried out in air atmosphere using a SETARAM
Thermogravimetric Analyzer (France) in UOW or a PerkinElImer TG/DTA 6300 in

KETI.
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3.4.6 Brunauer-Emmett-Teller

Brunauer-Emmett-Teller (BET) method is an important analysis technique to explain
the physical adsorption of gas molecules on a solid surface and measure the specific
surface area of a material. BET analysis is conducted at liquid nitrogen temperature
(77 K) over different relative pressures. In order to get accurate results, pre-drying
and degassing are necessary. Surface area of samples can be calculated using
experimental points at a relative pressure of P/Py = 0.05-0.25. Pore size distribution
can be calculated by the Barrett-Joyner-Halenda (BJH) method, using the amount of
nitrogen adsorbed at a relative pressure of P/Py = 0.99. In this work, nitrogen

sorption was measured by a Quanta Chrome Nova 1000 in UOW.

3.4.7 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique for analysis of the vibrations of
chemical bonds and symmetry of molecules, which is commonly used in chemistry
to identify materials. In a Raman spectrometer, a laser light interacts with molecular
vibrations, phonons, or other excitations of the sample, resulting in characteristic
shifts in laser photons. Specifically, it was used to confirm the identification of
obtained materials and estimate the level of graphitization of carbon. The Raman
spectra in this thesis work were collected on a JOBIN Yvon Horiba Raman
Spectrometer model HR800, employing a 10 mW helium/neon laser at 632.8 nm in
UOW; and a Jobin Yvon HR800 Raman spectrometer with a 10 mW He-Ne laser at

632.8 nm excitation in KETI.

3.4.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
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spectroscopic technique to measure the elemental composition, empirical
formula, chemical state and electronic state of the elements within a material.
XPS spectra are obtained by irradiating a material with a beam of X-rays while
simultaneously measuring the kinetic energy and number of electrons that escape
from the top surface of the material (0-10 nm). The valence states of elements can be
identified and the ratio of each valence state can be estimated from the spectra. In
this doctoral work, XPS was carried out on a VG Scientific ESCALAB 2201XL
instrument in UOW, and a Thermo Scientific Sigma Probe instrument in KETI using

Al Ka X-ray radiation and fixed analyser transmission mode.
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3.5 Electrode fabrication and cell assembly

3.5.1 Electrode preparation

Mixtures were prepared by mixing the active materials, conductive carbon (super P),
and binder [polyvinylidene difluoride (PVDF) or carboxymethyl cellulose (CMC) or
CMCl/polyacrylic acid (PAA)] in specific ratios. After thoroughly grinding with a
mortar and pestle, an appropriate solvent [N-methyl-2-pyrrolidone (NMP) for PVDF,
H.O for CMC and CMC/PAA] was added into the mixtures. Homogenous slurry
could be obtained after mixing in a rotary mixer. The slurry was then uniformly
pasted onto current collectors (Cu foil for anode, Al foil for cathode) by a doctor
blade technique with a thickness of 100 um. The prepared working electrodes were
dried in a vacuum oven at 120 °C (PVDF) for 12 h, 80 °C (CMC) for 12 h, or 150°C
(CMC/PAA) for 2 h, depending on the solvent and properties of the active materials.
The dried electrodes were punched into discs with a diameter of 0.96 cm after a
rolling-press procedure. The discs were then ready to be assembled into a testing cell

in an argon filled glove box.

3.5.2  Cell assembly

Cell assembly was carried out in an Ar-filled glove box using 2032-type coin cells.
Compared with lithium foil, sodium foil is prepared by cutting a sodium cube or
ingot into thin slices. In order to avoid oxidation and reaction with H,O by Na, the
moisture and oxygen level of the glove box was controlled to less than 0.1 ppm. In
the order of assembly shown in Figure 3.3, the cut sodium foil was first placed at the
positive cap followed by dripping 2-3 drops of electrolyte; the glass fibre separator
was then evenly immersed in the electrolyte, and an extra 1-2 drops of electrolyte

were added. The electrode disc was placed onto the glass fibre followed by stainless
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steel spacer, spring, and positive cap subsequently. After tight sealing of the coin cell,
the batteries were rested for at least 12 hours before electrochemical testing, in order

to make certain the full penetration of electrolyte into the electrodes and separator

components.

Negative cap
—Electrode disc

Electrolyte

»——— Glass fiber
Sodium foil

Positive cap

Figure 3.3 Schematic diagram and order assembly of 2032-type coin cells.
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3.6 Electrochemical measurements

3.6.1 Cyclic voltammetry

Cyclic voltammetry (CV) is an electrochemical technique to investigate the
electrochemical reactions in a cell. CV is conducted by cycling the potential of a
working electrode at a specified scan rate, and the response current is recorded. For
three-electrode system, the working electrode’s potential is varied linearly with time,
while the reference electrode maintains a constant potential. The counter electrode
conducts electricity from the signal source to the working electrode. The current-to-
voltage converter measures the resulting current, and the data acquisition system
produces the resulting voltammogram. CV testing for coin cells is based on the two-
electrode model, in which lithium foil act as both reference electrode and counter
electrode. A peak would be observed in both anodic and cathodic curves when a
redox reaction occurs. The CV data were acquired on a Biologic VMP-3

electrochemical workstation.

3.6.2 Galvanostatic electrochemical testing

The electrochemical performance of a cell can be estimated by galvanostatic testing,
in which the cell is charged and discharged during a certain cut-off voltage at a
constant current mode. The charge and discharge capacity can be calculated based on
the applied current and the total accumulated time for the full charge and discharge
process. This testing technique can also be used to evaluate rate capability by
applying various current densities over a number of cycles. The instrument used here

to obtain the data was a Land battery tester.
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3.6.3 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a common method to investigate
the inner resistance of a cell. The impedance spectrum for active materials usually
includes a high-frequency semicircle and a low-frequency linear tail. The semicircle
is related to the kinetic processes reflecting the charge transfer resistance and the
double layer capacitance. The linear tail reflects the solid-state diffusion of Na ions
into the bulk of the active materials. In this thesis, EIS data were collected on a

Biologic VMP-3 electrochemical workstation.
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CHAPTER 4 REDUCED GRAPHENE OXIDE WITH SUPERIOR CYCLING
STABILITY AND RATE CAPABILITY FOR SODIUM STORAGE

Sodium ion battery is a promising electrical energy storage system for sustainable
energy storage applications due to the abundance of sodium resources and their low
cost. In this communication, the electrochemical properties of sodium ion storage in
reduced graphene oxide (RGO) were studied in an electrolyte consisting of 1 M
NaClO, in propylene carbonate (PC). The experimental results show that the RGO
anode allowed significant sodium ion insertion, leading to higher capacity at high
current density compared to the previously reported results for carbon materials. This
is due to the fact that RGO possesses higher electrical conductivity and is a more
active host, with large interlayer distances and a disordered structure, enabling it to
store a higher amount of Na ions. RGO anode exhibits high capacity combined with
long-term cycling stability at high current densities, leading to reversible capacity as
high as 174.3 mAh gt at 0.2 C (40 mA g*), and even 93.3 mAh g at 1 C (200 mA
g™) after 250 cycles. Furthermore, RGO could yield a high capacity of 141 mAh g*

at 0.2 C (40 mA g™) over 1000 cycles.

Y.-X. Wang, S.-L. Chou, H.-K. Liu, S.-X. Dou. Carbon 2013, 57, 202-208.
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4.1 Introduction

As rechargeable lithium ion battery energy storage technologies have been well
developed, lithium ion batteries (LIBs) are extensively applied in various electronic
devices, including electric vehicles, portable electrical devices, and smart grids.
Large-scale application of LIBs, however, could face challenges related to scarcity of
lithium resources and high cost. To achieve long-term energy development,
rechargeable sodium ion batteries (NIBs) are gaining recognition as an intriguing
candidate for such large-scale and sustainable applications. In contrast to lithium,
sodium has an obvious cost advantage because of the natural abundance of Na
resources, although sodium has a larger atomic mass and ionic radius than lithium.
These properties mean that successful reversible intercalation hosts must possess
large enough channels and interstitial sites to accept the large Na ions. Furthermore,
sodium shows different thermodynamic parameters, as reflected in the higher
standard reduction potential (- 2.71 V vs. standard hydrogen electrode (SHE),
compared to ~ 3.04 V for Li), and the gravimetric capacity is lower (1165 mAh g *
compared to 3829 mAh g * for Li). Although batteries based on metallic sodium
anodes would always deliver lower energy densities and exhibit lower operating
voltages than those with lithium metal anodes,* sodium ion batteries certainly are a
promising option for large-scale applications in which cost rather than energy density
is the overwhelming factor. Recently, great efforts have been made to find
appropriate active materials for both anodes and cathodes of NIBs.”® Many LIB
electrode materials should theoretically show a similar electrochemistry to their
counterparts in NIBs. Graphite initially drew attention because of its common use in

LIBs, however, it does not allow sodium ions to intercalate to any appreciable extent
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and is electrochemically irreversible.!® It is well known that the characteristics of
carbon materials, including the degree of graphitization, the structural or textural
disorder, and the porosity have a strong influence on the capability for and
mechanisms of sodium insertion.*** In recent decades, several types of non-
graphitic carbon anodes were proposed for NIBs that possess large interlayer
distances and disordered structure favorable to Na-ion insertion-extraction,
delivering a low reversible capacity between 100 and 300 mAh g*.***®Although
those research proves the feasibility of non-graphitic carbon materials, all of them
showed rather poor cycling stability even with low charge-discharge rates at room
temperature. Dramatic progresses have been made by Maier’s and Liu’s groups,*” '8
whose results show the critical function of microstructure in the carbon materials, in
forms such as hollow nanospheres and nanowires. Maier’s results showed the hollow
carbon nanospheres was tested at 50 mA g* for first ten cycles and then 100 mA g*
for 100 cycles, a reversible capacity of ~ 160 mAh g™ could be obtained over 100

cycles. Liu’s group showed a high reversible capacity of 206.3 mAh g* after 400

cyclesat 0.2 C (50 mA g').

In this chapter, reduced graphene oxide (RGO) was prepared in large amounts by the
simple modified Hummer’s method,™® which can meet the demand for large-scale
applications. The results show the RGO anode could deliver high capacity and

outstanding rate capability.
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4.2 Experimental methods

4.2.1 Preparation of RGO

Graphite oxide was prepared from natural graphite by the modified Hummers’
method.™ Graphite powder (2 g) was added into 46 mL concentrated H,SO, then 1 g
NaNO;3; was added into the above mixture under stirring and cooling in an ice bath
condition for 15 min, followed by slowly adding 6 g KMnQO,. Then the mixture was
continuously stirred overnight at room temperature, followed by adding 92 mL
deionized water, 280 mL warm deionized water and 10 mL 30 wt. % H;0; in
sequence. The obtained graphite oxide was then washed with 1:10 (v:v) HCI solution
once and deionized water three times, followed by ultrasonic treatment for 1 h to
further exfoliate the graphene nanosheets. The graphite oxide was collected by dried
in a vacuum oven at 45 °C overnight. Reduced graphene oxide (RGO) was fabricated
from the obtained graphite oxide through heat-treatment at 450 °C for 5 h, then

750 °C for 5 h in Hyo/Ar mixed atmosphere.

Modified Ultrasonication

Heat treatment

Hummers® method

Graphite

Graphite oxide Reduced graphene oxide
(RGO)

Figure 4.1 Illustration of the fabrication of reduced graphene oxide.

4.2.2 Physical characterization

The morphology of the samples was investigated by field-emission scanning electron
microscopy (FESEM; JEOL JSM-7500FA) and transmission electron microscopy

(TEM, JEOL 2011, 200 keV). The pass energy was 60 eV for the survey spectra and
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20 eV for specific elements. Atomic force microscope (AFM) images were collected
by Kelvin probe force microscopy (Asylum Research MFP-3D).The microstructure
was characterized by powder X-ray diffraction (XRD; GBC MMA diffractometer)
with Cu Ka radiation at a scan rate of 2° min™. Raman spectra were collected with a
Jobin Yvon HR800 Raman spectrometer with a 10 mW helium/neon laser at 632.8
nm excitation. X-ray photoelectron spectroscopy (XPS) was carried out on a VG
Scientific ESCALAB 2201XL instrument using Al Ka X-ray radiation and fixed

analyzer transmission mode.

4.2.3 Electrochemical measurements

The electrochemical measurements were conducted by first assembling coin-type
half cells in an argon-filled glove box. The slurry was prepared by fully mixing 80
wt. % RGO, 10 wt. % carbon black, and 10 wt. % polyvinylidene difluoride (PVDF)
by planetary mixer (KK-250S), then pasted on a copper film by a doctor blade with
the thickness of 100 um followed by dried in a vacuum oven overnight at 80 °C . The
working electrode was prepared by punching the electrode film into discs of 0.97 cm
diameter. The sodium foil was cut by the doctor blade technique from the sodium
bulk stored in mineral oil. The sodium foil was employed as both reference and
counter electrode. The electrodes were separated by a glass fiber separator. The
electrolyte was 1.0 M NaClO, in propylene carbonate (PC). The electrochemical
performance was tested by a Land Battery Test System with a cut-off voltage range
from 0.01 V to 2.0 V (vs. Na/Na"). Cyclic voltammetry was performed using a
Biologic VMP-3 electrochemical workstation between 0.01-2.0 V at a sweep rate of

0.1mvsh
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4.3 Characterization of morphology and structure

The morphology and microstructure of the prepared material was characterized by
field emission scanning electron microscopy (FESEM). Low magnification SEM
images (Figure.4.2a) show that the particle size of the RGO material is around 10
pum. High magnification images (Figure 4.2b) show that the RGO possesses a layered
structure. It is obvious that the RGO nanosheets overlap each other and show a thin,

wrinkled structure, resulting in a large amount of free space between the graphene

Figure 4.2 FESEM images of RGO (a) at low magnification (5 K) (b) at high

magnification (70 K), TEM images of RGO (c) at low magnification (d) at high

resolution.
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and some thicker ripples. From the low magnification image presented in Figure 4.2c,
the transparency implies that the RGO nanosheets are only a few layers, the dark
ripples are due to crumpling of nanosheets. It is reasonable to believe that the larger
interlayer distances would facilitate to accommodate larger Na cations.By means of
high resolution TEM image (HRTEM, Figure 4.2d), the interlayer spacing of the
(002) planes is carefully measured to be 0.371 nm and 0.365 nm at different area. It
shows layers and the appearance of nanocavities and/or holes and/or defects, which

is favorable to the Na ion insertion.

Topography

\

}‘

500 1000 1500 2000 2500 nm

Figure 4.3 AFM image and profiles of RGO along the indicated lines in different

locations.

Atomic force microscope (AFM) images (Figure. 4.3) of RGO were used to further
confirm the thickness of the RGO layers. The sample was deposited onto a mica
flake from an aqueous dispersion of 0.1 mg mL™ of RGO. The results show that the
thickness of the large RGO sheet in the image is ~ 2.0 nm (from point H to point K),
which results from the stack of 3-5 graphene layers that is created during the heat
reduction process. The RGO sheet possesses nanocavities with single layer graphene

~ 0.6 nm in thickness (G-L). It is found that the defects and single layer graphene
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Figure 4.4 XRD patterns of GO and RGO (a), Raman spectrum of RGO (b), and

XPS survey scan of C 1s (c) and O 1s (d) photoelectron spectra of RGO.
co-exist in the RGO host, with a thickness of ~ 0.8 nm for the small RGO sheet (E-F).

The X-ray diffraction (XRD) patterns of RGO and GO are shown in Figure. 4.4a. It
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is found that the characteristic diffraction peak of GO at ~ 10° disappears in RGO,
which demonstrates that the GO was reduced to RGO during the heat-treatment. The
RGO XRD pattern consists basically of two broadened peaks located at around 26°
and 43°, corresponding to the (002) diffraction of the graphitic layered structure and
the (100) diffraction for graphite, respectively.!” The XRD pattern in Figure 4.4a is
typical of non-graphitic carbon materials with a highly disordered nanocrystalline
structure. In addition, the samples show a low signal-to-background ratio, which is
probably attributable to incoherent scattering from non-crystalline materials. It is
unavoidable that large amounts of hydrocarbons, impurities, and heteroatoms are
formed on the graphene surfaces during the oxidative process in strong acid in the
modified Hummers’” method.*® Thus, the XRD results suggest that RGO is composed
of disordered graphite nanocrystallites with stacked layers of graphene sheets, in
agreement with the SEM and AFM observations. The Raman spectra (Figure 4.4b) of
RGO exhibit two peaks at about 1334.8 cm™ and 1603.4 cm™, corresponding to the
typical D band and G band for carbon material.”® The D and G band positions are
very sensitive to the microstructure of carbon materials, including defects, disorder,
edges, and carbon grain size.?! The intensity ratio of the D band to the G band (Ip/l)
could reflect the degree of disorder of RGO. Large Ip/lg values (1.22), a prominent D
band, and a wide G band indicate the loss of long-range ordering between the
graphene sheets, which is consistent with the XRD results. This is probably because
a high density of cavities and/or holes and/or defects is present in the graphene
nanosheets in the RGO host. In addition, surface area measurements of the RGO via
nitrogen gas absorption yield a large Brunauer-Emmett-Teller (BET) value of 330.9
m? g™, further confirming this conclusion. However, RGO anode shows a very low

initial Coulombic efficiency mainly owing to the high surface area.
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Figure 4.5 XPS survey scan of C 1s (c) and O 1s (d) photoelectron spectra of RGO.

120



The X-ray photoelectron spectra (XPS) shown in Figure 4.5a and b were collected to
estimate the functionalization of the RGO. Three peaks are obtained from XPS
spectra in the C1s region: The main peak is located at 284.4 eV, with a peak area
proportion of 52.6 %, corresponding to C-C bonding (sp® carbon) in defect-free
graphite lattice. The peaks at 285.5 eV and 288.1 eV with peak area proportions of
31.1 % and 16.3 % are attributed to C-OH and/or C-C bonding in defective graphite
lattice and C=0O bonding, respectively. The low proportion of C=0O indicates that
most of the carboxyl and hydroxyl functional groups were reduced. The O1s
spectrum of RGO (Figure 4.5b) shows two peaks located at 533.1 eV and 530.3 eV,
assigned to the C-OH and C=0 species, respectively.?’: ?* Therefore, the XRD,
Raman, and XPS spectra clearly demonstrate that RGO was successfully synthesized

by simple heating of GO in a Ho/Ar mixed gas atmosphere.
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4.4 Electrochemical performance
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Figure 4.6 (a) Cyclic voltammogram of RGO in a coin cell at scan rate 0.1 mV s™

and (b) Charge/discharge profiles of RGO in a coin cell at 1 C for first cycle.

The Na-ion storage behavior of RGO is revealed by the cyclic voltammogram and
charge-discharge profiles in Figure 4.6. The Na-ion storage behavior of RGO is
similar to that of its Li counterpart.”® The CV curve of first cycle is shown in Figure

4.6a. The RGO anode shows a large irreversible oxidation reaction at about 0.75 V-
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0.02 V at the first cycle, which is consistent with a large initial irreversible capacity
during discharge/charge processes (Figure 4.6b). it is well known that the
decomposition voltage of propylene carbonate (PC) is at ~ 0.7 V in LIBs?** %
which should be much smaller for NIBs due to the standard electrode potential
difference (E%LiLis - E°Nana+= -0.33 V). A sharp cathodic peak shows up at 0.26 V
versus Na+/Na, which is likely to be assigned to the PC decomposition therefore
forming a solid electrolyte interphase (SEI) film on the electrode surface. Tang et
al. reported a similar result that PC decomposed at 0.36 V in NIBs with hollow
carbon nanospheres anode.*” Similarly, a large irreversible plateau between 0.58 V
and 0.75 V is observed in the charge/discharge curve during the first Na-storage. By
analogy, it could have originated from the formation of the solid electrolyte

interphase (SEI) film on the electrode surface and the reaction of sodium ions with

residual-oxygen-containing functional groups.?

In the following cycles (Figure 4.7a), the CV curves showed good repeatability,
indicating that the sodium ions could reversibly reacted with the RGO and leading
to good cycling stability for long cycles. A pronounced cathodic peak is observed at
near 0.01 V, in analogy to lithium ion insertion in carbonaceous materials for
L1Bs,%" % while there is no anodic peak occurs in the reverse cycle. It indicates that
the mechanisms of Na in this low-voltage area could be envisaged to the sodium
adsorption on the graphene sheets and/or active sites. A pair of small cathodic and
anodic peaks can be detected at 0.8 V and 1.57 V, respectively, which gradually
disappear in the prolonged cycles. It likely originates from interaction between
sodium ion and impurity atoms in RGO. As illustrated in Figure 4.7b, the

charge/discharge profiles of subsequent cycles show sloping curves and large
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voltage hysteresis between discharge and charge curves, and the reversible
capacities decrease slightly over prolonged cycling. The charge/discharge profiles
indicate that the reaction between sodium ions and graphene layer resembles
capacitive behavior. The discharge capacities of RGO after the 2", 10™, 50", 100",
200™ and 250" cycles are 177.0, 136, 123.7, 110.3, 97.6, and 94.3 mAh gt at 1 C,
respectively. From those CV and charge/discharge curves, it could be speculated

that the Na-storage mechanism of RGO is similar to that of its Li equivalent,
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Figure 4.7 (a) Cyclic voltammogram of RGO in a coin cell at scan rate 0.1 mV s™
for subsequent cycles with zoom-in area (inset); and (b) Charge/discharge profiles of

RGO in a coin cell at 1 C for subsequent cycles.
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including adsorption on the graphene sheets or interaction with impurity atoms.*>?°

It can be expected that RGO could show good cycling performance and rate
capability due to its adsorption mechanism. The outstanding cycling performance of
RGO is shown in Figure. 4.8a. The electrochemical performance was tested at 0.2 C
(40 mAh g%) and 1 C (200 mAh g), respectively. The RGO anode shows similar
trends at different current densities: high capacity loss for the first cycle, then good

stability over prolonged cycling. After 250 cycles, the electrode exhibits a
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Figure 4.8 (a) Cycling performance of RGO at 0.2 C and 1 C for 250 cycles (b)

cycling performance of RGO at 1 C for 1000 cycles.
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reversible capacity of 174.3 mAh g™ at 0.2 C and 93.3 mAh g™ at 1 C. It should be
noted that RGO exhibits an excellent cycling performance (Figure 4.8b), remaining
a capacity of 141 mAh g™ at 0.2 C over 1000 cycles with a capacity retention ratio
of 45.0 %. To the best of our knowledge, it is the best electrochemical performance
with long cycling life for carbon anode in NIBs compared with the reported

results. 18

The rate performance of RGO is presented in Figure. 4.9a. The average charge
capacities are 217.2, 176.4, 150.9, 118.7, and 95.6 mAh g™ at the different current
densities of 0.2 C,0.4 C, 1 C, 2 C, and 5 C, respectively. When the current is finally
directly reduced back to 0.2 C, the average capacity can recover to 180.9 mAh g™,
RGO shows a superior rate capability presenting capacity decrease of 0.4 times with
applied current rate increase of 8 times. Finally, the rate performance of the RGO is
compared with the two best results for carboneous anodes of NIBs, hollow carbon
nanospheres’’ and hollow carbon nanowires™ (Figure 4.9b). It is obvious that the
hollow carbon naospheres show a relatively low capacity for low current density (<
200 mA g™). Nevertheless, it shows the slightest capacity decay even for applied
current of up to 5 A g™*. The hollow carbon nanowires show the highest capacity for
the similar lower current density while did not report the rate capability for higher
current density (> 500 mA g*). The RGO, on the contrary, could provide a medium
performance, which provides a higher capacity in lower current density; moreover,
it offers slower capacity decay for an applied higher current density as well. The
excellent electrochemical performance in terms of Na-ion storage is due to the
superior structure of RGO, in which the graphene nanosheets in the RGO host are

interconnected so as to minimize the diffusion lengths of Na-ions within the
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electrode. Furthermore, a large number of surface defects, heteroatoms, and
hydrocarbons are introduced onto the graphene films byan oxidative process that
can play a role in sodium incorporation even though leading to large initial

irreversible Coulombic efficiency as well. More importantly, the graphene
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nanosheets overlap each other and show a thin wrinkled structure, due to the
formation of the nanocavities and/or holes and/or defects, which is favorable to
insertion of the relatively large Na ions. It is noteworthy that all of those results
show the morphology such as porosity, size of graphene stacks, and purity and so
on of carbon anodes plays a key role in improving the electrochemical performance
of sodium ion batteries; therefore, modification of the nanostructure of material is a
significant strategy to optimize electrochemical properties of electrode. The exact
effect of the carbon nanostructure is hard to confirm and is subject to further

experimental studies.
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4.5 Conclusions

RGO was obtained in large quantities by a facile method, which was used as anode
material for sodium ion batteries. The prepared RGO anode shows Na-ion insertion
properties at room temperature, with excellent cycling stability and rate capability.
The experimental results clearly show the significant Na-storage capability of RGO
compared to natural graphite, indicating its potential as an anode for the sodium ion
battery. It is a big challenge that the irreversible loss at the first cycle is large, which
could be reduced in the future by reducing the surface area and oxidized groups. The
detailed reaction mechanisms need more experimental research into various
nanostructured non-graphitic carbon materials, in particular those with complex
nanostructures and activated sites. In addition, it was implied that RGO would be an
ideal carbon matrix for those electrode materials, which might be low conductivity
and/or undergo large volume change during charge/discharge process. RGO matrix
can not only be favorable to construct nanostructure and improve conductivity, but

also play a role to accommodate sodium ions in the RGO-based composites.
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CHAPTER 5 ULTRAFINE SNO, LOADING ONTO REDUCED GRAPHENE
OXIDE AS ANODES FOR SODIUM-ION BATTERIES WITH SUPERIOR
RATE AND CYCLIC PERFORMANCE

A structured SnO; / reduced graphene oxide (RGO) nanocomposite has been
synthesized with ultrasmall SnO, nanoparticles (~ 5 nm) anchored on RGO
framework. It has been successfully applied as an anode material in sodium-ion
batteries. The electrode delivers a reversible Na-storage capacity of 330 mAh g*
with outstanding capacity retention of 81.3 % over 150 cycles. Moreover, it
possesses an outstanding rate capability, exhibiting capacity retention of 25.8 % at
high rate (1000 mAh g'). With its combined advantages of low cost and
environmental benignity, the SnO,/RGO nanocomposite provides great promise as a

suitable anode for Na-ion batteries.

Y.-X. Wang, Y.-G. Lim, M.-S. Park, S.-L. Chou, J. H. Kim, H.-K. Liu, S.-X. Dou, Y.-J. Kim. Journal
of Materials Chemistry A 2014, 2 (2), 529-534.
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5.1 Introduction

Rechargeable lithium ion batteries (LIBs) are overwhelmingly dominant among the
energy storage systems, and they have been widely applied in portable devices. LIBs
show great potential for electric vehicles and are expected to play an important part
in grid storage as well.»*2 Taking the availability and price of lithium resources into
account, low-cost sodium ion batteries (NIBs) are recently being revisited and are
considered to be the most promising substitute for future large-scale commercial
applications.>*? In contrast to the case of lithium, the element sodium is abundant in
the earth’s crust, and sodium metal and other sodium-containing productions are
relatively low-cost and easy to obtain. Na cations are about 1.4 times larger in radius
than Li cations, however, which undoubtedly is a barrier to reversible sodiation and
desodiation of electrode materials. This intrinsic characteristic directly jeopardizes
their feasibility for insertion materials, including most cathode and some anode
materials. According to previous research on NIBs, the commercial anode in LIBs,
graphite, has shown poor Na* insertion properties and the reaction is
electrochemically irreversible.™®> On the other hand, sodium is supposed to be less
detrimental to many other anode materials, which achieve their alkali storage (Na or
Li) by conversion or alloying/dealloying mechanisms and wusually deliver
significantly high storage capacities. Furthermore, the electrodes based on the
mechanism of conversion or alloying reactions usually deliver a much higher
capacity. It is also true, however, for those two types of anodes that the alkali-storage
process is accompanied by enormous volume expansion and crystal structure
destruction, leading to poor cycling performance and sluggish rate capability. To

cope with this challenge, several feasible strategies have been proposed for LIBs,
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including reducing particle size,"* fabricating carbonaceous composites,™

16.17 and exploiting suitable binders.™

constructing special electrode nanostructures
Similarly, those strategies are expected to be functional in the corresponding Na
storage system. Currently, researchers have moved to those active anodes such as Sn,
Sh, SnO,, SnSb alloy, Sh,0., P, and Fe;04.1*%° Komaba et al reported Sn anode with
polyacrylic acid (PAA) binder, for which a reversible capacity of ~ 500 mAh g™* was
achieved over very short 20 cycles.”” Qian et al reported a Sb/C nanocomposite for
NIBs, which delivers a capacity of 610 mAh g™ over 100 cycles.?® while it is well
known that Sb is highly toxic. Wang’s group reported a SnO, @ multi-walled carbon
nanotubes (MWCNTS) nanocomposite, demonstrating a capacity of about 400 mAh
g™ at the current density of 50 mA g™ over 50 cycles.”* Most recently, they also
reported the Na-storage properties of SnO,@Graphene nanocomposite, which shows
stable capacity of 302 mAh g™ at high current (160 mA g*) in favor of grapheme
matrix. However, the SnO, nanocrystal is large (~ 60 nm), which directly leads to a
poor rate capability.?® To optimize SnO.anode, it is necessary to further improve its
cycling life and rate capability.

SnO; was selected as the object of our study due to its Na-storage ability, according
to the following rational considerations: (1) alloying/dealloying mechanism, (2) low
reaction potential for sodium ions, (3) high theoretical capacity (667 mAh g™ for
NIBs),*" * and (4) low cost and environmental benignity. The obtained SnO./
reduced graphene oxide (RGO) nanocomposite possesses buffering space between
the small SnO, nanoparticles (~ 5 nm) and lacunose nanovoids amongst the
agglomerated SnO, cluster. This special nanostructure facilitates fast Na diffusion,
shortens diffusion paths and tolerates large volume change. Therefore, it shows a

high capacity (330 mAh g) at the current density of 100 mA g over 150 cycles.
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Outstanding rate capability is obtained as well, and the capacity can be fully reversed

after high C-rate testing.
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5.2 Experimental methods

5.2.1 Preparation of SnO,/RGO nanocomposites

Graphite oxide was prepared from natural graphite by the modified Hummers’
method. The specific synthesis process is reported in our previous work.*! The
obtained graphite oxide was then washed with 1:10 (v:v) HCI solution once and
deionized water three times. The graphite oxide was dispersed into 500 mL deionized
water. The concentration of GO dispersion is estimated to be 3.1 mg/mL.
SnCl,-2H,0 was firstly added to a mixture of ethanol and water to reach the
concentration of 15.8 mM with magnetic stirring for 1h, and then the appropriate
volume of GO dispersion was added to the solution. The pH of the mixed solution
was adjusted to be about 11 using Na,COs, which is followed by hydrothermal at 120
°C for 6 h. The obtained products were washed in water and ethanol 3 times,
respectively. Finally the SnO,/RGO nanocomposite was obtained after drying at 80

°C overnight.

5.2.2 Physical characterization

The morphology of the samples was investigated by field-emission scanning electron
microscopy (FESEM; JEOL JSM-7500FA) and transmission electron microscopy
(TEM, JEOL 2011, 200 keV). The microstructure was characterized by powder X-
ray diffraction (XRD; GBC MMA diffractometer) with Cu Ko radiation at a scan
rate of 2° min™t. Raman spectra were collected with a Jobin Yvon HR800 Ranman
spectrometer with a 10 mW helium/neon laser at 632.8 nm excitation. X-ray
photoelectron spectroscopy (XPS) was carried out on a VG Scientific ESCALAB

2201XL instrument using Al Ka X-ray radiation and fixed analyzer transmission
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mode. The amount of SnO, in the RGO framework was confirmed by using a

thermogravimetric analyzer (TGA, PerkinElmer TG/DTA 6300).

5.2.3 Electrochemical measurements

The electrochemical measurements were conducted by first assembling coin-type
half cells in an argon-filled glove box. The slurry was prepared by fully mixing 80
wt. % SnO,/RGO nanocomposite, 10 wt. % super P, and 10 wt. % mixed binder with
carboxymethyl cellulose (CMC) and polyacrylic acid (PAA), then pasted on a copper
film by a doctor blade with the thickness of 100 um followed by dryed in a vacuum
oven at 150 ° C for 2 h. The working electrode was prepared by punching the
electrode film into discs 0.96 cm in diameter. The sodium foil was cut by the doctor
blade technique from sodium bulk. The sodium foil was employed as both reference
and counter electrode. The electrodes were separated by a glass fiber separator. The
electrolytes were 1.0 M NaClO,4 in 1:1 (weight ratio) propylene carbonate (PC) /
ethylene carbonate (EC) with and without 5 wt. % fluoroethylene carbonate (FEC)
additive. The electrochemical performance was tested by a Land Battery Test System
with a cut-off voltage range from 0.005 V to 2.5 V (vs. Na/Na"). Cyclic voltammetry
and impedance testing were performed using a Biologic VMP-3 electrochemical

workstation from 0.005 V to 2.5 V at a sweep rate of 1 mV s,
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5.3 Characterization of morphology and structure
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Graphene oxide SnO, / RGO

Figure 5.1 A schematic representation of the in-situ synthesis of SnO,/RGO

nanocomposite.

The in-situ synthesis of SnO,/RGO nanocomposite is presented in Figure 5.1,
commercial graphite was successfully exfoliated into graphene oxide through a
modified Hummer’s method. Then the SnCl, was added into the GO dispersion with
Na,COs to control hydrolysis. The SnO, /RGO nanocomposite was obtained by a
simple hydrothermal method. The weight ratio was set at 80:20 of SnO, : RGO. As
shown in Figure 5.2, structured SnO,/RGO nanocomposite electrode is designed with
the following advantages: (1) small nanosized SnO; to facilitate fast Na* diffusion
and alleviate the pulverization, (2) highly conductive RGO framework to enhance
electronic conductivity of the electrode, (3) large surface area of RGO framework to
improve electrolyte wettability and relieve the mechanical stress, and (4) the
presence of nanovoids in the composite to accommodate large volume change. All
these factors codetermine the superior properties of SnO,/RGO nanocomposite. The
overall capacity of the electrode originates from the contribution of the RGO matrix
and the SnO, active materials, including the Na® adsorption onto the graphene

nanosheets and sodium alloying/dealloying with Sn.
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Figure 5.2 Schematic illustration of sodium storage during charge/discharge process

of SnO,/RGO nanocomposite anode.

As illustrated in Figure 5.3, the crystal structure of SnO,/RGO nanocomposite was
revealed by X-ray diffraction (XRD). All the diffraction peaks of SnO,/RGO
nanocomposite are consistently indexed to the SnO, tetragonal structure (JCPDS No.
88-0287) without any impurity. Both the (110) peak of SnO; and the (002) peak of
RGO emerged at ~ 26°, which overlap in the XRD pattern of the composite. It is
obvious that all the typical peaks are broadened and low intensity, which proves that
the size of the SnO; particles is very small. The average crystallite size of the SnO,
nanoparticles has been estimated to be 2.3 nm from the (101) and (110) peaks of
SnO,/RGO using Scherrer's equation. The results are in agreement with the
transmission electron microscopy (TEM) analysis in Figure 5.4. The accurate weight
percentage of SnO, was evaluated to be 76.4 wt. % by thermogravimetric analysis
(TGA), as shown analysis in Figure 5.3b, and the TGA curve of pure RGO is

presented as a comparison.
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Figure 5.3 XRD patterns (a) and TGA results (b) for RGO and SnO,/RGO

nanocomposite.
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Figure 5.4 SEM images of RGO (a), pure SnO; (b); and SnO,/RGO nanocomposite
(c), (d) at different magnification; (e) elemental mapping of C, Sn, and O in

SnO»/RGO nanocomposite.
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The morphologies of the samples were observed by Field emission scanning electron
microscopy (FESEM) firstly. As displayed in Figure 5.4, RGO possesses layer
structure; and pure SnO; particles tend to agglomerate together due to the ultrafine
particle size. It is manifest that even though the agglomeration phenomenon still
occur in the composite, the agglomeration degree of SnO, particles was alleviated by

graphene nanosheets, and the SnO, particles were evenly anchored on the graphene

50 nm

Figure 5.5 TEM images of SnO,/RGO nanocomposite at low magnification (a), at
high magnification (b), at high resolution (HRTEM) (c) and corresponding SAED

pattern (d).
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matrix. The elemental mappings of Sn, O, and C in Figure 5.4e confirmed that SnO,

nanoparticles were wrapped homogeneously by RGO matrix.

TEM images were shown in Figure 5.5, which confirmed that the nanosized SnO;
particles are uniformLy dispersed on the graphene nanosheets. Importantly,
numerous nanovoids are formed among the SnO, nanoparticles because of their
slight aggregation with surrounding particles. Furthermore, excess space exists
amongst the SnO, nanoparticles. The lacunose nanostructure that is formed is
extremely favorable for tolerating the large volume change during sodium
alloying/dealloying reactions. High resolution TEM (HRTEM), as in Figure 5.5c,

shows the (110) and (101) lattice fringes, which are measured to be 0.262 and 0.343
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Figure 5.6 XPS spectra of Sn, C, and O in SnO2/RGO nanocomposite.
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nm respectively.Meanwhile, the selected area electron diffraction (SAED) pattern in
Figure 5.5d is well indexed to the pure phase of SnO,, corresponding to the

diffraction peaks of (110), (101), (211), and (301) planes in the XRD pattern.

X-ray photoelectron spectroscopy (XPS) results (see Figure 5.6) show typical peaks
of Sn**, confirming the formation of SnO, /RGO composite. Furthermore, the Raman

spectra of RGO and SnO2/RGO are shown in Figure 5.7, These spectra both show

——RGO
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Figure 5.7 Raman spectra of SnO,/RGO nanocomposite and pure RGO.

two prominent peaks that represent the D and G bands, respectively. The D band is
ascribed to the presence of numerous defects in the graphene structure and the G
band is related to the Exq mode of phonon vibrations within sp*-bonded carbon
materials. The anchored SnO, nanoparticles in the composite can occupy a large
number of defects within the graphene structure, which is responsible for the lower
intensity of the D band. The G band of SnO/RGO is slightly shifted, due to the

presence of SnO, between the graphene layers. The Brunauer-Emmet-Teller (BET)
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specific surface area of the SnO,/RGO composite is 107.4 m2 g with total pore
volume of 0.27 cm® g™*. In contrast, RGO possesses a surface area of 131.7 m? g™
with the pore volume of 0.16 cm® g™, It is obvious that the composite shows reduced
surface area, which is attributable to the anchoring of the SnO, particles onto the
graphene nanosheets. The much higher pore volume means that the composite
possesses a very high porosity due to the formation of nanovoids in the composite

architecture, which is consistent with the TEM results.
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5.4 Electrochemical performance
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Figure 5.8 (a) Cyclic voltammogram for the first 5 cycles at scan rate of 1 mV s™. (b)

Charge/discharge profiles for selected cycles at 100 mA g™ of SnO,/RGO anode in a

coin-cell. The inset shows the charge/discharge profile for the first cycle.
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The electrochemical reactions of SnO,/RGO nanocomposite were initially evaluated
by cyclic voltammogram (CV). As displayed in Figure 5.8a, there is an irreversible
transformation of SnO; into Sn at the first discharge process. A large irreversibility
between 0.01 V and 1.6 V is observed in the first cathodic scan. This is likely to have
originated from the formation of the solid electrolyte interphase (SEI) film on the
electrode surface and from irreversible reactions between Na and the active materials.
The CV profiles in the following cycles show the same pairs of peaks with different
intensity, which indicates that the electrochemical reactions in the SnO,-based anode
are highly reversible and ensure prolonged cycling stability. In the following cycles,
the peaks in the region from 0.6 V to 0.02 V could be related to the transformation of
Sn into NasSn alloys and the Na-storage of graphene nanosheets. According to the
Na-Sn binary alloy phase diagrams and previous reports,™" ** 4-NaSn, NaySna,
NasSn, and Na;sSn, are the main stable phases. It can be speculated that the
reductive peak located at 0.4 V corresponds to the formation of two-phase alloy of -
NaSn and NagSn,. Another reductive peak positioned at around 0.00 V is assigned to
the formation of single phase of NasSn and NajsSng, together with adsorption of Na
on the graphene nanosheets. Three anodic peaks are clearly distinguished at
approximately 0.28 V, 0.63 V and 0.8 V, which indicate that the phase transition
during the dealloying process is more distinct. The Na-Sn alloying/dealloying
processes are qualitatively analogous to their Li-Sn counterparts. A hump at 0.28 V
can be mainly inferred to belong to the dealloying reaction of NasSn, and NajsSng,
meanwhile, the Na-desorption peak should occur at the similar region as well.*” The
peaks at 0.63 V and 0.8 V are owing to the NagSn, and a-NaSn dealloying reactions,
respectively. The charge/discharge curves of selected cycles are shown in Fig. 3b. In

agreement with the CV profiles, the first discharge profiles show an irreversible
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plateau at around 1.25 V, which only appears at the first cycle and is likely to be due
to the irreversible reaction between SnO; and Na and the formation of SEI film,
which partly leads to the low initial Coulombic efficiency. The large irreversible
capacity during the first cycle is also ascribed to the irreversible side reaction with
residual functional groups that exist on RGO framework. The following sloping
plateau that starts from 0.8 V corresponds to the Na-alloying reaction. Two plateaus
at about 0.5 and 0.75 V are observed during the discharge process, which is
responsible for the related redox reaction. Therefore, the reactions during the charge
/discharge processes mainly involve the irreversible transformation from SnO, and
Na,Sn accompanied by the formation of Na,O and the reversible alloying/dealloying
reaction between Sn and Na. The overall reduction process of SnO,/RGO in NIBs

can be described as:

SnO, + 4 Na* + 4 e — Sn + 2Na,0 (5.1)
Sn+3.75Na" +3.75¢ « Nasz 755n (5.2)
xC+Na'+e « NaCy (5.3)

According to this reaction, the theoretical sodium storage capacity of SnO, is 667
mAh g *. The reversible capacity of graphene is about 176 mAh g* at 100 mA g*.%
The overall theoretical capacity is 556.9 mAh g (theoretical capacity = 667*0.74 +
176*0.36 = 556.9 mAh g™). The electrode delivers a capacity of 406.9 mAh g™ at

first cycle, accounting for about 73 % of its theoretical capacity.
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Figure 5.9 (a) Cycling performance of SnO,/RGO anode in 1 M NaCIlO, in EC/PC
with and without FEC additive. (b) Rate capability of SnO,/RGO anode in 1 M
NaClO, in EC/PC with FEC additive. (c) Capacity retention of this work and

reference®,
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It can be expected that SnO,/RGO composite would show superior electrochemical
properties owing to the unique architecture and extremely small SnO, nanoparticles.
The cycling performance was tested at 0.2 C (100 mA g™) over the range of 0.005 ~
2.5 V for the two electrolyte systems. It is obvious that the electrode shows higher
capacity and better cycling stability over prolonged cycling in the electrolyte with
fluoroethylene carbonate (FEC) additive. The capacity remains at 330 mAh g with
capacity retention of 81.3 % over 150 cycles. As a comparison, a capacity of 244.8
mAh g and capacity retention of 55.8% is obtained for the electrolyte without FEC.
This is because that FEC additive can modify the SEI film. It undergoes preferential
reduction (~ 0.7 V) to solvent and forms high quality SEI on active material. The
participation of additive molecular moieties in the SEI enhances its stability. Yang’s
group speculated that the modified film is probably composed of stable alkali
fluoride or fluoroalkyl carbonate.?® Furthermore, the rate capability of SnO,/RGO
composite at different current rates in the electrolyte with FEC additive is evaluated
in Figure 5.9 b. The electrodes exhibited good C-rate performance. When the
electrode was tested at 50 mA g* (0.1 C), the capacity of about 480 mAh g™ was
delivered, then when the current rate increased rapidly to 1000 mA g* (2 C), the
corresponding capacity was maintained at 125 mAh g™*. More importantly, the
capacity can recover to a great extent, to around 380 mAh g* at 0.2 C, which is
consistent with the obtained results of electrode cycling at 0.2 C in Fig. 4a. The
comparison of capacity retention between this work and reported result is presented
in Fig. 4c, it is clear that our work shows much better rate capability, which exhibits
a capacity retention of 25.8 % at 1000 mAh g™ in contrast with 20.7 % at 640 mAh

g of the reference?®.
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Figure 5.10 Measured and calculated Impedance plots of SnO,/RGO nanocomposite
anode after 150 cycles in the electrolyte with and without FEC. The inset is the

equivalent circuit used for the analysis of the impedance plots

Electrochemical impedance spectroscopy (EIS) measurements were also carried out
to compare the impedance differences of SnO,/RGO nanocomposite in these
electrolytes. The data were collected from 100 kHz to 10 mHz on the coin-cell
batteries after charge/discharge for 150 cycles. As shown in Figure 5.10, the EIS
spectra are fitted by an equivalent circuit, which exhibit two semi-circles followed by
a liner part. The fitted parameters show that both of the cells with and without FEC
possess the similar electrolyte resistance (Re) of 3.9 and 5.8 Q. In contrast, the
interface resistance (Rin) and charge transfer resistance (Rc) show significant
differences. The Ry (88.6 Q) for the cell with FEC is higher than that without FEC
(18.1Q), which indicates the more discharge products formed on the former electrode.
This is in agreement with the much higher capacity in Figure 5.9a. The Ry is

believed to be related to Na-ion migration through the SEI films, corresponding to
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the conductivity of the discharge product.® *° It is clear that the R is much higher
than its counterpart in LIBs. This confirms that the Na® suffers lower kinetics
because of its intrinsic properties. R in the electrolyte with FEC (~ 62.5 Q) is much
lower than in that without FEC (~ 556.4 Q), indicating that the kinetic resistance of
the charge transfer is much lower for the electrolyte with FEC regardless of more
discharge products. This should be attributed to the passivation effects of the additive
modified SEI, which is supposed to consist of sodium fluoride and polythelene
compounds similar with its lithium counterpart,® and therefore, thinner and higher

conductive SEI film is formed than in the cell with FEC.
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5.5 Conclusions

In summary, lacunose SnO,/RGO nanocomposite has been successfully prepared via
a simple hydrothermal method. It is believable that the unique architecture and
nanosized SnO, particles in the composite are responsible for such superior
electrochemical properties. The overall capacity of the electrode originates from the
contribution of the RGO matrix and the SnO, active materials, including the sodium
adsorption onto the graphene nanosheets and sodium alloying/dealloying with Sn.
Firstly, the RGO framework can dramatically enhance the conductivity of the anode
material. On the other hand, it favors the construction of a lacunose microstructure to
tolerate the volume change during the charge/discharge process. Moreover, the
graphene nanosheets can effectively prevent the agglomeration of nanoparticles and
pulverization of electrode material. Secondly, the RGO framework also plays a part
in accommodating the sodium ions because of its large number of active defects,
making a stable contribution to overall capacity of the composite. Thirdly, the
nanosized particles are vital for accelerating the reaction kinetics and promoting
diffusion because of their short transport length. The above explanation proves that
both the unique construction and nanosize nature of the SnO, particle optimized the
overall performance by allowing the maximum utilization of electrode material. The
experimental results show that the designed SnO,/RGO composite electrode has
great potential as an anode for sodium ion batteries. Furthermore, this paper sheds
light on that the structure design of promising electrode materials should be paid

more attention in the future.
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CHAPTER 6 REVERSIBLE SODIUM STORAGE VIA CONVERSION
REACTION IN MOS,/C COMPOSITE

An exfoliated MoS,/C composite (E-MoS,/C) was prepared via simple chemical
exfoliation and hydrothermal method. The unique structure and optimized electrolyte
effectively promote Na-storage performance. This work suggests a promising new anode
and paves the way to further explore its great potential for large-scale applications.
Exfoliated MoS,/C composite serves as a novel anode material for the sodium ion
battery for the first time, exhibiting high capacity and prolonged cycling life. High
capacity (~ 400 mAh g?) at 0.25 C (100 mA g*) is maintained over prolonged cycling
life (100 cycles). Outstanding rate capability is also achieved with a capacity of 290

mAhgtat5C.

Y.-X. Wang, K. H. Seng, S.-L. Chou, Z. Guo, D. Wexler, H.-K. Liu, S.-X. Dou.
Chemical Communications 2014, 50 (73), 10730-10733.
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6.1 Introduction

Lithium-ion batteries (LIBs) have been widely used as the power sources for the
small electronic devices in our daily lives due to their high energy densities. > With
the increasing demand for Li commodity chemicals and geographically-constrained
Li mineral reserves, however, LIBs are confronting a huge challenge to satisfy the
demands of the ever growing electronic and electric vehicle markets. Plenty of
researches turn to new battery systems, including aqueous batteries,® * and hybrid
batteries.> Rechargeable sodium ion batteries (NIBs) are especially regaining interest
for use in large-scale applications because of their huge advantages in terms of low
cost and the abundance of sodium resources. The ionic radius of sodium (0.102 nm)
is larger compared to lithium (0.076 nm), and successfully reversible electrode
materials are required to possess large enough channels and/or interstitial sites.’
Currently, various cathodic host materials have been successfully reported with
certain capacity and cycling ability.”** While the options as anodic hosts with higher

capacity are merely limited in Sn, Sb and Sb,0,.**™*

Molybdenum disulfide (MoS,) has been extensively investigated for a long time due
to its great potential for applications in the field of hydrogen storage,™ medical and

17,18 and lithium ion batteries.’®?! As a

optoelectronics,'® magnesium ion batteries,
typical layered transition metal chalcogenide, MoS;, has a graphite-like structure,
where Mo and S atoms are covalently bonded to form two-dimensional S-Mo-S tri-
layers. These layers are then stacked together through weak van der Waals forces
between the S* layers, forming a sandwich structure. It is not surprising, therefore,

that MoS; could be a desirable intercalation host material because the guest atoms

could reversibly intercalate into the weakly bound stacked layers.
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The electrochemical performance of MoS, or MoS,-containing composites with
different morphologies for lithium ion batteries have been widely studied, in forms
including nanotubes,® nanosheets,®® mesoporous structures,”® and nanorods.*
Recently, a number of studies have focused on enlarging the d-spacing of the (002)
crystal plane, which would facilitate faster lithium intercalation and lead to higher
lithium storage. Du et al. reported restacked exfoliated MoS, with enlarged d-spacing
(0.635 nm), which exhibited a high capacity of 800 mAh g for 50 cycles.”® Hwang
et al. synthesized MoS; nanoplates consisting of disordered graphene-like layers with
enlarged d-spacing (0.69 nm), which showed excellent high rate capability with a
capacity of 554 mAh g ™ after 20 cycles at applied current density of 53.1 A g™*.%
Liu et al. reported highly ordered mesoporous MoS, with enlarged d-spacing (0.66
nm), delivering the high rate electrochemical performance of 608 mAh g™ at a
discharge current of 10 A g*.?! In addition, MoS, also shows the potential for
reversible electrochemical energy storage in rechargeable magnesium batteries.
Aurbach’s group have reported MoS, as the cathode material for Mg batteries.”” %8
Recently, Liang et al. reported highly exfoliated, graphene-like MoS, for Mg
batteries. They found that the battery achieved a high operating voltage (0.8 V) and
exhibited stable reversible capacity of 170 mAh g™ after 50 cycles, when coupled
with the Mg nanoparticle anode.’® Recently, Park et. al reported the possibility of
commercial MoS; for sodium-ion storage.?® However, the MoS; only delivers a very
low capacity of 85 mAh g* from 0.4 to 2.6 V by intercalation/deintercalation
reaction. Based on our recent work, pristine MoS, can react with Na ions via
reversible conversion reaction (~ 3 Na* reaction, ~ 501 mAh g*) when further
discharged to lower voltage (0.01 V).*® Therefore, there is significant room to

enhance the reversible capacity of MoS; via the realization of conversion reaction.
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Herein, we study on exfoliated MoS,/C composite (E-MoS,/C) for NIBs with
outstanding electrochemical properties. Our strategy to achieve high performance is
to use a unique E-MoS,/C composite as an anode material that possesses expanded d-
spacing to accommodate large sodium ions. In addition, the exfoliated structure
could shorten the Na-ion diffusion pathway and also withstand large volume change
due to the buffering space created by the crumpled nanosheets. Simultaneously, the
carbon component can effectively increase electrode conductivity. On the other hand,
various electrolytes were utilized to optimize the cycling performance of E-MoS,/C.
The E-MoS,/C is presented as an excellent anode material in 1.0 M NaClO,4 with
propylene carbonate / ethylene carbonate and 5 wt. % fluoroethylene carbonate
additive (PC/EC + 5 wt. % FEC), with an average working voltage of 1.0 V. Coupled
with the average capacity of ~ 400 mAh g™ for 100 cycles at applied current of 100
mA g* (0.25 C) and excellent rate capability (467.7 mAh g* at 0.125 C and 290.1
mAh g at 5 C ), as well as high energy density of 400 Wh kg™, this material could
be a promising anode candidate for NIBs at room temperature. Meanwhile, in order

to understand the sodium-storage properties of MoS; in detail, ex-situ XRD and XPS
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Figure 6.1 (a) Schematic illustration of preparation of E-M0S,/C and the effect of

FEC additive
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has been conducted to study the electrochemical reaction mechanism. As shown in
Figure 6.1, the synthesis processes consist of two steps, including chemical
exfoliation and hydrothermal method. Our strategy to achieve high performance is to
use a unique E-MoS,/C as an anode material that possesses expanded d-spacing to
accommodate large sodium ions. The exfoliated structure could shorten the Na-ion
diffusion pathway and also withstand large volume change due to the buffering space
created by the crumpled nanosheets. Simultaneously, the carbon component can
effectively increase electrode conductivity. On the other hand, various electrolytes
were utilized to optimize the cycling performance of E-MoS,/C. The E-MoS,/C is
presented as an excellent anode material in 1.0 M NaClO,4 with propylene carbonate /
ethylene carbonate and 5 wt. % fluoroethylene carbonate additive (PC/EC + 5 wt. %
FEC), which is favorable to form thin and stable SEI film due to the FEC reaction

with electrolyte.
6.2 Experimental methods

6.2.1 Material synthesis

Synthesis of exfoliated MoS,/C composite: Firstly, exfoliated MoS, (E-MoS;) was
prepared from pristine MoS, (P-MoS;) via a modified exfoliation method in a
previous report.*! 1g MoS, powder was vacuum dried at 120 °C for 24 h to remove
air and moisture, following by mixing with n-butyl lithium (1 mol MoS; : 1.5 mol
BuLi) in glove box. The mixture was stirred for 3 days at room temperature and
transfer into centrifuge tube wash by hexane for 3 times. The obtained solids were
dispersed into 500 mL of di-water by stirring for 1 hour. The dispersion was ultra-
sonicated for 1-3 hours to ensure the homogenous mixture. The low-speed centrifuge

(4400rpm) for 10 minutes was carried out to remove the unexfoliated MoS,. The
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obtained MoS, dispersion was ready to use. The concentration of MoS; dispersion
was estimated by drying method. Exfoliated MoS,/C composite (E-MoS,/C) was
fabricated by the hydrothermal method in the second step. Specifically, 0.27 g
glucose was dissolved in 20 mL deionized water, and then mixed with 40 mL E-
MoS; dispersion (4.2 mg mL™). The obtained mixture was loaded into a Teflon-lined
autoclave, which was then sealed and maintained at 150 ° C for 5 h, and then allowed
to cool down to room temperature naturally. After centrifugation, the black product
was then washed three times each with deionized water and absolute ethanol, and
dried under vacuum at 80 ° C overnight. The E-Mo0S,/C was finally obtained after
annealing treatment at 450 ° C for 2 h and then at 800 °C for 2 h in a mixed 5 %

Ho/Ar atmosphere.

6.2.2 Structural characterization

The morphologies of the samples were investigated by field-emission scanning
electron microscopy (FESEM; JEOL JSM-7500FA) and transmission electron
microscopy (TEM, JEOL 2011, 200 keV). The XRD patterns were collected by
powder X-ray diffraction (XRD; GBC MMA diffractometer) with Cu Ko radiation at

"1 and 2° min . Thermogravimetric analysis (TGA) was

a scan rate of 1° min
performed in air with a SETARAM Thermogravimetric Analyzer (France).The X-ray
photoelectron spectra (XPS) experiment was carried out using Al Kalpha radiation
and fixed analyser transmission mode. The pass energy was 60 eV for the survey

spectra and 20 eV for specific elements. The XPS samples were stored in argon box

before test to decrease the oxidation.

6.2.3 Electrochemical measurements

The electrochemical measurements were conducted by assembling coin-type half
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cells in an argon-filled glove box. The slurry was prepared by fully mixing 80 wt. %
active materials (P-MoS,, E-MoS,, and E-MoS,/C), 10 wt. % carbon black, and 10
wt. % polyvinylidene difluoride (PVDF) by planetary mixer (KK-250S). Then, the
obtained slurry was pasted on a copper film using a doctor blade with a thickness of
100 um, which was followed by drying in a vacuum oven overnight at 80 °C. The
working electrode was prepared by punching the electrode film into discs 0.97 cm in
diameter. The sodium foil was cut using a surgical blade from sodium bulk stored in
mineral oil. The sodium foil was employed as both reference and counter electrode.
The electrodes were separated by a glass fiber separator. Several electrodes with
various electrolytes were tested in our work, including P-MoS; in 1.0 M NaClO,4
with PC (P-MoS, with PC), E-MoS, in 1.0 M NaClO, with PC (E-MoS, with PC),
exfoliated MoS,/C in 1.0 M NaClO,4 with PC (E-MoS,/C with PC), E-MoS,/C in 1.0
M NaClO,4 with PC/EC (E-MoS,/C with PC/EC), and exfoliated MoS,/C in 1.0 M
NaClO, with PC/EC + 5 wt. % FEC (E-MoS,/C with PC/EC+FEC). The
electrochemical performance was tested on a LAND Battery Tester. Cyclic

voltammetry was performed using a Biologic VMP-3 electrochemical workstation.
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6.3 Characterization of morphology and structure

The X-ray diffraction (XRD) patterns of pristine MoS, (P-MoS;), exfoliated MoS;
(E-M0S,), and E-MoS,/C are presented in Figure 6.1a, all of which can be indexed to
the hexagonal 2H-MoS; structure (JPCDS No. 37-1492). P-MoS, shows more sharp
peaks with higher intensity, indicating its good crystallinity with good ordering and
well-stacked layered structure. In contrast, E-MoS, and E-MoS,/C show broadened
peaks with weakened (002) diffraction peaks, demonstrating smaller crystallite size
and a decrease in the number of stacking layers. Furthermore, as shown in Figure
6.2a the 2 0 value of the (002) diffraction peak has shifted to a lower angle of 13.98°
and 14.02° for E-MoS, and E-MoS,/C, respectively. This corresponds to the increase
in the interlayer distance of the (002) plane, which is 0.633 and 0.631 nm,
respectively, according to the Bragg equation. Moreover, no characteristic peak of

carbon can be detected in E-MoS,/C, indicating the amorphous nature of the carbon.
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As shown in Figure 6.3, the TGA curve of P-MoS; is used as a reference, showing a
10 % weight loss after heating to 650 ° C in air atmosphere, which indicates that the
remaining product after the TGA measurement is pure MoOs. Based on this fact and
assuming that the amorphous carbon is completely decomposed after 650 °C, it is
estimated that the MoS, content in the composite is approximately 91 wt. %, with

successful carbon incorporation of about 9 wt. % in the E-MoS,/C.
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Figure 6.3 TGA curves of P-MoS; and E-MoS,/C.
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100 nm

Figure 6.4 SEM images of (a) P-MoS,, (b) E-MoS; and (c) E-MoS,/C at low

magnification. SEM images of (d) E-MoS; and (e) E-MoS,/C at high magnification.

Morphological investigations of P-MoS,, E-MoS,, and E-MoS,/C are shown by the
SEM images in Figure 6.4. Unlike the P-MoS; bulk, E-MoS; and E-MoS,/C are in
the form of crumpled sheets. This demonstrates the successful exfoliation of the P-
MoS; into graphene-like nanosheets. Furthermore, it is notable that the nanosheets of
E-MoS,/C are thinner than those of E-MoS,, indicating that the E-MoS,/C

nanosheets are composed of fewer MoS; layers and that the incorporation of carbon
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restrains the restacking of the MoS; layers. This can be further confirmed by SEM

Images at higher magnification.

High resolution transmission electron microscope (HRTEM) images in Figure 6.5

provided insight into the morphology and structure of the P-MoS,, E-Mo0S,, and E-

(©06) . (105)
(100) +

: ; tOOg

Figure 6.5 TEM images and corresponding SAED (inset) patterns of (a) P-MoS,, (c)
E-MoS;, and (e) E-M0S,/C; and HRTEM images of (b) P-MoS;, (d) E-MoS,, and (f)

E-MOSzlc.
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MoS,/C. The good crystallization and well-stacked layered structure of P-MoS; is
verified as shown in Figure 6.5a and b, with an interplanar distance of 0.61 nm. In
contrast, E-MoS, and E-MoS,/C (Figure 6.5c and e) displays a relatively loose
packing of nanosheets and presents a somewhat transparent appearance. It is also can
be seen that the E-Mo0S,/C possesses much smaller crystal size than P-MoS, and E-
MoS,. Lattice fringes could be observed clearly, measured d-spacing of 0.63—0.65
nm and 0.62-0.64 nm for E-MoS, and E-MoS,/C, respectively, which is consistent
with XRD results. The number of restacked layers is less than 10 for E-MoS,/C,
which implies that the incorporation of carbon could restrain restacking of the MoS;
layers. It is believed that the larger d-spacing and the smaller crystallite size are

favourable to electrochemical storage of the larger sodium.

Energy dispersive X-ray (EDX) analysis in Figure 6.6 at different points reveals that
the E-Mo0S,/C is composed of molybdenum, sulfur, and carbon, and confirms the

homogenous dispersion of carbon in the E-MoS,/C.

1 Element Mass% Atom% 2 Element Mass% Atom%
C K 17.42 55.67 C K 15.00 60.39
S K 12.22 14.62 S K 10.08 15.21
CukK 7.62 4.60 CuK 5.27 4.01
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Counts

MoL * 62.74 25.10 MoL * 69.66 20.39
3 Element Mass% Atom% 4 Element Mass% Atom%
C K 19.91 58.83 C K 43.53 81.97
S K 13.73 15.19 S K 8.38 5.91
CuK 7.63 4.60 CuK 6.43 2.29
MoL * 58.72 21.72 MoL * 41.66 9.82
5 Element Mass% Atom% 6 Element Mass% Atom%
C K 17.66 55.01 C K 22.40 61.41
S K 15.09 17.60 S K 15.59 16.01
CuK 5.86 3.45 CuK 7.42 3.84
MoL * 61.38 23.93 MoL * 54.59 18.74
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Figure 6.6 Energy dispersive X-ray (EDX) analysis at selected points.
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6.4 Electrochemical performance

The electrochemical sodium storage behaviors of these materials were investigated
using galvanostatic discharge and cyclic voltammetry measurements. Several
electrodes with various electrolytes were tested in our work, including pristine MoS;
in 1.0 M NaClO,4 with PC (P-MoS; with PC), exfoliated MoS; in 1.0 M NaClO, with
PC (E-MoS; with PC), exfoliated MoS,/C in 1.0 M NaClO,4 with PC (E-MoS,/C with
PC), exfoliated MoS,/C in 1.0 M NaClO, with PC/EC (E-MoS,,C with PC/EC), and
exfoliated MoS,/C in 1.0 M NaClO,4 with PC/EC + 5 wt. % FEC (E-MoS,/C with

PC/EC+FEC). As shown in Figure 6.7, these electrodes show similar charge /dis-
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Figure 6.7 Charge/discharge profiles of (a) P-MoS, with PC, (b) E-MoS, with PC, (c)
E-MoS,/C with PC/EC and (d) E-MoS,/C with PC/EC+FEC. All the electrodes were

tested at a current density of 100 mA g™,
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-charge profiles, with slight variation in the plateaus position. The shapes of the
charge/discharge profiles are very similar to the report,** indicating a similar

electrochemical storage mechanism.
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Figure 6.8 (a) Charge/discharge profiles at a current density of 100 mA g*; (b)
Cyclic voltammograms at a scan rate of 0.1 mV s™* for E-MoS,/C in 1.0 M NaClO,

with PC.
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We take E-MoS,/C with PC (Figure 6.8) as an example to explain the
electrochemical reactions during the charge/discharge process. Three plateaus are
observed in Figure 6.8a at ~ 0.9 V, 0.73 V, and 0.1 V during the initial discharge
process. The first strongly pronounced plateau at 0.9 V should be indicative of the
formation of NayMoS;, the plateau at 0.73 V is related to further Na ion reaction with
MoS,, and the long 0.1 V plateau should be related to the reduction of Mo* to Mo
metal, accompanied by the formation of Na,S nanoparticles. In the subsequent
discharge process, the discharge profiles turn into sloping curves instead of those
three plateaus, which indicate the occurrence of the conversion reaction. During the
initial charge process, a plateau at 1.85 V can be seen and is reversible in the
following charge cycles, which is supposed to correspond to the redox reaction.
There is a corresponding charge plateau at 2.2 V in LIBs.'****? The difference of ~
0.3 V is attributed to the standard electrode potential difference (E® Lini* - E® nana+ =
-0.33 V). It implies that there is a similar reaction mechanism of MoS, with both
lithium and sodium. In brief, the charge/discharge curves of Na-MoS; show a sloping
profile and voltage hysteresis, which resembles the Li-MoS, conversion reaction.*
2132 The conversion reaction mechanism of Na and E-MoS,/C was further confirmed
via ex-situ XRD and XPS in Figure. 6.12 and Figure 6.13. As presented in Figure
6.8b, the cyclic voltammogram (CV), which was collected at a scan rate of 0.1 mV s’
' in the voltage range from 0.01 V to 2.5 V, show the electrochemical reactions in
detail. The peaks are consistent with the potential plateaus observed in the
charge/discharge curves. Three reduction peaks appear at 0.81 V, 0.59 V, and 0.02 V
in the first cycle, which represent the formation of NaxMoS, during the interaction
process and the decomposition of MoS, into Mo and Na,S through the conversion

reaction. In the subsequent oxidation process, a conspicuous peak appears at 1.82 V,
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in agreement with the former charge/discharge curves. The CV profiles could be well

repeated in following cycles, indicating that the high reversibility of the conversion

reaction.
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Figure 6.9 (a) Cycling performance of P-MoS,, E-MoS,, and E-MoS,/C at 0.01-2.5
V in 1.0 M NaClO,4 with PC; (b) Cycling performance of E-MoS,/C at 0.01-2.5 V in
various electrolytes; The applied current density was 100 mA g™ for all electrodes;

The solid and open symbols represent charge and discharge capacities, respectively;
(c) Capacity retention of P-MoS,, E-Mo0S,, and E-MoS,/C at various electrolytes; (d)
Coulombic efficiency of E-MoS,/C in 1.0 M NaClO,4 with PC/EC with and without

FEC.

The cycling performance of P-MoS;, E-MoS; and E-MoS,C were tested in the

electrolyte that consisted of 1.0 M NaClO, with PC. As shown in Figure 6.9a, both
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P-MoS; and E-MoS; show similar initial Coulombic efficiency (69 % and 66 %) and
cycling performance after 20 cycles. E-MoS, shows higher capacity than P-MoS,
with average reversible capacity of 366.2 mAh g™ and 275.3 mAh g™ in the initial 20
cycles, respectively. This indicates that the E-MoS;, can accommodate more Na ions
due to the d-spacing enlargement effect, while it shows almost the same
electrochemical performance as P-MoS, for prolonged cycling as a result of its
severe restacking. Interestingly, for E-MoS,/C, the incorporation of carbon can
significantly improve the capacity retention with slightly lower initial Coulombic
efficiency of 56.1 %. The higher irreversible capacity loss is probably due to its
higher specific surface area, leading to more irreversible reactions. It is obvious that
E-MoS,/C shows the best electrochemical properties, mainly ascribed to the
improved conductivity of the composite. More importantly, they are attributed to the
fact that the thinner nanosheets are capable of shortening the Na-ion diffusion length
as well. In order to further improve the electrochemical properties of E-MoS,C in
the voltage domain of 0.01 - 2.5 V, different electrolytes were tested. As shown in
Fig. 4c, the first cycle Coulombic efficiency of E-MoS,/C is about 56 % in various
electrolytes. The reversible capacities with PC and PC/EC are almost the same for
the first 20 cycles, with the value of ~ 400 mAh g™, but then decrease to 75.7 mAh g
1and 152.8 mAh g™, respectively, after 100 cycles. Compared to PC, PC/EC solvent
has higher conductivity and lower viscosity,*® so that it can lead to higher capacity
retention over longer cycling. Obvious capacity fades are observed for both PC and
PC/EC after 30 cycles, which are ascribed to a kinetically limited process, such as
electrolyte decomposition.** As reported previously, sodium anode would tend to be
corroded continuously in the organic electrolytes, rather than allowing a stable SEI

film to be formed.® In order to improve the performance of electrodes in NIBs, the
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film-forming additive, fluoroethylene carbonate (FEC), has recently been used to
modify the SEI film of carbon anode * and Sb/C anode.™® FEC has been observed to
form a passivation film at 0.7 V on both the carbon and the sodium surfaces, thereby
protecting the electrodes from further side reactions with the solvents. A compact
SEI film that is likely to be composed of stable alkali fluoride or fluroalkyl carbonate
was inferred to be formed on the Sb/C anode. Therefore, E-Mo0S,/C was further
tested in the electrolyte with the addition of 5 wt. % FEC, with the expectation of
longer cycling life. As shown in Figure 6.9b, the E-MoS,/C electrode in the
electrolyte with 5 wt. % FEC could maintain an almost stable capacity of 390 mAh g

"L over 100 cycles. The significant improvement of cycling behavior resulted from
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Figure 6.10 (a) Cycling performance and (b) charge/discharge profiles of E-MoS,/C
in the voltage ranges from 2.5V t0 0.8V, 0.5V, and 0.01 V in 1.0 M NaClO,4 with
PC.
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the effect of the FEC additive, which could enhance the structural stability of the SEI
film and thus curb further electrolyte decomposition. As shown in Figure 6.9c, it is
manifest that the capacity retentions increase gradually and significantly by enlarging
the interlayer distance of MoS;, and optimizing the electrolyte, thereby leading to a
high cycling capacity retention of ~ 82 % over 100 cycles for E-MoS,/C in 1.0 M
NaClO,4 with PC/EC+FEC. Furthermore, in contrast with the electrolyte without FEC
(Figure 6.9d), the Coulombic efficiency of E-MoS,/C is improved to ~ 98 % on

average due to the application of FEC additive.

It is worth noting that the E-MoS,/C in 1 M NaClO4 with PC exhibited distinct
cycling performance for different discharge cut-off voltages (Figure 6.10a). In the
range of 0.01-2.5 V, the electrode delivers the highest average capacity of 375.5
mAh g™ for the initial 50 cycles, while it shows serious capacity degradation in
successive cycles. When the discharge voltages are cut off at 0.8 VV and 0.5 V, even
though the capacities decrease to ~ 83 mAh g and ~ 140 mAh g, respectively, no
capacity decay is observed over 300 cycles. It is reasonable to conclude that the
cycling stability is attributable to the intercalation reaction and the stability of the
electrolyte solution at lower potentials. When it was tested during 2.5 - 0.8 V (Figure
6.10d), the charge/discharge curves show repeatable plateau for 300 cycles, which
confirmed the intercalation/deintercalation process with no change of MoS, layer
structure. When discharged to 0.8V, it also showed good cycling stability, which is
consistent with the intercalation/deintercalation process with distortion of MoS; layer
structure. Thus, the charge/discharge curves are slope curves instead of obvious
plateaus. However, when it was fully discharged to 0.01 V (Figure 6.10b), the

distorted MoS, was further reacted with Na ions, which is corresponding to the
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conversion reaction. This process leads to higher capacity and the realization of

conversion reaction process for the following cycles.

Furthermore, the rate capabilities of E-Mo0S,/C with various electrolytes are
evaluated in Figure 6.11a. The electrodes were tested at 40, 100, 200, 400, 1000, and
2000 mA g (namely, approximately at the C-rates of 0.125, 0.25, 0.5, 1, 2.5, and 5
C), respectively. The electrodes deliver average capacities of 467.7 mAh g™, 509.6
mAh g*, and 460.7 mAh g* for PC/EC+FEC, PC/EC, and PC at 0.125 C,
respectively. The corresponding capacities are 359.4 mAh g*, 334.1 mAh g*, and
209. 1 mAh g* at 1 C. When the current rate increases gradually to 5 C, the
capacities decrease to 290.1 mAh g, 205.7 mAh g*, and 81.3 mAh g, respectively.
When the current goes directly back to 0.125 C, the average capacity can recover to
~ 440 mAh g™. The capacity retention of the electrodes with different electrolytes at
various current rates is presented in Figure 6.11b. The capacity retention is 62.0 %,
40.3 %, and 17.6 % for PC/EC+FEC, PC/EC, and PC at 5 C, respectively. It is
obvious that E-MoS,/C with PC/EC+FEC shows the best capacity retention with
increasing current rate. The excellent rate capability with FEC additive is likely to be
due to the higher ionic conductivity of the SEI film. From its first charge/discharge
curve (Figure 6.7d), we can only infer that a stable SEI film is probably formed
within the range of 0.80-1.25 V. Further investigations of the components, the
formation process, and the ionic conductivity for this SEI layer are needed in the

future.
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6.5 Sodium-storage mechanism
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Figure 6.12 (a) First charge/discharge curves at specified states at current rate of 10

mA g and (b) corresponding ex-situ XRD patterns at a scan rate of 1° min™ for
different states of E-Mo0S,/C in 1.0 M NaClO4 with PC: OCP (open circuit potential),

D0.01 V(discharged to 0.01 V) and C2.5 V (charged back to 2.5 V).

The XRD samples were prepared by peeling the electrode materials off the Cu
current collector, followed with sealing it onto XRD holder by kapton tape. This
process can avoid the disturbance of strong Cu peaks and the oxidation of electrode
material. The XRD pattern shown in Figure 6.12b has deducted the background of
kapton tape. The fresh electrode coated by kepton tape can show several typical
peaks of E-MoS,/C, which were (100), (105), and (110). In addition, a small peak
located at ~ 43.5 ° originates from the Cu trace from the current collector. When the
electrode was fully discharged to 0.01 V, all of the peaks disappeared and the
electrode material showed the amorphous nature. It maintained amorphous nature
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when the electrode material was fully charged back to 2.5 V. The results proved that
E-MoS,/C underwent a conversion reaction during the charge/discharge process.
Further evidence for MoS,-Na conversion reaction was provided from XPS analysis.
For the E-MoS,/C electrode at OCP state, the Figure 6.13a shows the predominant
peaks at ca. 229.7 and 232.8 eV, which is ascribed to Mo3ds, and Mo3ds, binding
energies, respectively. Correspondingly, the peaks at ca. 162.5 and 163.4 eV can be
attributed to S2ps;, and S2py, binding energies, respectively. The well-defined spin-
coupled Mo and S doublets demonstrate the hexagonal MoS, state. No sodium
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element is observed for the fresh electrode. When the electrode was charged to 0.01
V, the Mo3ds/, peak (Figure 6.13a) shifts to ~ 227.5 eV, it is corresponding to the
reduction of Mo*" into Mo. A distinguished peak at ca.1071.2 in Figure 6.13c can be
indexed to the Nals. The S2ps/, peak shifts to 161.5 eV, which indicates the presence
of Na,S. When it was charged to 2.5 V, the Mo3ds, peak appears at higher binding
energy (~ 232.6 eV), which is ascribed to the existence of Mo®". The Nals peak at ca.
1072.58 eV is probably corresponding to Na* in Na,O. This is due to high activity of
charge products (Mo** and Na), which was tend to be oxidized in air during sample
preparation. Combining the ex-situ XRD and XPS of E-MoS,/C electrode, it is
obvious that the E-Mo0S,/C underwent a conversion reaction during

sodiation/desodiation.
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6.6 Conclusions

In summary, we successfully applied MoS, with highly improved capacity through
conversion reaction in a rechargeable sodium battery. Several strategies were
exploited to progressively optimize its Na-storage properties, including the
exfoliation of MoS, layers, the incorporation of carbon, and the optimization of the
electrolyte system. As a result, E-MoS,/C in 1.0 M NaClO, with PC/EC+FEC
achieved a high reversible capacity and exhibited excellent rate capability. Our
findings have therefore revealed a promising anode material candidate for a high-

capacity and long-life sodium ion battery.
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CHAPTER 7 HIGH-PERFORMANCE SODIUM-ION BATTERIES AND
SODIUM-1ON PSEUDOCAPACITORS BASED ON MOS,/GRAPHENE
COMPOSITES

Sodium-ion energy storage, including sodium-ion batteries (NIBs) and
electrochemical capacitive storage (NICs), is considered as a promising alternative to
lithium-ion energy storage. It is an intriguing prospect, especially for large-scale
applications, due to its low cost and abundance. MoS; sodiation/desodiation with Na
ions is based on the conversion reaction, which is not only able to deliver higher
capacity than intercalation reaction, but is also supposed to be applied in capacitive
storage due to its typically sloping charge/discharge curves. Here we construct NIBs
and NICs based on expanded MoS,/graphene composite (MoS,/G). The enlarged d-
spacing, participation of graphene matrix, and the unique properties of the MoS,/G
substantially optimize Na storage behaviors, accommodating large volume changes
and facilitating fast ion diffusion as well. MoS,/G can exhibit a stable capacity of ~
350 mAh g™ over 200 cycles at 0.25 C in half cells, and delivers a capacitance of 50
F g over 2000 cycles at 1.5 C in pseudocapacitors with a wide voltage window of

0.1-25 V.

Y.-X. Wang, S.-L. Chou, D. Wexler, H.-K. Liu, S.-X. Dou. Chemistry-A European
Journal 2014, 20, 9607-9612.
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7.1 Introduction

Considering current rechargeable battery systems for renewable energy storage, lead
acid, nickel/cadmium, and vanadium-redox flow batteries all suffer from serious
environmental problems; use of sodium/sulfur battery is limited because of the high
operating temperature (~ 350 ° C); rechargeable lithium-ion batteries (LIBs), as the
mainstay of energy storage, have been successfully commercialized in portable
electronic devices.™ > LIBs, however, are encountering an inevitable challenge with
respect to large-scale energy storage due to both lithium resources and cost. Thus, it
is significant and urgent to develop an essentially new battery system, which needs to
be low cost, environmentally friendly, and safe. Sodium, located in the same main
group in the periodic table after lithium, is one of the most attractive elements to
replace lithium. It is 4-5 orders of magnitude more abundant than lithium, and the
cost of the sodium-based materials is much lower than for the lithium-based
materials. In addition, the standard potential of Na’/Na (- 2. 71 V) is slightly higher
than that of Li*/Li (- 3.05 V). These features point to the great potential of sodium-
ion batteries for renewable energy and smart grids.> * To date, various cathode

3,9,10 and

materials, including layered transition metal oxides,>® organic polymers,
polyanion fluorophosphates,**** have been reported to reversibly accommodate Na
ions. Anode research is mainly focused on carbonaceous material,®**® alloyable

2025 and non-metal materials.?®?® Furthermore,

metals,"® metal oxides/sulfides
electrochemical capacitors are receiving great attention as well, because of their
significantly higher power density than batteries with prolonged cycle life, although
they also have relatively lower energy density than batteries.?® * To combine the

advantages of both batteries and capacitors, Na-based electrochemical capacitors
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have been proposed and are also a fascinating alternative for future energy storage.®"

32

Molybdenum disulfide (MoS,), with an analogous structure to graphite, has attracted
extensive interest in terms of energy storage, hydrogen storage, catalysis, and solid
lubricants. This layer-structured material possesses S-Mo-S sandwich layers, with the
sandwiches stacked together via weak van der Waals interactions. Specifically,
atoms within the layers of MoS, are bound by strong covalent bonds, whereas the
individual layers are bound together by weak van der Waals interactions. Many
reports have involved the application of MoS; in lithium-ion batteries, since lithium
ions can intercalate between the layers.*** Remarkably, expanded MoS,, fabricated
via lithiation method with an enlarged c lattice parameter, has achieved higher
capacity with longer cycling span than commercial MoS, (C-MoS;). The expanded
MoS; tends to be prone to serious restacking, however, due to its high surface
energy. Moreover, the poor electronic/ionic conductivity between adjacent S-Mo-S
sheets further obstructs its application as electrode material. Thus, many researchers
have turned to assembling graphene sheets with expanded MoS, to construct three-
dimensional (3D) architectures. The obtained MoS,/G composite would offer high
specific surface area, strong mechanical strength, and fast mass transport kinetics.
More importantly, the graphene matrix can not only effectively enhance the
conductivity and stability of the active materials, but also can significantly inhibit the
aggregation of exfoliated MoS, sheets. The reported studies show that MoS,/G
composite possesses synergistic effects between the layered MoS, and the graphene,
which result in good electrochemical properties in LIBs.%* " This strategy is capable

of capitalizing on the advantages of MoS; anode. Recently, the research on MoS; has
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been extended to the sodium-ion battery, and the intercalation mechanism of MoS,
and Na has been confirmed over the narrow voltage range of 0.4-2.6 V, with the
electrode delivering a low capacity of 85 mAh g™ over 100 cycles.*® Most recently,
Singh’s group explored the electrochemical performance of free-standing MoS,/G
composite paper. However, the best electrode with 73 wt. % MoS; in the composite

only delivers a low capacity of 218 mAh g™ after 20 cycles.*

Expanded MoS,/G composite (MoS,/G), which was prepared by the attachment of
expanded MoS, layers onto graphene sheets by a simple hydrothermal method,
results in excellent electrochemical properties in both the sodium ion battery and the
sodium-ion pseudocapacitor. The sodium ion battery is able to deliver a high
capacity of 313 mAh g™ over 200 cycles at 0.25 C (1 C = 400 mA g™), with capacity
retention of 81%. As for the sodium ion pseudocapacitor, the sodium-ion capacitor
(NIC) full cell shows excellent cycling performance over 2000 cycles with relatively
stable capacitance (~ 50 F g*) at 1.5 C. Hence, MoS,/G can achieve good energy and
power density, high rate capability, and good cycling stability in Na-ion electrodes
and pseudocapacitors, providing a promising candidate for high-performance and

sustainable energy storage systems.
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7.2 Experimental sections

7.2.1 Synthesis of M0S,/G composite

Expanded MoS; (E-MoS,) dispersion was prepared from commercial MoS; (C-MoS,)
via an expanded lithiation method “° and the graphene oxide dispersion was achieved
by a modified Hummers’ method.* M0S,/G composite (M0S,/G) was synthesized by
a facile hydrothermal method, followed by adding 60 mL E-MoS, aqueous
dispersion (~ 3 mg/mL) and 30mL graphene oxides aqueous dispersion (~ 5 mg/mL).
The obtained mixture was ultrasonicated for 3 min, and then loaded into Teflon-lined
autoclaves, which were then sealed and maintained at 180 °C for 5 h. After cooling
down to room temperature naturally, the black product was centrifuged, washed three
times each with deionized water and absolute ethanol, and dried under vacuum at 80
°C overnight. The MoS,/G was finally obtained after annealing treatment at 450 °C
for 2 h and then at 800 ° C for 2 h in a mixed 5 % H,/Ar atmosphere.

Sz Exfoliated MoS,

Chemical —

N 5

ﬁ _,. ;z!/’:' ;
exfoliation S
-—-—ﬂcv"—_::'
Hydrothermal 7
MosS, /G composite
/ Hummer’s
e
Method
Graphite Graphene oxides

Figure 7.1 Schematic diagram of synthesis method to prepare MoS,/G composite via

exfoliation and hydrothermal strategies.
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7.2.2 Physical characterization

The morphologies of the samples were investigated by field-emission scanning
electron microscopy (FESEM; JEOL JSM-7500FA) and transmission electron
microscopy (TEM, JEOL 2011, 200 keV). The XRD patterns were collected by
powder X-ray diffraction (XRD; GBC MMA diffractometer) with Cu Ko radiation at
a scan rate of 0.5° min™® and 2° min™. Thermogravimetric analysis (TGA) was
performed in air with a SETARAM Thermogravimetric Analyzer (France). Raman
spectra were collected with a Jobin Yvon HR800 Ranman spectrometer with a 10

mW helium/neon laser at 632.8 nm excitation.

7.2.3 Electrochemical measurements

The electrochemical measurements were conducted by assembling coin-type half
cells in an argon-filled glove box. The slurry was prepared by fully mixing 80 wt. %
active materials, 10 wt. % carbon black, and 10 wt. % polyvinylidene difluoride
(PVDF) using a planetary mixer (KK-250S). Then, the obtained slurry was pasted on
a copper film by a doctor blade in a thickness of 100 um, which was followed by
drying in a vacuum oven overnight at 80 °C. The working electrode was prepared by
punching the electrode film into discs 0.97 cm in diameter. Sodium foils were cut
using a surgical blade from sodium bulk to act as both reference and counter
electrode. The electrodes were separated by a glass fiber separator. The electrolytes
were 1.0 M NaClO,4 in 1:1 (weight ratio) propylene carbonate (PC) / ethylene
carbonate (EC) with 5 wt. % fluoroethylene carbonate (FEC) additive. The

electrochemical performance was tested on a LAND Battery Tester.
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7.3 Characterization of morphology and structure

As shown by the schematic illustration in Figure 7.2a, in spite of the large lattice
mismatch between expanded MoS; and graphene, the MoS; layers are attached to the
graphene sheets matrix, presumably via van der Waals interactions. Besides the
unique properties mentioned above, more interestingly, the MoS,/G interfaces show
intriguing phenomena according to ab initio calculations,”* which indicate an
energetic preference for Li atom intercalation (MoS,/Li/G), in comparison with Li
atoms on the MoS; surface (Li/MoS; and Li/Mo0S,/G), thus leading to higher Li

storage capacity in the MoS,/G composite. It is reasonable that the MoS,/G interface

Figure 7.2 Morphologies of graphene, E-MoS; and MoS,/G composite: (a),

Schematic illustrations of the synthesis of MoS,/G composite; (b), (c), (d), SEM
micrographs; (e), (f), (g), TEM micrographs of graphene, expanded MoS; and

MoS,/G composite.
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is able to facilitate the accommodation of Na ions, exhibiting higher capacity than
MoS. It can be seen that G, expanded MoS, and MoS,/G composite show similar
layered structures, and no significant morphological changes observed between
MoS; and MoS,/G composite. As shown in Figure 7.2b, the graphene sheets overlap
each other with a crumpled structure, which allows plenty of free room between the
graphene layers. The free room can accommodate the adherence of MoS, layers.
Furthermore, the obtained graphene nanosheets are very thin and have a large size, as
shown in Figure 7.2e, which implies that the graphene nanosheets are only stacked in

a few layers and allow MoS; layers to be quite uniformly dispersed on their surface.

As could be seen in Figure 7.2c, there are MoS; bulks in the expanded MoS; (E-

C——3.0 um Mo L 3.0 ym SK

Figure 7.3 Elemental mappings of C, Mg and S in MoS,/G composite.
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MoS,), which are ascribed to the restacking/agglomeration effect of the exfoliated
MoS, layers. In contrast, the MoS,/G shown in Figure 7.2d has a much looser
packing of nanosheets and presents a more transparent appearance. The TEM images
in Figure 7.2f and g further confirm that the MoS, layers tend to adhere to the
graphene sheets, hindering the restacking of exfoliated MoS,. Elemental mappings

(Figure 7.3) verify the even dispersion of MoS, layers on a graphene matrix.

Intensity (a.u.)

) .-§§ )
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Figure 7.4 XRD phase analyses and HRTEM characterization: XRD patterns and
corresponding HRTEM micrographs of C-MoS; (bottom), E-MoS, (middle) and

MoS,/G composite (top)
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The physical characteristics of C-MoS,, E-MoS;, and MoS,/G were further observed
by X-ray diffraction (XRD) analysis and high resolution transmission electron
microscopy (HRTEM), respectively. The results in Figure 7.4 reveal that the
incorporation of graphene can effectively inhibit the restacking/agglomeration of E-
MoS; layers. In addition, it is noteworthy that the (002) diffraction peak of G cannot
be detected in MoS,/G, indicating that the graphene layers are separated by MoS,
layers in the composite. All samples display a similar crystalline structure, congruent
with a hexagonal structure (JPCDS No. 37-1492). In contrast to well crystallized C-
MoS,, E-MoS; and MoS,/G present broadened and weakened peaks, indicating
smaller crystallite size and a higher disordered degree of the MoS; layers after the
exfoliation process. The d-spacing of the (002) planes can be calculated by the Bragg
equation, which are 0.616, 0.621 and 0.630 nm (with the corresponding 2 & values:
14.37, 14.20, 14.085), respectively. The HRTEM image of C-MoS, indicates a d-
spacing is about 0.62 nm and the well stacking layers of MoS; layers are estimated to
be more than 40. The lattice fringes of MoS; (E-MoS;) and MoS,/G are distorted and
lattice distances are expanded to be ~ 0.63 and ~ 0.66 nm, respectively. In contrast to
E-MoS; (<20 layers), MoS,/G displays higher disordered degree with less restacking
(<10 layers). Raman spectra of MoS,/G, E-M0S,, and G are illustrated in Figure 7.5a.
In contrast to the E-MoS,, the composite of presents the D-band and G-band of G at
1342 and 1593 cm™, respectively, confirming the existence of G in the composite.
Thermogravimetric analysis (TGA) (Figure 7.5b) was carried out between 50-650 °C
in the air atmosphere to measure the ratio MoS; to graphene. The commercial MoS;
was tested as well, which showed ~ 10 % weight loss due to the formation of MoOs.
Assuming the G can be completely burn out; the MoS; is estimated to be ~ 77 wt. %

in the composite.
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Figure 7.5 (a) Raman spectrum of G, E-MoS;, and MoS,/G composites; (b)

thermogravimetric analysis of curves of C-MoS; and MoS,/G composites.
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7.4 Electrochemical performance

In order to evaluate the sodium-ion storage properties of MoS,/G, the
electrochemical performance of sodium ion half-cell and pseudocapacitor were
tested, respectively. As shown in Figure 7.6a, the half-cell is composed of MoS,/G
anode and Na plate separated by glass fiber separators. In contrast to C-MoS,,
MoS,/G shows a dramatic enhancement on electrochemical performance (Figure 7.6),
delivering a much better cycling stability and capacity retention of 81 % over 200
cycles at 100 mA g* (0.25 C). The initial charge/discharge capacity is 386.0 and
604.3 mAh g*, respectively; the low Coulombic efficiency (~ 65 %) is mainly

ascribed to the formation of solid electrolyte interphase (SEI) and the occurrence
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Figure 7.6 Electrochemical performance of half cells: (a) schematic structure of
sodium-ion battery; (b) cycling performance of C-MoS; and MoS,/G composite at
100 mA g (0.25 C); and Coulombic efficiency of MoS,/G composite; (c)

charge/discharge curves and (d) rate capability of MoS,/G at various current rate.
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of irreversible reactions. The Coulombic efficiency retains above 97 %, implying that
the mechanism acting in first cycle is possibly different from that in the subsequent
cycles. Furthermore, excellent rate capability is achieved as shown in Figure 7.6¢ and
d. It was tested at different current rate of 0.125, 0.25, 0.5, 1, 2.5, and 5 C, with the
capacity corresponding to 491.7, 355.6, 327.8, 302.8, 280.6, and 247.2 mAh g™,
respectively. Along with the increase in the current rate, interestingly, the
charge/discharge curves show more obvious capacitive characteristics, with sloping
curves and large voltage hysteresis. Thus, we can speculate that it is feasible to apply
MoS,/G in a capacitor system. The charge/discharge curves for the first discharge
process show inconspicuous plateaus during 1.7-0.5 V, which disappear from the
second cycle. This indicates a different mechanism in the following cycles. An
obvious long plateau at about 0.3 V is observed, which implies that the reaction in
this step is partially reversible in subsequent cycles. During the charge process, a
conspicuous plateau occurs at about 1.85 V, which is corresponding to the redox

reaction.

A Na-ion pseudocapacitor was constructed and examined. As shown in Figure 7.7a,
the electrodes were sodium-doped MoS,/G (Na,MoS,/G), which was prepared by
galvanostatically discharging the half-cell from open circuit potential (OCP) to 0.01
V. Na ions were accommodated in the MoS, by the pre-sodiation process, which
transformed MoS; into amorphous Na,MoS,. After disassembling two half-cells, the
sodium-ion pseudocapacitor was reassembled into a coin-cell containing 1M NaClO,
in propylene carbonate (PC) / ethylene carbonate (EC) + fluoroethylene carbonate

(FEC) electrolyte, along with Na,MoS,/G positive and negative electrodes. The
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Figure 7.7 Electrochemical performance of full cells: (a) schematic structure of

sodium-ion pseduocapacitor; (b) capacitance of NICs at 1.5 C with prolonged

cycling; (c) charge/discharge curves of NICs at various current rates; (d) comparison

of capacitance between MoS; NICs and Na,MoS;, NICs at various current rates.

specific capacitance (Cy,) of such full cell can be calculated by the following formula:

Cn= O/AVx3.6, where Q (mAh g™ represents the specific capacity; and AV (V) is

the charge/discharge voltage variation (excluding the IR drop). As shown in Figure

7.6b, the NIC full cell showed excellent cycling performance over 2000 cycles with

relatively stable capacitance (~ 50 F g™) at 1.5 C. The charge/discharge curves are

shown in Figure 7.7c for different current rates. With increasing current rate from 50

to 1200 mA g*, the specific capacitance decreases from 250 to 45 F g It is

noteworthy that the initial irreversible capacity is very high, which results from the

irreversibility of the intercalation reaction of first cycle. Meanwhile, the NIC with
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MoS,/G and MoS,/G electrodes was tested in comparison as shown in Figure 7.7d ,
which delivered a very low capacitance (5-15 F g), similar to the energy density of
electric double layer capacitors (EDLCs). It implies that only a non-faradaic reaction
takes place in this capacitor. It is obvious that Na,MoS,/G NIC exhibits significantly
higher capacitance than that of MoS,/G, which arises from the occurrence of the

faradaic reaction in the Na,MoS,/G NIC.
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7.5 Na-storage mechanism

The Na-storage mechanism was deduced in detail by ex-situ XRD of C-MoS,, based
on its good crystallization and high intensity diffraction peaks. As shown in Figure
7.8a, C-MoS; shows similar charge/discharge curves to MoS,/G (Figure 7.6c),

demonstrating that they are likely to be subject to the same mechanism. In addition,
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Figure 7.8 Mechanism of Na storage in MoS;: (a) charge/discharge curves of C-
MoS in different cycles at 100 mA g™; (b) first charge/discharge curves at specified
states at 10 mA g™* and (c) corresponding ex-situ XRD patterns at a scan rate of 0.5°

min™ for different states of C-MoS, in 1.0 M NaClO, with PC.
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two pronounced plateaus at ~ 0.9 and ~ 0.75 V are observed in the first discharge
profile, which is due to the ordered stacking of its layered structure and good
crystallization. Powder samples of ex-situ XRD were collected by shaving off the
electrode materials from the Cu current collectors under the respective corresponding
conditions. Ex-situ XRD was conducted at five different states of charge and
discharge as presented in Figure 7.8b and c. When discharged to 0.9 V,
corresponding to the end of the first plateau, the (002) diffraction peak shows a slight
shift towards lower angle. This indicates expansion of the interlayer spacing between
the (002) planes due to Na ion intercalation into the layer sites of MoS,. The specific
capacity recorded at the end of this plateau was 84 mAh g™, which can be related to
the formation of NagsMoS,. When the electrodes are discharged to 0.75 V, the
diffraction peaks of 2H-MoS; are no longer observed. Two diffraction peaks appear
at 9.54° and 19.8°, which are indexed to NaMoS, (JCPDS Card No. 18-1257). The
capacity recorded after the second plateau is 175mAh g*, which is similar to the
theoretical capacity of one Na* intercalation (167 mAh g*), confirming the formation
of NaMoS,. When fully discharged to 0.01 V, no obvious peaks can be observed,
apart from two broadened peaks, which indicates the amorphous nature of the
product Nas+1MoS; (x<3). There is no doubt that a conversion reaction takes place
during this process, so the theoretical capacity should be 668.0 mAh g™ for the 4 Na*
reactions. The capacity recorded is 720 mAh g™, with the exceed capacity mostly due
to the formation of a SEI film. As the cells are discharged/charged at 0.01-2.5 V for 1
cycle, the diffraction pattern is amorphous, similar to that of the one discharged to
0.01 V, in agreement with the conversion reaction. The corresponding capacity is
535 mAh g, which is equivalent to the desodiation of 3.2 Na* during the charge

process, proving the irreversibility of the intercalation reaction (1 Na*) and the high
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reversibility of the conversion reaction. In addition, two Cu peaks at 43.4° and 58.4°

can be observed in the XRD patterns, an impurity arises from the Cu current

collector. Based on the ex-situ XRD analysis, the sodium storage mechanism of

MoS, in sodium ion batteries can be summarized as follows:

1% discharge process:

1% plateau: intercalation reaction

MoS; + 0.5 Na" + 0.5 —> NagsMoS;
2" plateau: intercalation reaction

NagsMoS, + 0.5 Na* + 0.5e" —> NaMoS;
3" plateau: conversion reaction

NaMoS, + xNa" + xe'—> 2 Na,+1M0S; (x<3)
1% charge process: conversion reaction

Nay+1M0oS,— Na,oMoS; +3 Na* + 3¢’
Subsequent cycles: conversion reaction

Discharge
Na,oMo0S; + yNa ~«——> Nayy-2M0S; (y<3)
Charge

(7.1)

(7.2)

(7.3)

(7.4)

(7.5)

As for the sodium-ion pseudocapacitors, the occurred reaction can be represented

by:

Na,MoS; (n<3) €> Na,.;M0S;+ mNa" + me (m<n) (7.6)

The Na doped MoS; (Na,MoS;) can provide more sodium ions for this system and

ensure the conversion reaction take place in the following cycles. On the other hand,
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the conversion reaction is highly reversible, and thus able to maintain long cycling
life with good capacitance retention. In addition, the graphene matrix plays a key role
in capacity/capacitance improvement in both systems, which can adsorb and desorb

Na ions reversibly due to its large surface area and good electrical conductivity.
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7.6 Conclusions

The graphene-like MoS,/G composite was assessed with respect to its feasibility for
Na-ion batteries and pseudocapacitors. The electrode is capable of delivering a high
capacity of ~ 400 mAh g* over 200 cycles. The low initial Coulombic efficiency and
ex-situ XRD results confirm that the MoS, and Na undergo an irreversible
intercalation reaction during the first charge, followed by a highly reversible
conversion reaction. Interestingly, the conversion reaction, with typical high capacity
and voltage hysteresis, can be applied in advanced NIC systems. In contrast to the
MoS,/G based capacitor, the capacitance of the Na,MoS,/G capacitor is significantly
enhanced by 7 to 17 times at different currents, which is ascribed to the
transformation of conventional EDLCs into advanced sodium-ion pseudocapacitors,
so that the battery-like faradaic reaction can take place. Accordingly, we believe that
MoS,/G has great potential for Na storage due to its advantages of nanostructure and

its reversible conversion reaction mechanism.
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CHAPTER 8 CONCLUSIONS AND OUTLOOK

8.1 General conclusions

A highly cost-efficient energy storage system, sodium-ion batteries, is currently
capturing extensive attention with increasing worldwide energy demands. A bright
and optimistic future is expected for the positive electrode side. In terms of the full
cells, however, tough challenges remain for the negative electrode side to compete
with the Li system. In this doctoral work, several promising anode materials have
been investigated. Layered materials, such as graphite and graphite-like MoS,, were
proven to be capable of sodiation/desodiation via the exfoliation method. The anode
materials featuring the conversion reaction are usually able to deliver high capacity
in LIBs. Their counterparts were expected to deliver high capacity in NIBs, including
MoS; and SnO,. The effects of carbon matrixes, amorphous carbon, and reduced
graphene oxide were studied in MoS,/C, MoS,/G and SnO,/G nanocomposites,
respectively. Constructing nanostructured materials is an important method for
improving electrochemical Na-storage properties. Meanwhile, various electrolyte

solutions were utilized to optimize the capacity and stability of those anode materials.

Reduced graphene oxide (RGO) was fabricated via the well-known Hummers’
method, and it was applied as an anode in NIBs for the first time. Due to its
properties, including high conductivity, large interlayer distance, and large surface
area, RGO is capable of delivering a capacity of 140 mAh g™ over 1000 cycles,
which is a significant improvement compared with inactive graphite. Even though
the reversible capacity of RGO is too low for practical application, hard carbon is

more promising with higher reversible capacity (> 300 mAh g?); it is a favourable
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carbon matrix for the materials with low conductivity and big volume changes during

charge/discharge processes.

Ultrafine SnO, nanoparticles (~ 5 nm) loaded on nanosheets of RGO were prepared
via an environmentally friendly and facile hydrothermal method. Nanosized particles
are vital for accelerating the reaction kinetics and promoting diffusion because of
their short transport length. The unique nanostructure, formed with numerous
nanovoids and excess space amongst the SnO, nanoparticles, is extremely favourable
for tolerating the large volume changes during sodium alloying/dealloying reactions
with Sn. On the other hand, the RGO framework can dramatically enhance the
conductivity of the anode material. Furthermore, graphene nanosheets can effectively
protect SnO, nanoparticles from agglomeration and pulverization. Of course, it is
beneficial that the RGO framework is also suitable to accommodate sodium ions. As
a result, a decent Na-storage performance with 330 mAh g* over 150 cycles is

achieved.

Graphene-like MoS,/C composite was fabricated by simple chemical exfoliation and
the hydrothermal method. In order to realize the superior electrochemical performance of
MoS; in NIBs, several strategies were explored. Firstly, in order to accommodate large
sodium ions, the interlayer distance of the (002) plane was enlarged by chemical
exfoliation; the obtained graphene-like structure is favourable to shorten the Na-ion
diffusion pathways and mitigate large volume changes. Furthermore, the carbon
matrix, amorphous carbon, was introduced by the hydrothermal method, which can
effectively increase electrode conductivity. As well as the efforts directed towards the
nanostructure of the active materials, the applied electrolyte solutions received attention
as well. The experimental results proved that the exfoliated MoS,/C electrode in
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electrolyte of 1.0 M NaClO,4 + PC/EC with 5 wt. % FEC could maintain an almost

stable capacity of 390 mAh g over 100 cycles.

Considering the analogous structures of exfoliated MoS, and RGO, and the superior
properties of RGO, MoS,/G composite was synthesised by attaching MoS, layers on
a graphene sheet matrix, likely via van der Waals interactions. Three-dimensional
(3D) architectures of MoS,/G composite offer high specific surface area and
mechanical strength, and fast mass transport kinetics. More importantly, it was
reported that MoS,/G composite possesses synergistic effects between the layered
MoS, and the graphene, thereby enhancing the reversible capacity and cycling
stability of the electrode. The conversion reaction mechanism of MoS,/G composite
featured high capacity, and obvious voltage hysteresis was applied in a sodium-ion
pseudocapacitor. The sodium-ion capacitor (NIC) full cell delivers excellent cycling
performance over 2000 cycles with relatively stable capacitance (~ 50 F g™) at 1.5 C.
Moreover, the Na-storage mechanisms of MoS;, were investigated thoroughly by ex-
situ XRD, which confirmed that the mechanism is the intercalation reaction for the
first discharge process, followed by reversible conversion reactions for subsequent

cycles.

The materials in this thesis are generally nanosized and possess larger surface area
and more active sites than their bulk counterpart, which enable more electrolytes to
decompose and result in more and thicker SEI film. Moreover, in case of reduced
graphene oxides, there are residual carboxyl and hydroxyl functional groups, which
would irreversibly react with Na ions, leading to low Coulombic efficiency as well. It
Is obvious that the superior electrochemical performance of nanosized materials need
to compromise with lower initial Coulombic efficiency. Of course, there is a balance
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point between them. To improve initial Coulombic efficiency, it is the most direct
strategy is to decrease the surface area of active materials. For RGO materials, we
can decrease the surface area and realize high quality of reduction by increasing the
heat-treatment temperature, such as 600, 800 °C instead of 450 °C in our work. This
strategy is feasible for SnO,/RGO nanocomposite, it is favourable to further treat the
obtained SnO,/RGO in tube furnace at high temperature (~ 450 °C) with Ar
atmosphere. On the other hand, it should be pointed that the agglomeration of SnO,
nanoparticles would get more serious with higher temperature. It is also easy to
decrease the nanosized degree of MoS,/C and MoS,/G samples via weaken the
exfoliation process, which could be achieved by utilizing less n-butyl lithium,
applying less reaction time, and decreasing the sonication time. Likewise, high-
temperature treatment can result in low surface area with the occurrence of stacking

and agglomeration.
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8.2 Outlook

For practical applications, hard carbon is one of the most promising anodes for
commercial NIBs, even though its volumetric energy density is smaller than that of
graphite in LIBs. Another potential candidate is titanium oxide, which is expected to
deliver higher volumetric energy density due to its higher density. The solid
electrolyte interphase (SEI) film is an important issue to address on the anode side.
Passivation of the material surface is beneficial to maintain cycling stability, while
leading to low Coulombic efficiency. Comprehensive studies, including electrolyte
solutions, additives, and binders to effectively passivate the surface of oxides and
carbonaceous materials added as a conductive agent, which are exposed to the highly
reducing conditions, are needed. More anodes based on the alloying/dealloying
mechanism, such as phosphorus, hold a great promise with high capacity, but
alleviating their large volume change is the toughest challenge. In contrast, for the
anodes with the conversion reaction, the lower initial Coulombic efficiency is the

biggest barrier to their commercialization.

For application in electrical energy storage (EES), the selection of electrodes is
supposed to be based on cost (elemental abundance). Due to the natural abundance of
Fe and Mn, P2-type NaJFei»Mn1,]O, delivers approximately 190 mAh g* of
reversible capacity and is one candidate as a positive electrode material for EES,
even though compensation for deficient sodium ions is needed to achieve full

capacity.

The electrolyte plays a role in the possible interfaces to the electrodes, deciding the
electrochemical stability window of the cell, and thereby affecting full cell

performance. NaClO,4 is commonly used for academic research because of its cost.
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NaPFs is relatively safe and enables comparisons with many LIB studies. Solvents
such as EC, DEC, and PC are utilized in NIBs as these solvents are used in LIB
electrolyte. Systematic research on the potential electrolytes for NIBs is urgently

required and of great value.

It is anticipated that the demonstration of NIBs as rechargeable batteries at the
industrial level will start in the near future, even though we still have many tough
challenges. Competing with the state-of-the-art and high-energy LIBs
(graphite/LiCoO, system) does not seem to be easy, especially in the case of the
volumetric energy density. Innovations in materials are still needed. Nevertheless,
sodium-ion-based technology has great advantages for both high-power and cost-
effective systems, as discussed in this review. NIBs can be potentially be used as
battery systems for hybrid electric vehicles and electrical energy storage, which
requires high-power and cost-effective batteries, respectively, if the cycle life of
batteries and the safety are competitive with the lithium system. It is believed that
NIBs will become a vital rechargeable battery system in our daily lives,

complementarily to the high-energy lithium system.
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