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Abstract

Abstract

Due to the rapid increase in the use of portable computers, mobile phones, and electric
vehicles, there is an increasing demand for larger capacity, smaller size, lighter weight
and lower priced rechargeable batteries. Lithium ion battery technology offers the
highest energy densities by weight of all the commercial rechargeable battery
technologies, with high voltage, long cycle life, and a wide environmental operation
range. Commercial lithium ion battery electrodes today contain expensive and
hazardous cathode (lithium cobalt oxide) and low specific capacity anode
(carbonaceous materials). It is desirable to replace these materials with potentially
cheaper, less toxic materials that have high specific capacity. In this doctoral work,
several nanostructured materials and nanocomposites were examined and characterized
as potential electrode material in lithium storage applications. In an attempt to improve
the performance of nickel oxide (NiO), NiO-polypyrrole (PPy) and NiO-graphene
nanocomposite were prepared and investigated as possible anode materials. Meanwhile,
several cathode materials were studied: LiV3Og/carbon nanocomposite and nickel
sulfide (NiS). The superior performance of poly(vinylidene fluoride)/poly(methyl
methacrylate) (PVDF/PMMA) gel polymer electrolyte in lithium-polymer batteries was

also demonstrated.

NiO-PPy nanocomposites for lithium-ion batteries were prepared by a chemical
polymerization method, with sodium p-toluenesulfonate as the dopant, Triton X-100 as
the surfactant, and FeCl; as the oxidant. The new composite material was characterized

by Raman spectroscopy, thermogravimetric analysis (TGA), scanning electron
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microscopy (SEM), and field-emission scanning electron microscopy (FESEM).
Nanosize conducting PPy particles with a cauliflower-like morphology were uniformly
coated onto the surface of the NiO powder. The electrochemical results were improved
for the NiO-PPy composite compared with the pristine NiO. After 30 cycles, the
capacities of the NiO and the NiO-PPy composite were about 119 and 436 mAh g™,
respectively, indicating that the electrochemical performance of the composite was

significantly improved.

Graphene—metal-oxide composites as anode materials for Li-ion batteries have been
investigated extensively, but these attempts have been mostly limited to moderate rate
charge-discharge applications. Here, NiO-graphene nanostructures have been
synthesized using a controlled hydrothermal method, which enables in situ formation of
NiO with a coralloid nanostructure on graphene. Graphene/NiO (20%), graphene/NiO
(50%), and pure NiO show stable discharge capacities of 185 mAh gt at20 C (1 C =
300 mA g?), 450 mAh g* at 1 C, and 400 mAh g* at 1 C, respectively. High rate
capability and good stability in prolonged charge-discharge cycling permit the
application of this material in fast charging batteries for upcoming electric vehicles. To
the best of our knowledge, such fast rate performance of graphene/metal oxide
composite as anode and such stability for pure NiO as anode have not been reported

previously.

To improve the rate capability and cyclability of LiV3;Og cathode for Li-ion batteries,
LiV30g was modified by forming LiV3Og/carbon nanosheet composite. LiV3Og/carbon
nanosheet composite was successfully achieved via a hydrothermal route followed by a

carbon coating process. The morphology and structural properties of the samples were
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investigated by X-ray diffraction (XRD), TGA, SEM, and transmission electron
microscopy (TEM). TEM observations demonstrated that the LiV3Og/carbon composite
has a very flat sheet-like morphology, with each nanosheet having a smooth surface and
a typical length of 400-700 nm, width of 200-350 nm, and thickness of 10-50 nm. Each
sheet is surrounded by a thick layer of amorphous carbon. Electrochemical tests showed
that the LiV3Og/carbon composite cathode features long-term cycling stability (194
mAh g™ at 0.2 C after 100 cycles) and excellent rate capability (110 mAh g™ at 5 C, 104
mAh g at 10 C, and 82 mAh g™ at 20 C after 250 cycles). Electrochemical impedance
spectra (EIS) indicated that the LiV3Og/carbon composite electrode has very low
charge-transfer resistance compared with pristine LiV30s, indicating the enhanced ionic
conductivity of the LiV3Og/carbon composite. The enhanced cycling stability is
attributed to the fact that the LiV3Og/carbon composite can prevent the aggregation of
active materials, accommodate the large volume variation, and maintain good electronic

contact.

To reduce the reaction time, electrical energy consumption, and cost, binary o-NiS-3-
NiS has been synthesized by a rapid, one-pot, hydrothermal autoclave microwave
method within 15 minutes at temperatures of 160-180 °C. The microstructure and
morphology of the o-NiS-B-NiS products were characterized by means of XRD,
FESEM, and TEM. At 140 °C, pure hexagonal NiAs-type a-NiS phase was identified
from the XRD patterns. With increasing reaction temperature (160-180 °C), the XRD
evidence indicates that an increasing fraction of rhombohedral millerite-like B-NiS is
formed as a secondary phase. The a-NiS-B-NiS sample synthesized at 160 °C yielded
good electrochemical performance in terms of high reversible capacity (320 mAh g™ at

0.1 C up to 100 cycles). Even at high rates, the sample operated at a good fraction of its

Vi
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capacity. The most likely contributing factor to the superior electrochemical
performance of the a-NiS-B-NiS sample could be the improved morphology. TEM
imaging confirmed that needle-like protrusions connect the clusters of a-NiS particles,
and the individual protrusions indicated a very high surface area including folded sheet
morphology, which helps to dissipate the surface accumulation of Li* ions and facilitate
rapid mobility. These factors help to enhance the amount of lithium intercalated within

the material.

Microporous PVDF/PMMA membranes were prepared using the phase-separation
method. Then, the membranes were immersed in liquid electrolyte to form polymer
electrolytes. The effects of PMMA on the morphology, degree of crystallinity, porosity,
and electrolyte uptake of the PVDF membrane were studied. The addition of PMMA
increased the pore size, porosity, and electrolyte uptake of the PVDF membrane, which,
in turn, increased the ionic conductivity of the polymer electrolyte. The maximum ionic
conductivity at room temperature was 1.21 x 10° S cm™ for Sample E70. The polymer
electrolyte was investigated, along with lithium iron phosphate (LiFePO,) as cathode
for all solid-state lithium-ion rechargeable batteries. The lithium metal/E70/LiFePQO,
cell yielded a stable discharge capacity of 133 mAh g™ after up to 50 cycles at a current

density of 8.5 mA g™.

vii
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Chapter 1

Introduction

1.1 General background

There are significant concerns about the rising level of CO, emissions, as human
activities are responsible for large impacts on the environment. The main source of the
increase in CO, is from increasing energy demands. It is now accepted that global
warming, climate change, finite fossil-fuel supplies, and emissions of greenhouse gases
constitute a serious threat to the environment worldwide. Being aware of these
problems, industrialized countries are examining a whole range of new policies and
technology issues to make their energy futures ‘sustainable’. That is, to maintain
economic growth whilst providing energy security and environmental protection. For a
sustainable future, energy storage technologies are expected to offer improved energy
and power densities; ideally, they should also be reliable and safe, flexible in use,
affordable, and limitless. Current concerns about limited energy resources have brought
about the need to consider renewable energies on a large scale together with the
widespread use of hybrid and electric vehicles. In this respect, lithium-ion battery
technology is considered to be a mature technology with a long history of large-scale
commercial applications. Applications of lithium-ion batteries have been diversified
from mobile devices such as cell phones and laptop computers to electric vehicles,
power tools, and stationary energy storage. Furthermore, the markets for lithium-ion

batteries are likely to increase in the years ahead, as the major automobile
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manufacturers are working towards electric and hybrid electric vehicles [1]. However,

research to meet the application requirements is still an urgent need [2]. Table 1.1

shows the performance characteristics of some secondary battery types [3].

Table 1.1 Comparison of the performance characteristics of secondary batteries [3].

Nominal voltage Specific energy Volumetric energy
Battery type
V) Whkg?  kdkg? Wh I kIt
Pb-acid 2 35 126 70 252
Ni-Cd 1.2 40 144 100 360
Ni-MH 1.2 90 324 245 882
Ag-Zn 1.5 110 396 220 792
Li-ion 3.6 125 450 440 1584

The environmental awareness and demand for high energy density have led to the

popularity of lithium-ion batteries, which have gradually become an alternative power

source to traditional lead-acid and Ni-Cd batteries [4]. The lithium-ion battery is a

forerunner and market leader in the energy storage category due to the following

outstanding properties [5]:

1) high energy in terms of gravimetric energy density and volumetric energy

density;

2) high average operating voltage (3.6 V);

3) acceptably low self-discharge on standing (<10% per month);

4) no memory effect
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5) easy determination of remaining capacity by virtue of having a sloping
discharge curve;

6) much safer than equivalent cells which use lithium metal;

7) rapid recharging within just 2 to 3 hours;

8) stable to over 500 cycles with operation under a wide range of environmental

conditions.

Although the lithium-ion battery has historically been the leading technology, Li-ion
batteries are still constantly criticized for their performance due to the user’s
unconditional demands. Their large scale application is still limited by several barriers,
including reliability, longevity, safety, and cost concerns [6-8]. An intensive quest is
continuing in the search for new and improved materials for all lithium-ion battery

components, including the cathode, anode, and electrolyte.

1.2 Statement of problem

1.2.1 Cathode materials

The cathode material is the main focus of enthusiastic research in the field of lithium-
ion batteries. According to Whittingham [9], the most important characteristics required

for cathode materials are briefly described below.

1) The material should contain a readily reducible or oxidizable ion such as a
transition metal ion;
2) The material must react reversibly with lithium, with no structural changes

during intercalation/de-intercalation;
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3) The material must react with a high free energy of reaction for high voltage;

4) The material should react with lithium quickly on both lithium insertion and
removal to give high power;

5) The material should be a good electronic conductor to alleviate the need for a
conductive additive; and

6) The material should be low cost and environmentally benign.

The positive electrode material largely contributes to factors such as toxicity, costs,
thermal safety, energy density, and power density. The majority of lithium-ion batteries
on the market today utilize lithium cobalt oxide (LiCoO,) as the positive electrode
material [10]. LiCoO, forms the a-NaFeO, structure, which is a distorted rock-salt

structure where the cations order in alternating (111) planes. This ordering results in a

trigonal structure (Rf_’am) and, for LiCoO,, planes of lithium ions through which
lithiation and delithiation can occur [11]. Although it offers good electrical performance
and is easily prepared, the relatively high cost of cobalt and concerns about the thermal
safety and toxicity of LiCoO; have led to the development of other alternate materials.

Another promising cathode material is spinel lithium manganese oxide (LiMn,QOy),

which forms a spinel structure ( Fd C_%m), in which manganese occupies the octahedral
sites and lithium predominantly occupies the tetrahedral sites [12]. The paths for
lithiation and delithiation are a 3-dimensional network of channels rather than planes, as
in the a-NaFeO; structure. In spite of the fact that LiMn,O, is low cost and safer than
LiCoO,, its capacity fading, Mn dissolution at high temperature, and poor high-rate
capability remain severe problems [13]. Lithium iron phosphate (LiFePO,), which is a
compound with olivine-type (Pnma) structure, has received much attention owing to its

potential use as cathode material because of its low cost, abundance, low toxicity, and

4
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high theoretical capacity of 170 mAh g™ [14]. However, the widespread use of LiFePO,
as cathode has been hindered by its low tap density, high processing costs, and poor rate
capacity [1, 15]. Although transition metal oxides based on o-NaFeO,, spinel, and
olivine structures have shown promising features, improvements are still needed to

reduce cost and extend the lifetime.

1.2.2 Anode materials

Carbon materials such as disordered carbon [16, 17], hierarchically porous carbon
monoliths [18], and acid treated graphite [19] are widely used as anode active materials
for rechargeable lithium batteries. Although these materials offer a long cycle life,
abundant material supply, and relatively low cost [20], the storage capacity and the rate
performance still need to be improved. In addition, the lithium storage capacity in
graphite is limited to 372 mAh g™, corresponding to a stoichiometric LiC¢ composition
[18]. Thus, much effort has been focused in developing alternative materials with low
irreversible capacity, high energy density, and long cycle life [21]. Alloy anodes (for
examples, silicon (Si) and tin (Sn)) [22-24] have shown high capacity values, but
generally suffer from low coulombic efficiencies (less than 60%) on the first few cycles
[25]. This irreversibility could be attributed to (a) a loss of active material, (b) solid-
electrolyte interface (SEI) formation, (c) Li trapping in the host alloy, (d) reaction with
oxide impurities, and (e) the aggregation of active particles [20]. Recently, transition-
metal oxides have shown a number of desirable properties, such as high theoretical
capacity (500-1000 mAh g™), based on a novel conversion mechanism [26]. The main

challenge for the implementation of transition-metal oxide anodes is their low electronic
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conductivity and poor cycling performance due to the large volume changes during

repeated lithium uptake and removal reactions [27-29].

1.2.3 Electrolyte

Nowadays, lithium batteries use electrolytes containing LiPFg salt dissolved in a mixed
carbonate solvent, which is unsafe due to the use of flammable organic electrolyte, poor
thermal stability of the cathode electrolyte interphase, and the formation of lithium
dendrites. LiPFg is believed to be the main cause for poor performance of lithium-ion
batteries at high temperature, while the high viscosity of ethylene carbonate limits use
to above -20°C in low temperature application [30]. According to Goodenough and Kim

[31], the ideal electrolyte should offers:

1) Retention of the electrode/electrolyte interface during cycling when the
electrode particles are changing their volume.

2) Lithium-ion conductivity of more than 10* S cm™ over the temperature range of
battery operation.

3) Chemical stability over the ambient temperature range.

4) Chemical stability with respect to the electrode.

5) Safe materials, low toxicity, and low cost.

Room-temperature ionic liquids (RTILs) [32-34] have been considered as alternative
electrolytes for lithium-ion batteries due to advantages such as high oxidation potential
(~ 5.3 V vs. Li*/Li°%), non-flammability, a low vapor pressure, high boiling points, and a

high Li-salt solubility. However, the high viscosity of these ionic liquids reduces their

6
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Li-ion conductivity. Rechargeable lithium cells which use solid polymer electrolytes
(SPE) are considered to have a safety advantage over the organic and inorganic liquid
electrolytes because of their lower reactivity with lithium and the absence of a volatile,
and sometimes flammable, organic solvent. Since the polymers are light and non-
combustible materials, they can be fabricated to any required size and shape. These

properties allow the batteries to be fabricated in a wide range of designs [35].

1.3 Importance of study

There is an urgent need to develop new materials for lithium-ion batteries that can offer
increased capacity, safety, energy, and power density, as well as compatibility with the
environment. The strategies for research are the replacement of (1) graphite with
alternative, higher capacity anode materials, (2) LiCoO, with lower cost and more
environmentally benign cathode materials, and (3) the organic liquid electrolyte with a
more reliable polymer electrolyte [36]. Exploration of nanomaterials and
nanocomposites is vital to overcome these problems. The advantages associated with

the usage of nanomaterials and nanocomposites include [37]:

1) better accommodation of the strain of lithium insertion/removal,

2) higher electrode/electrolyte contact area, leading to higher charge/discharge
rates,

3) short path lengths for electronic transport, hence permitting operation with low
electronic conductivity or at higher power and,

4) short path lengths for Li-ion transport.
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Finally, properly designed nanocomposite electrodes with nanostructures may
maximize the advantages while minimizing the problems associated with each
component in lithium-ion batteries, hence offering higher energy and power densities

and longer cycling lifetimes.

1.4 Objectives and scope of research

In order to address the some of the issues mentioned above, it is necessary to explore
the effects of nanomaterials as cathode and anode in lithium-ion batteries. From the
perspective of the use of nanoparticles/nanostructured materials as potential candidate
electrode materials, this PhD work is aimed toward the improvement of cell
performance, in terms of specific capacities and rate capabilities. The scope of this
research is to synthesize nanostructured/nanocomposite cathode and anode materials,
with the emphasis on understanding structural, morphological, and electrochemical

changes.

Meanwhile, presentation of the research reported in this doctoral thesis will be

structured as follows:

1) A thorough literature review of current state-of-the-art lithium-ion batteries is
presented in Chapter 2, especially as it relates to the role of
nanostuctured/composite electrode materials and possible techniques for the

synthesis of those materials.
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2)

3)

4)

5)

6)

The overall experimental method for the anode, cathode, and gel polymer
electrolyte preparation, the fabrication of cells, their characterization, and
electrochemical measurements are explained in Chapter 3.

Synthesis of the nanostructured/composite electrode materials through different
techniques, including spray pyrolysis (Chapter 4), the hydrothermal method
(Chapters 5 and 6), and the hydrothermal autoclave microwave approach
(Chapter 7). Preparation of gel polymer electrolytes using the phase-separation
method is presented in Chapter 8.

As a means to accomplish the objectives in addressing the issues above,
investigation of the structural and physical properties of the synthesized
nanostuctured/composite materials was pursued by methods including X-ray
diffraction (XRD), Raman spectroscopy, Brunauer-Emmett-Teller (BET)
specific surface area measurements, attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectroscopy, differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), scanning electron microscopy
(SEM), field-emission scanning electron microscopy (FESEM), transmission
electron microscopy (TEM), selected area electron diffraction (SAED), and
energy dispersive spectroscopy (EDS).

The electrochemical performance of the synthesized electrode materials was
investigated by cyclic voltammetry (CV), galvanostatic charge-discharge
cycling, and electrochemical impedance spectroscopy (EIS).

Finally, the main results and achievements of this doctoral thesis are
summarized in Chapter 9, followed by the list of references, a list of acronyms,

and a list of publications during the period of this study.
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Chapter 2

Literature Review

2.1 General backgrounds

Electrical energy is important in our daily lives, and it can universally be easily
converted into light, heat, or mechanical energy. However, the main problem is that
electrical energy is very difficult to store. Capacitors, for example, can allow its direct
storage; however, the quantities are small when compared with the demands of most
applications. In general, the storage of electrical energy requires its conversion into
another form of energy. In batteries, the energy of chemical compounds acts as the
storage medium, and during discharge, a chemical reaction occurs that generates
energy, which can be drawn from the battery in form of electric current at a certain
voltage [38]. There are a few battery systems that can reverse this process and be
recharged. Therefore, battery systems can be classified into two broad categories: (1)
primary batteries, which are designed to convert their chemical energy into electrical
energy only once, and (2) secondary batteries, which may be recharged and used again.
Before entering the topic in detail, it is necessary to gain important historical knowledge

on inventions and developments in batteries up to the latest battery technology.

The earliest electrochemical energy storage system which may have served as a battery
is known as Baghdad battery, which was invented between 250 BC and 640 AD [39,

40]. The next significant step in the development of batteries was the invention of the

10
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voltaic pile by Alessandro Volta in 1799. It consisted of a pile of alternate silver (or
brass or copper) and zinc (or tin) discs, with each pair of dissimilar metals separated
from the next by a piece of cloth which was saturated with brine. One end of the pile
terminated in a silver disc and the other in a zinc disc. A continuous current of
electricity was produced as the two were connected by a wire conductor [41]. A
subsequent major advance was made by John Daniell, who invented the Daniell cell in
1836. Daniell cells were adopted by commercial telegraphic systems following a rapid
expansion of such services in the early 1850s [42]. In 1866, Georges Leclanche
invented a primary cell that consisted of a zinc rod as the negative electrode and a
carbon rod as the positive electrode. Both electrodes were immersed in a solution of
ammonium chloride in a glass jar. The cell, which has been extensively developed ever
since, gives a voltage of 1.5 V [43]. The first secondary cell, with an output of 2 V, was
demonstrated by Gaston Planté in 1859. This ‘lead-acid battery’ consisted of two
concentric spirals of lead sheet, separated by porous cloth and immersed in dilute
sulfuric acid within a cylindrical glass vessel. When it discharged and charged, the
chemical reactions at the surface of the plates resulted in the gradual build-up of
deposits of higher surface area and the current progressively improved, which was

known as ‘formation process’ [41, 44].

Soon after, the first work on batteries with alkaline solutions was reported by Waldemar
Jungner in 1899. The nickel-cadmium battery had a positive electrode of nickel
hydroxide and a mixture of cadmium and iron powders as the negative electrode, and
was immersed in a concentrated solution of potassium hydroxide [45]. A similar system
was developed by Thomas Edison in 1905, except that it used an all-iron negative

electrode rather than a cadmium-iron mixture. Both cells gave 1.2 V and were brought

11
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into commercial use [46]. In 1932, Shlecht and Ackerman invented porous nickel
electrodes, where the active materials of the batteries were deposited. This increased the
contact area of the electrodes, allowing higher velocity in the charge and discharge
reactions [47]. Another commercially important primary system is the zinc-mercury
oxide battery, sometime also named the Ruben-Mallory battery, which was invented by
Samuel Ruben in 1945 [48]. This battery was fabricated as low-drain, button cell, using
amalgamated zinc as the negative electrode, a mercury oxide-carbon mixture as the
positive electrode, and a concentrated potassium hydroxide aqueous electrolyte

solution.

The lithium-ion battery was initially discovered by researchers at Oxford University in
the late 1970s, when they found that lithium ions can be intercalated into the crystal
lattice of trivalent cobalt or nickel oxides to give the compounds LiCoO; and LiNiO,
respectively [49]. This discovery was followed up by researchers at Sony Corporation,
and they commercialized the first lithium-ion battery that contains no metallic lithium
and therefore is much safer on recharge than the earlier lithium-metal battery design.
The lithium-ion battery has a respectable 3 V cell, offers high energy densities largely
exceeds that of more conventional rechargeable batteries, such as lead-acid, Ni-Cd, or
even Ni-MH, where M is a metal, and become the preferred choice for electrochemical
storage. Figure 2.1 shows the basic electrode reactions involved in these batteries,
which exhibit different voltages and capacities [50]. The characteristics of rechargeable
batteries depend on both the performance of the active materials contained in the

cathode and anode and on the integration technologies for the battery components.

12
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Figure 2.1. Electrode reactions of representative rechargeable batteries [50].

In the almost three to four decades since the emergence of these battery technologies,

there has been an increase in energy density, prefiguring today’s need of power sources

that can deliver more energy per unit volume. Figure 2.2, which compares these

batteries in an energy diagram, clearly shows the superiority of the lithium system. The

energy density of the Ni-Cd battery is about 30 to 60 Wh kg™ and 100 to 200 Wh I,

that of the Ni-MH battery is about 60 to 100 Wh kg™ and 80 to 300 Wh I, while the

lithium-ion battery has an energy density of about 140 Wh kg™ and 300 Wh I™.
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Figure 2.2. Comparison of the different battery technologies in terms of volumetric and

gravimetric energy density [51].

2.2 Lithium-ion batteries

Rechargeable lithium batteries using lithium anodes were introduced onto the market on
a limited scale in the 1980s for consumer applications. Unfortunately, they were
withdrawn when safety problems arose. The lithium-ion cell was first marketed in 1991
and does not contain lithium in a metallic state. This battery is also known as a swing
battery or rocking chair battery due to the two-way movement of lithium ions between
the anode and cathode through the electrolyte during the charge-discharge processes.

Most commercial lithium-ion batteries use carbon as the anode material, non-aqueous
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liquid electrolyte, and a layered transition metal (M) oxide such as LiCoO; or LiMn,O4
as the cathode material. The concept of the lithium-ion battery is illustrated
schematically in Figure 2.3. In the charged state, the anode contains a high
concentration of intercalated lithium, while the cathode is depleted of lithium. During
the discharge, lithium-ions leave the anode and migrate through the electrolyte to the
cathode, while their associated electrons are collected by the current collector to be used
to power an electric device. The cell voltage is determined by the energy of the

chemical reaction occurring in the cell.

®
e on Charge e on Discharge
8 o v
1 ]
® ..3.@%. P ©,
] -
1 'C — D
9000) =<
' Li™ Intercalation —v-
] [ ]
. ' < .
= CXX%): | S— = z
- T &OCC: ! o
3 : H =
— 1 1 -
IS 4 : &
O e= | L . <S—>— T o
= ! Li" on Charge ! =
E 5 2
o ' . . . ~
© ' Li"onDischarge | <eme—3=—> o
2 ! i 3
= I ' “
] i 1 =
= 1 ] L=l
' ' E—
T i === T
e - —=+— Li* Intercalation . Lit -
] ]
1 ]
1 1 < -
%@% : | S =
] ]
Li, MO, Li,C

Figure 2.3. Schematic diagram of the electrochemical processes in

a lithium-ion cell [52].

15



Chapter 2

In practice, the anode and cathode contain polymeric binders to hold the powder
structure together and conductive diluents such as carbon black to give the whole
structure electronic conductivity, so that electrons can be transported to the active
material. Moreover, these combinations give sufficient porosity to allow the liquid
electrolyte to penetrate the powder structure and the ions to reach the reacting sites [1].
The positive electrode (cathode) has a current collector made of thin aluminum foil
coated in lithium metal oxide, while the negative electrode (anode) has a current
collector made of thin copper foil coated in graphite carbon. The separator is a fine
porous polypropylene or polyethylene film, and the electrolyte is an organic solvent
with lithium salts dissolved in it. The wound cathode/separator/anode plus electrolyte
are contained within a metal (steel or aluminum) can and sealed with a cap. The cap
usually contains a mechanical vent mechanism which releases internal cell pressure
under abusive conditions and a positive temperature coefficient (PTC) device to limit
current in a short circuit or under other abusive conditions. In many cells, an additional
current interrupter is also included, which acts to remove the cell from the external
circuit in an overcharge situation. The electrochemical mechanism of this battery at the
electrodes and the overall reaction mechanism are shown in Figure 2.4. These rocking
chair batteries do not require a stringent manufacturing environment because the
starting electrode materials (i.e., lithiated oxides and carbon) are stable in ambient
atmosphere. The cell is assembled in its discharged state, where the output voltage is
close to 0 V, and activated during the first charge [53]. The concept is similar to that of
Ni-Cd batteries that need to be charged prior to use. The lithium-ion cell delivers its
capacity between 4.1-4.3 V and 2.5 V, with an average voltage of 3.5-3.7 V, and can be

discharged reversibly down to 0 V [53].
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Figure 2.4. Electrode and cell reactions of lithium-ion battery [52].

2.3 Lithium polymer batteries

Rechargeable lithium batteries which use solid polymer electrolytes (SPE) are
considered to have safety advantages over the liquid electrolytes due to their lower
reactivity with lithium and the absence of a volatile, flammable organic solvent. The
concept behind these batteries was based on a breakthrough after Wright’s discovery of
ionic conductivity in alkali metal salt complexes of poly(ethylene oxide) (PEO) in 1973
[54], and polymer electrolytes were proposed for batteries in 1978 [55]. Their
advantages such, as no leakage of electrolyte, higher energy density, flexible geometry,
and improved safety, have drawn the attention of many researchers towards the
development of lithium polymer batteries [56]. The cell reaction is similar to that in the
liquid organic electrolyte, intercalation of lithium into the cathode structure during

discharge and de-intercalation of lithium from the charged cathode and deposition on
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the anode during charge [57]. The basic structure of the solid polymer electrolyte cell

can be represented as shown in Figure 2.5.

Figure 2.5. Schematic cross-section of a solid polymer electrolyte (SPE) cell.

The major problem for lithium polymer electrolyte systems is the formation of high
interfacial resistance at the lithium/polymer electrolyte interphase [56], due to the
reactions of lithium with water, other impurities, and the salt anions. This resistance
grows with time and could be as high as 10 kQ cm™[58]. A solid electrolyte interphase
(SEI) also exists in non-agqueous electrolyte system, but in this case, the solid electrolyte
interphase (SEI) consists of the inorganic reduction products of the polymer electrolyte

and its impurities.

The energy density of the SPE batteries is projected to be close to that of the liquid
electrolyte lithium rechargeable batteries. The thin cell design requires a larger
percentage of construction materials and non-reactive components, which tend to lower
the energy density. Larger electrode areas are also required for a given cell capacity
than with the conventional battery design. The thin separator and large electrode area
could adversely affect the cycle life, safety, and reliability of the battery by increasing
the chance for internal short circuits, lithium dendrite penetration, and other deleterious
effects [57]. A great effort has been undertaken all over the world to develop lithium
polymer batteries both for small- and large-scale applications. The PolyPlus Battery in

the US is a room-temperature lithium polymer battery with specific capacity as high as
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500 Wh kg™. In a prototype cell using a lithium intercalated disulfide polymer as the
cathode at 90°C, specific energy of 100 Wh kg™ was obtained over 350 cycles [59, 60].
Moltec have reported an AA-sized battery based on organosulfur cathode with specific
capacity of 180 Wh kg™ [61]. In 1998, Sony introduced a lithium polymer battery onto
the market which had almost equal performance to the lithium-ion battery using liquid
electrolyte, as shown in Table 2.1 [62]. Thin and lightweight battery design was
achieved by using aluminum-laminated polymer film as the casing materials instead of

a heavy metal can (Figure 2.6).

Table 2.1. Performance of lithium polymer battery introduced by Sony [62].

Size (DxWxH) 3.8x35x62 mm
Weight 169

Capacity 900 mAh
Average voltage 3.75V

Charge voltage 4.2V
Charging time 150 min

Vol. energy density 410 Wh dm?®
Gr. Energy density 210 Wh kg™
Cyclability 85% at 1000™ cycle
Temperature range of operation | -20 °C ~ 60°C
Cathode LiCoO,

Anode Graphite
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Figure 2.6. Thin and lightweight lithium polymer battery [62].

2.4 Basic concepts and principles

In batteries, electrical energy is generated by conversion of chemical energy via redox
reactions at the anode and cathode. Reactions at the anode usually take place at lower
electrode potentials than at the cathode and the terms negative and positive electrode are
used. The more negative electrode is designated the anode, whereas the cathode is the
more positive one. Table 2.2 listed the electromotive series of some battery
components. Batteries are closed systems, with the anode and cathode being the

charge-transfer medium and taking an active role in the redox reaction as ‘active mass’.

A simple galvanic cell consists of cathode and anode immersed in an electrolyte
solution, as is shown in Figure 2.7. During the discharge, the anode releases electrons
(is oxidized), which flow through the external load to the cathode, where they are
accepted by the reduction reaction. The flow of anions and cations to the anode and
cathode also occurs, respectively (Figure 2.7(a)). During the recharge, the current flow
is reversed, the positive electrode is oxidized, and the negative electrode is reduced, as

shown in Figure 2.7(b). As the anode is, by definition, the electrode at which oxidation
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occurs and the cathode the one where reduction takes place, the positive electrode is

now the anode and the negative the cathode [63].

Table 2.2 Electromotive series of some battery components [64].

Anode materials from worst (most

positive) to best (most negative)

Cathode materials from best (most

positive) to worst (most negative)

Gold
Platinum
Mercury
Palladium
Silver
Copper
Hydrogen
Lead

Tin

Nickel
Iron
Chromium
Zinc
Aluminum
Magnesium

Lithium

Ferrate

Iron oxide
Cuprous oxide
lodate

Cupric oxide
Mercuric oxide
Cobaltic oxide
Manganese oxide
Lead oxide
Silver oxide
Oxygen

Nickel oxyhydroxide
Nickel dioxide
Silver peroxide
Permanganate

Bromate

21



Chapter 2

- bC +
(a) Load (b) power supply

Electron flow +
+ - lre——

Flow of anions
Flow of anions ——

& ©
lf———
3 3 g 3
o] =) = £
= L [ <
g b o .
Q Flow of cations
e
Flow of cations
———
Electrolyte Electrolyte

Figure 2.7. Electrochemical operation of a cell during (a) discharge and (b) charge [63].

2.4.1 Potential

It is important to note that all energy storage and power characteristics of batteries can
be deduced directly from the thermodynamic and kinetic equations that arise from the
properties of the active species involved. Most importantly, the Gibbs free energy
serves as a measure of the net available energy from a given reactions, which is related

to a standard electrode potential, E°. Under equilibrium conditions:

AG = —nFE° (2.1)

where AG is the Gibbs free energy, F is the Faraday constant (96485 C), n is the
number of electrons involved in a stoichiometric reaction and E° is the electrode

potential. The amount of electricity produced, nF, is determined by the total amount of
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materials available for reaction and can be thought of as a capacity factor; the cell
voltage can be considered to be an intensity factor. The usual thermodynamic
calculations on the effects of temperature, pressure, etc. apply directly to
electrochemical reactions. Spontaneous processes have a negative free energy and a
positive electromotive force (emf), with the reaction written in a reversible fashion,
which goes in the forward direction [4]. For conditions other than in the standard state,

the electrochemical potential of a cell is given by the Nernst equation:

E=E° —[Ejln(ﬁj (2.2)
nF A

where R — gas constant
T — absolute temperature
A, — the activity product of the products

A, — the activity product of the reactants

The voltage of the cell is unique for each reaction couple, depending on which electrode
materials are being used. Figure 2.8 shows the voltage versus capacity for positive and
negative electrode materials for lithium-ion batteries. For cathode materials, the
potential vs. Li/Li* varies from 2.5 V to 4.3 V, whereas anode materials show a

potential vs. Li/Li* lower than 2.0 V.
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Figure 2.8. Voltage versus capacity of electrode materials [51].

2.4.2 Specific capacity

The theoretical capacity of a cell is the total quantity of electricity involved in the

electrochemical reaction, which is determined by the quantity of active materials in the

cell. The theoretical specific capacity, Qs can be calculated from the equation below:

nxF

Qs= (2.3)

Here, n is the number of mol of electrons transferred in the electrochemical reactions, F
is the Faraday constant (96485 C), and M is the molecular weight of the active
materials. Specific charge capacity (Qc) or specific discharge capacity (Qg) can be

calculated using equation (2.4):

Q. (or Q) = -t (2.4)
m
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where | —is the current (A)
t — time (hour)

m — mass of the active material (kg)

2.4.3 Specific energy and energy density

The ability of a battery to deliver electrical energy is a function of the cell potential (V)

and capacity (Ah kg™), which are linked directly to the chemistry of the system. It can

be expressed either as

energy density, ED (Wh I'!) = w (2.5)
or
specific energy, SE (Wh kg™) = ExQ (2.6)

Here, m (kg) and V (litre) are the mass and volume of the cell, respectively.
2.4.4 Specific power and power density

The amount of power that a battery is able to deliver can be expressed either per unit

mass or per unit volume.

Power density (W 1) = Et—D (2.7)
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Specific power (W kg™?) = % (2.8)

t is the discharge time (h).
2.4.5 Self discharge

Charged batteries will slowly lose their charge over time, even if they are not connected
to a device. Moisture in the air and the slight conductivity of the battery housing will
serve as a path for electrons to travel to the cathode from the anode, discharging the
battery. The rate at which a battery loses power in this way is called the self-discharge

rate.

2.4.6 Rate capability

A battery’s rate capability is its ability to deliver a large capacity when discharged at
high C rates. A rate of C/1 corresponds to the current required to completely discharge
an electrode in 1 h [65]. C denotes either the theoretical charge capacity or the nominal
capacity of the battery.

2.4.7 Irreversible capacity

A lithium-ion battery suffers gradual capacity loss or irreversible capacity loss with
each charge-discharge cycle. For anode materials, irreversible capacity can be

calculated using equation (2.9):
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Irreversible capacity = n"Q, —n"Q, (2.9)
For cathode materials, irreversible capacity can be calculated as follows:
Irreversible capacity = n"Q, —n"Q, (2.10)

Here, Q. and Qq are the charge capacity and the discharge capacity, respectively, of the

cell at the n™ cycle.
2.4.8 Coulombic efficiency

The coulombic efficiency (7) of a battery is the ratio of the amount of charge that enters
the battery during charging compared to the amount that can be extracted from the

battery during discharging. The coulombic efficiency (7) is given by equation (2.11):

th
n= ”mgc x100% (2.11)
n

d

2.4.9 Charge-transfer resistance, Warburg impedance, and equivalent circuit

modeling

The cell impedance has contributions from individual electrodes as well as from other
components such as the electrolyte. It is widely recognized that the presence of a solid-
electrolyte interphase (SEI) layer on the electrode surface of lithium-ion batteries plays

an essential role in the battery performance, and its very nature can determine an
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extended (or shorter) life for the battery. The impedance response includes (a)
electrolyte resistance (Rs), (b) charge-transfer resistance (R.), (c) double-layer
capacitance (Cgq) at the electrode/electrolyte interface, and, (d) Warburg impedance
(Zw). Charge-transfer resistance (R at the interface between the electrolyte and the
electrode constitutes a major barrier to the kinetics of lithium-ion cell chemistry,
indicating slow electrochemical reactions. Diffusion also can create an impedance,
called the Warburg impedance (Z,), that depends on the frequency of the potential
perturbation. The Warburg impedance is small at high frequencies, as the reactants do
not diffuse very far, whereas the Warburg impedance is increased at low frequencies as
the reactants have time to move farther. Capacitors in equivalent circuits in
electrochemical impedance spectroscopy (EIS) experiments often do not behave ideally.
Instead, they act like a constant phase element (CPE), probably due to surface
roughness, a ‘leaky’ capacitor, non-uniform current distribution, etc, [66]. Figure 2.9
shows a typical Nyquist plot for lithium-ion batteries. The diameter of the semicircle in
the medium frequency region could be assigned as R, and Z,, appears as a diagonal line

with a slope of 45°.

'Zimaginary(Q)

45°

\ 4

\‘ Rct ”
ZreaI(Q)
Figure 2.9. Typical Nyquist plot of lithium-ion battery.

28



Chapter 2

Impedance data can be extracted physically as meaningful properties of the
electrochemical system by using equivalent circuit modeling. An equivalent circuit
model is an electrical circuit composed of ideal resistors (R), capacitors (C), and
inductors (L). In the equivalent circuit analog, resistors represent the bulk resistance of a
material to charge transport, such as the resistance of the electrolyte to ion transport and
the resistance to the charge-transfer process at the electrode surface. Capacitors and
inductors are associated with space-charge polarization regions, such as an
electrochemical double layer and adsorption/desorption processes at an electrode,
respectively [67]. Table 2.3 lists the circuit elements, the equation for their current
versus voltage relationship and their impedance. The equivalent circuit for the Nyquist

plot in Figure 2.9 is shown in Figure 2.10.

Table 2.3. The defining relations and impedance for ideal bulk electrical elements [67].

Defining Relation Impedance
Resistor —\NWV\— V=IxR Z.=R
dV 1 j
' I1=C— L. = =——
Capacitor _| I_ dt “ joC wC
dl

Inductor = 11 == V= La 7, = joL

Figure 2.10. Equivalent circuit for Nyquist plot in Figure 2.9.
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2.4.10 Models for ionic conductivity

It is quite difficult to interpret the conduction phenomenon in polymer electrolytes. The

ion dynamics in solids can be understood through ac conductivity studies. However,

there are several models that can describe the conductivity-temperature relationships in

the system.

2.4.10.1 Arrhenius Model

The Arrhenius model is represented by equation (2.12):

o= oy eXp K_HE'a) (2.12)

Here, o, is the pre-exponential factor, E, is the activation energy of the ions, k is the
Boltzmann constant and T is the absolute temperature. This equation can be expressed
when a plot of In o versus 10%T shows linear behavior. The Arrhenius behavior below
the glass transition temperature (Tg) is explained by ion pair dissociation, leading to the
formation of interstitial defects migrating by an indirect interstitial mechanism. Above
Tg, the ionic transport involves a cooperative mechanisms of the neighboring atoms or

the macromolecular chains [68].
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2.4.10.2 Vogel-Tamman-Fulcher (VTF) Model

The VTF model can be explained using the free volume theory. The free volume theory
assumes that the ionic transport mechanism in the polymer electrolyte results from
segmental motions. This process promotes ion movement through the formation and
destruction of a coordination sphere of the solvated ion, thereby creating a free volume
into which the ion could diffuse under the influence of the electrical field [69]. The VTF

model is represented by equation (2.13):

_ Oy -B
o= N exp (k(ro—T)J (2.13)

where, o, is the conductivity pre-exponential factor, B is the pseudoactivation energy of
the ion, and T, the thermodynamic glass transition temperature or the ideal glass
transition temperature, which is usually 50 K lower than the glass transition temperature
(Tg). At the temperatures below the ideal glass transition temperature (T,), the free

volume is assumed to vanish.
2.5 Micro/nanotechnologies to transcend challenges

In recent years, attempts to address the capacity issue in electrode materials has still
been attracting considerable attention, although great progress has been made during the
last 20 years in lithium-ion batteries [20, 29, 48, 51, 53, 70-76]. To meet the
technological demands in this area, the size of the materials should be reduced to the

nanometer scale. Micro/nanomaterials show interesting mechanical and physical
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properties, such as increased mechanical strength, enhanced diffusivity, and higher
specific heat and electrical resistivity compared to conventional bulk grained materials
[77]. Materials having grain size of 0.1 to 0.3 um are classified as submicron materials,
whereas nanomaterials are characterized by a grain size of up to about 100 nm [78]. The

unique attributes of nanomaterials are as follows [79]:

1) Fast transport of mobile species. When the size and dimensions of materials,
grains, and domains become comparable to (or less than) the characteristic
length scale (such as the mean free path) of phonons, photons, electrons, ions,
and molecules, the physical phenomena involving these materials are strongly
influenced, such as the transport of charge, mass, and energy and in chemical
and energy transformation processes. Table 2.4 shows the characteristic length

and time scales for electrons, molecules, and ions under ambient condition.

Table 2.4. Characteristic length and time scales for electrons, molecules, and ions at

ambient temperature [79].

Energy carriers Wavelength/ Mean free Relaxation

nm path/nm time/ns
Electrons
In semiconductors/dielectrics  ~1-50 ~1-500 ~1073 to 102
In conductors/metals ~0.1-1 ~1-10 ~10°to 10°*
Molecules/ions
In gas/plasma ~102to1* ~10°to 107 ~1-100
In liquid/electrolyte - ~0.1-1 ~1073
In solid/electrolyte - ~0.1-1 ~1073

% Refers to de Broglie wavelength

It can be seen that the mobile species (electrons, ions, and molecules) in

batteries have length scales on the order of 0.1 — 100 nm in typical
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2)

3)

electrochemical systems, suggesting that some unique physicochemical
properties of materials and novel reaction pathways may become operative in
the nanoscale regime. The transport of these mobile species associated with
cycling of batteries has a significant impact on the rate of chemical and energy
transformation processes.

Surface reactivity. The ratio of the number of surface atoms to that of the bulk
atoms for a nanomaterial is far greater than for a bulk material (> 100 nm). In
bulk materials, the surface atoms contain fewer neighbors than the atoms in the
bulk, leading to lower coordination numbers and unsatisfied bonds. The
chemical reactivity of materials could be affected by large surface free energy,
surface defects, and surface states [80]. The large surface free energy and
stress/strain of nanomaterials may influence the phase stability and structural
transformations, which in turn influence the electrochemical and catalytic
activities. The surface free energy of nanomaterials can be estimated as:

r

ﬂo(r):ﬂo(rzoo)+2(7)v (2.14)
Here, 1°(r) and p°(r = o) refer to the chemical potential of nanoscale and bulk
materials, respectively, y is the effective surface tension, r is the effective grain
radius, and V is the partial molar volume. As can be seen from eq. (2.14), the
surface energy increases with decreasing particle size. Therefore, phases that
may not be stable in bulk materials are more stable in nanostructures.

Mechanical robustness. Nanostructured materials are known to exhibit high

mechanical strength, toughness, and structural integrity [81-83]. Some naturally
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evolved nanostructures (e.g., diatom shells) are resilient to mechanical stress and

strain, and exceptional stresses and strains are required to break them [84].

In recent years, the possible roles of nanomaterials in electrode materials have been

emphasized in lithium-ion batteries, as these strategies have dramatically enhanced

battery performance, including capacity, rate capability, cycling life, and safety. The

advantages of nanomaterial electrodes in lithium-ion batteries include [85, 86]:

1)

2)

3)

4)

Large surface to volume ratio increases the contact area between the electrode
and the electrolyte and thus, provide more active sites for electrode reactions.
Therefore, the power density (or rate capability), energy efficiency, and energy
density are improved, and the electrode polarization loss is reduced.

The nanosized dimensions reduce the distance for lithium-ion transport within
the particles, which in turn increases the rate of lithium insertion/removal
processes. For solid-state diffusion of lithium in electrode materials, the

characteristic time constant for diffusion is given by

S (2.15)

where L is the diffusion length and D the diffusion constant. The time for
lithium intercalation,z, decreases with the square of the diffusion length, L,
illustrating the remarkable effect of manipulating nanostructures.

Enhanced electron transport within the particles as described for lithium ions.
The formation of nanocomposites or thin film deposition of electronic/ionic

conductors could also enhance the ionic and electronic conductivity of the
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electrode materials, where the surface of each phase or the interfaces between
phases support fast transport of ionic and electronic species.

5) Structural integrity is improved by well-designed nanomaterials such as
nanowires, nanotubes, nanobelts, and nanorods. These structures have high
mechanical strength and more resistance to mechanical damage.

6) Hierarchical architecture of nanoporous materials can improve electrocatalytic
activity and stability due to the high surface area for surface modifications and
the robust structure for durability. The electrocatalytic activity is enhanced due
to the increased number of active reaction sites and facile transport of electro-
active species to the reaction sites.

7) Higher capacities could be achieved by using nanostructured materials, due to
new lithium storage mechanisms. Recent studies show that lithium ions can be
stored on the surface [87], interface [88-90], and nanopores [91, 92], without
causing any mechanical crumbling in the electrode, thus leading to excess
lithium storage. In particular, surface/interfacial lithium storage mechanisms
will play critical roles in transition metal oxide and newly emerging graphene-
based electrodes.

8) The chemical potentials of electrode materials for lithium ions and electrons

may be modified, resulting in a change in the electrode potential [93].

Meanwhile, the disadvantages related to the use of nanomaterials as electrode materials

in the lithium-ion battery are listed as follows [85]:

1) Nanoparticles may be more complicated to synthesize, and their dimensions are

rather difficult to control.
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2) High electrolyte/electrode surface area may lead to undesired side reactions with
the electrolyte, and it will be more difficult to maintain the interparticle contact.

3) Nanopowders have less density when compared with the same material formed
from micrometer-sized particles. The volume of the electrode increases for the

same mass of material, thus reducing the volumetric energy density.

2.6 Negative electrode for lithium-ion batteries

2.6.1 Carbonaceous materials

Carbonaceous materials are the earliest materials that have been examined and
successfully used as anode in lithium-ion batteries. After being commercialized by Sony
in 1991, the performance of carbon-based anode materials has been significantly
improved, in terms of energy density, rate capability, and cost. The physical, chemical,
and electronic properties of carbonaceous nanomaterials are strongly dependent on
carbon’s structural conformation and its hybridization state [94]. Carbon atoms can bind
covalently with three, five, and seven neighboring carbon atoms, leading to the possible
formation of pentagonal and heptagonal faces. These faces allow the existence of
complex solids and macromolecules [95]. The oldest carbon allotropes are amorphous
carbon (such as coal and soot), graphite and, diamond as shown in Figure 2.11. Later,
scientists have synthesized new allotropes, including carbon nanotubes (CNTS),
fullerenes, and graphene, all of which have had a significant scientific and technological
impact. Today, graphite-based anodes with a theoretical capacity of 372 mAh g™ (for a

stoichiometry of LiCy) are still dominating current commercial batteries [96, 97].
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Figure 2.11. Carbon allotropes [98].

Carbonaceous nanomaterials share the same bonding configurations as macroscopic
carbon structures, however, their properties and morphology are controlled by the
stability of particular resonance structures rather than the bulk of their crystalline forms
[98]. Graphite nanosheets are thermodynamically stable as three-dimensional structures
on the nanoscale. The curvature of the planar graphite will generate strain energy which
is compensated by the reduction of unfavorable dangling bonds [99]. Therefore,
fullerenes and nanotubes share many properties of graphite and exhibit a distinct and
tunable set of properties due to quantum effects at the nanoscale, enhanced sp* character
of the bonds, quantum confinement on wave functions in one or more dimensions [100],
and closed topology. More recently, Novoselov and Geim discovered the allotrope of
carbon which was called graphene in 2004 [101]. They used adhesive tape to detach a
single layer of atoms from graphite to produce the new allotrope. Graphene consists of a
single layer of graphite (Figure 2.12) with a thickness of one atom and is a good
electrical and thermal conductor. Due to the high quality of its sp? carbon lattice,
electrons were found to move ballistically in a graphene layer, even at ambient

temperature [102, 103].
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graphite

graphene

fullerene

Figure 2.12. Graphene from graphite [104].

Owing to its large surface-to-volume ratio and highly conductive nature, graphene may
have properties that make it suitable for reversible lithium storage in lithium-ion
batteries. This is because lithium ions could be bound on both sides of graphene sheets,
as well as on the edges and covalent sites of the graphene nanoplatelets. Therefore, it is
expected that graphene could overtake its three-dimensional counterpart (graphite) for

enhanced lithium storage in lithium-ion batteries.

Yoo et al. [105] have studied the lithium storage properties of graphene nanosheet
(GNS) materials as anode materials for rechargeable lithium-ion batteries. The
charge/discharge capacities of GNS are much higher than the theoretical capacity of

graphite (372 mAh g™), as shown in Figure 2.13. Two possible explanations has been

38



Chapter 2

proposed: (1) different electronic structures of GNS, GNS + CNT, and GNS + C60
from that graphite, and (2) the expansion of d-spacing of the graphene layers provides

more sites for accommodation of lithium ions.
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Figure 2.13. Charge/discharge cycling performances of (a) graphite, (b) GNS, (c) GNS

+ CNT, and (d) GNS + fullerenes (Cgo) [105].

High capacity graphene materials have also been reported by Wang et al. [106] (Figure
2.14). It has been proposed that lithium ions can be absorbed on both sides of a
graphene sheet that is arranged like a “house of cards” in hard carbons, leading to two
layers of lithium for each graphene sheet, with a theoretical capacity of 744 mAh g*
through the formation of Li,Cg [107, 108]. However, large irreversibility, the absence of
a voltage plateau during discharge, and large hysteresis in voltage between charge and
discharge currently limit the usage of graphene-based anode materials. Further
improvements are awaited before this material can be commercialized in lithium-ion

batteries.
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Figure 2.14. Discharge capacity of graphene nanosheet electrode versus

cycle number [106].

2.6.2 Lithium alloys

Lithium alloys are possible alternatives for the anode due to their high theoretical

capacity and their similar potential range to graphite materials. The concept was

introduced by Dey [109] in 1971 when he demonstrated the feasibility of

electrochemical formation of lithium alloys in liquid organic electrolytes. The reaction

usually proceeds reversibly according to the general scheme shown in Eq. (2.16) [110].
discharge

LiM &——— xLi'+xe +M (2.16)
charge

Some metals, such as Sn, Sb, Si, Al, Zn, and Ge, can form alloys with lithium at low

potential [111, 112]. Table 2.5 shows a comparison of the theoretical specific capacities
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of alloy anodes, lithium metal, and graphite. Si-based and Sn-based nanocomposites are
more attractive due to their high capacity, and much attention has been paid to
improving their performance. Si and Sn can generate lithium alloys with lithium
compositions up to Lis4M, giving high theoretical capacities of 4200 and 994 mAh g,

respectively.

Table 2.5. Comparison of the theoretical specific capacity, charge density, volume

change, and onset potential of various anode materials [20].

Materials Li C Si Sn
Density (g cm™2) 0.53 225 2.33 7.29
Lithiated phase Li LiCs  LigsSi  Lig,Sn
Theoretical specific capacity 3862 372 4200 994
(mMAhg™)

Theoretical charge density 2047 837 9786 7246
(mAh cm-3)

Volume change (%) 100 12 320 260
Potential vs. Li (~V) 0 0.05 0.4 0.6

While attractive in terms of gravimetric capacity, however, these materials generally
suffer from low coulombic efficiencies (< 60%) on the first few cycle [25] and huge
volume changes during the electrochemical lithiation/delithiation process [113].
Furthermore, these types of materials have poor electronic conductivity, which impedes
fast lithiation. It has been reported that a volume expansion on the order of 400%
occurred during the formation of Lis4Si alloy, which causes disintegration and hence a
loss of electrical contact between particles [113]. Alloy anodes also had high initial
irreversible capacities and rapid capacity fade during cycling [22, 114-116]. Figure 2.15
shows an example where the charge capacity is much lower than the discharge capacity

at the first cycle [24].
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Figure 2.15. Charge-discharge voltage profiles for the first 5 cycles of a pure silicon

anode with an average powder size of 10 um [24].

This serious drawback is caused by several factors [20]:

1) Loss of active material due to large volume change during cycling, and cracking
and pulverization of active particles and the surrounding matrix, leading to the
disconnection of some alloy particles from the conductive carbon or current
collector [114, 115, 117, 118]. The disconnection of the conductive network
between active particles and the carbon matrix was confirmed by the sharp rise
in the internal resistance of a Si anode at ~0.4 V during the Li-extraction process
[119, 120] and verified by scanning electron microscopy (SEM) observation
[121]. Atomic force microscopy (AFM) was also used to study the anode
surface and has revealed that cracking occurs mainly during the Li-extraction

process [122]. As the Si particles become isolated and large internal resistance
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2)

3)

4)

5)

occurs, the delithiation process is not completed, with some Li remaining in the
Si particles. Therefore, an irreversible capacity loss was observed.

Formation of solid-electrolyte interphase (SEI) films on alloy anodes contribute
to the process of breaking off and reforming due to the constant volume changes
of the alloy particles upon cycling [114, 123-125]. The SEI films consist of
Li,COs, various lithium alkylcarbonates (ROCO,Li), LiF, Li,O, and non-
conductive polymers. The thickness of SEI films and the amount of salt-
degradation products increase with the cycle number [121, 123], contributing to
the first cycle irreversible capacity and the later capacity fade.

Generally, Li insertion/extraction in alloys is reversible; however, some lithium
ions may be permanently trapped in the alloys. This could be due to slow
lithium release kinetics, the formation of highly stable lithiated compounds, or
strong bonding with less coordinated atoms at defect sites [117, 118, 126-130].
Lithium ions could be trapped irreversibly at defect sites at the surface,
interface, or grain boundaries in alloy particles that result from large volume
change and the complicated structural transformation during Li
insertion/extraction processes [128, 130, 131].

Formation of a passivation oxide layer on a metal or alloy particle surface
occurs during material preparation, since many metals are reactive with oxygen
or water. It was reported that lithium reacts irreversibly with many oxides to
form Li,O at the potential of ~ 0.8-1.6 V [123, 132, 133].

Aggregation of alloy particles has been observed in alloy anodes during cycling,
which could be attributed to the welding effect induced by the pressure resulting
from the large volume expansion [132]. Therefore, the diffusion length of

lithium is increased, leading to irreversible capacity loss [132].
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To overcome these problems, several approaches have focused on using porous and

nanoscale materials and/or dispersing the active components in a rigid matrix to form

composite structures [134]. Nanocomposite anodes could offer two or more functional

components while preserving the small particle sizes [50]. Composite anodes can be

classified as (1) inactive matrix, (2) active matrix, and (3) carbon-matrix composite, and

(4) conducting polymer-based composite [20].

1)

2)

Inactive-matrix composites. This type of composite anode employs
intermetallic phases, MM’', where M is the active element that can
electrochemically alloy with Li and M’ is an inactive or less active metal (e.g.,
Fe, Ni, Cu, and Co) to suppress the volume change [135]. Fan et al. [136]
have prepared amorphous Sn-Co, and its electrochemical behavior was
comparable to that of crystalline Sn and Sn-Co materials. Amorphous Sn-Co
shows excellent electrochemical performance, and the capacity was found to
be stabilized at 400 mAh g™ for 30 cycles at 0.5 mA cm™, in contrast to
crystalline Sn, which rapidly lost capacity after 10-12 deep cycles.

Active-matrix composites. Basically, this active composite anode is composed
of one component that is lithiated while the other acts as a buffer to alleviate
the volume change, as they react with Li at different onset potentials. Yang et
al. [137] have prepared SnSb alloy, where lithium first inserts into the more
active SnSb phase at ~ 0.82 V vs. Li/Li*, forming LizSbh and Sn phases, and
then inserts into the Sn phase below 0.66 V vs. Li/Li*. Such a stepwise Li-
insertion process can buffer the volume expansion of the active material and

thereby enhance the mechanical and cycling stability of the electrode.
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3)

However, this type of composite has low reversibility upon cycling, and the
cycling stability depends on the charge depth.

Carbon-based composites. A carbon-matrix composite seems to be an
attractive route to enhance the capacity and capacity retention of many
electrode materials [25, 138-141]. The beneficial effects of the carbon coating
include enhancement of the conductivity of materials, low volume expansion,
tolerance to mechanical stress, Li-storage capability, and suppression of the
formation of SEI layers [142-145]. Although carbon coating leads to improve
cyclability, it will still reduce the specific capacity and increase the
irreversibility loss [138, 140, 144, 146]. Typically, along with particle size
control, Si-C nanocomposites exhibited stable cycling up to 100 cycles at the
1 C rate, as reported by Magasinski et al. [147]. Reversible capacities over
five times higher than for state-of-art anodes (1950 mAh g*) and stable
performance are attained, as shown in Figure 2.16. More recently, graphene-
based composites have gained enormous attention and appear very promising
for the advanced lithium-ion batteries [76, 106, 148-159]. Graphene is suitable
for composite nanostructures due to its atomically thin layers high electronic
conductivity, chemical stability, and high surface area [156, 160]. Paek et al.
[161] have synthesized graphene nanosheet (GNS) via the chemical reduction
of exfoliated graphite oxide materials, followed by dispersing the SnO, with
GNS in a suspension to obtain SnO,-graphene composite. As shown in Figure
2.17, the cycling performance of SnO,-GNS electrode shows a remarkable
enhancement in comparison with the bare SnO, nanoparticles, with reversible

capacity of 810 mAh g,

45



Chapter 2

(a)

o - | S
S w000 —0 —1C—017 -
£< 1600 Imge— C-Si granules — | =5
g U L X
D o ML 90 o
T > 1,200 1] %
28 800 { [
28 400cccceooo.... Theoreticalforgraphite .. 2
i ? 80

0 10 20 30 40 50 60 70 80 90 100

Cycle number

Figure 2.16. (a) Electrochemical performance of Si-C at 1 C rate, and (b) SEM image of

Si-C nanocomposite spherical granule [147].
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Figure 2.17. Cyclic performances for (a) bare SnO, nanopatrticles, (b) graphite,

(c) GNS, and (d) SnO,/GNS [161].
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4) Conducting polymer-based composite. Another approach to circumvent the
volume expansion and low conductivity of alloy anode is by coating with
conducting polymers such as polypyrrole (PPy), polyaniline (PANI), and
polythiophene (PTh) [162-166]. Previous studies have shown that SnO,-PPy
composite showed improved capacity and cycle life compared with pure
SnOy, since the conductive PPy in the composite could effectively buffer the
volume changes during the lithium insertion/extraction process [163]. PPy
also acts as an efficient host matrix to prevent cracking and pulverization of
the SnO, electrode due to the phase transitions, thus improving the cycling
stability of the electrode. This has been confirmed by SEM images (Figure

2.18), where the cracks in the SnO,-PPy electrode are much smaller than in

the bare SnO, electrode.

. egoe 19 25 SEd

Figure 2.18. SEM images of (a) bare SnO; electrode, and (b) SnO,-PPy electrode

after 20 cycles [163].

2.6.3 Transition metal oxides

Numerous transition metal oxides have been proposed for negative electrodes in

rechargeable lithium-ion batteries after Poizot et al. [26] reported reversible Li storage
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in several transition metal oxides (M = Fe, Ni, Co, and Cu) by a reduction to the metal.

This type of compound, which has a rock salt structure, exhibited capacities much

higher than those of carbon, with 100% capacity retention for up to 100 cycles [51].

Table 2.6 shows the theoretical electromotive force (EMF) values, Gibbs free energy of

formation (A:G), and the theoretical Li storage capacities of binary metal compounds

[167].

Table 2.6. EMF values, Gibbs free energy of formation, and Li storage capacities for

binary metal compounds [167].

L1 storage La storage La storage

AG EMF capacity AG EMF capacity AG EMF capacity
MX (kI/mol) (V) (mAh/g) MX (kJ/mol) (V) (mAh/g) MX kJ/mol (V) (mAh/g)
LiF —589 e 0 MnO, —465 1.708 1233 Ga,0; —998 1.188 858
TiF; —1361 1.396 767 Mn, 04 —881 1431 1018 Ge0, —521 1.562 1025
VF; —1227 1.863 745 MnO —363 1.032 756 Al,04 —1582 0.180 1577
MnF, —807 1919 577 FeD —251 161 746 MgO —569 —0.0354 1330
MnF; —1000 2.647 719 Fe,04 —742 1.631 1007 810, —856 0.694 1784
FeF, —663 2.664 571 CoO —214 1.802 715 B,0; —1194 0.850 2300
FeF; —972 2.742 712 NiD —212 1954 718 Ce 03 —1708 —0.038 490
CoF, —627 2.854 553 Cu0O —128 2.248 674 LixS —439 e 0
CoF; —719 3.617 694 Cu,O —148 2.147 375 TiS, —402 1.233 957
NiF; —604 2964 554 ZnO —320 1.252 659 CoS, —146 1.898 871
CuF, —492 3.553 528 SnO —257 1.566 398 Co;Sy —487 1.644 703
ZnF, —714 2404 518 Sn0, —520 1.582 711 Cus —53 1.998 561
SnF, —601 2984 342 Ag,0 —11.2 2.855 231 Cw S —86 1.827 337
AgF —187 4.156 211 Ru0, —280 212 805.6 FeS —102 1.747 610
PbF, —617 2903 218 MoO, —533 1.669 8382 FeS, —160 1.861 893
CaF, —1173 0.0259 686 MoO; —668 175 1117 MnS —218 1.144 616
BaF, —1158 0.104 306 SrO —561 0.005 517 MnS, —225 1.692 900
Li,O —562 e 0 Sr0, —573 1428 896 Mos, —226 1.69 670
TiO —513 0.253 839 Y,0;  —1817 —0.226 712 Ag,S —40.7 2.06 216.3
TiO,-R —890 0.608 1342 Zr0, —1040 0217 870 Li;N —129 - 0
TiO,-A —883 0.625 1342 NbO —392 0.881 492 TIN —309 —0.623 1301
VO —404 0.819 801 NbO, =795 0.852 858 CosN —34 0326 421
V,04 —1139 0.945 1073 Nb,Os —1766 1.082 1008 Fe,N —3.722 0432 338.7
VO, —1318 —0.502 1293 In, 04 —831 1477 579 MnyN —105 0.083 459
V,0s5 —1419 1.441 1474 Sby03y —634 1.817 552 Mn;sN, —155 0.176 531
Cr05 —1058 1.085 1058 PbO —189 1933 721
Cr;0y —1531 ~0.93 975 CeO, —1025 0.257 623

Furthermore, these transition metal oxides do not alloy with Li, and their mechanism of

Li reactivity differs from the classical processes. The conversion reaction proceeds

according to equation (2.17).

MOy + 2yLi" + 2ye <> yLi,O + xM
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The reaction is reversible in the voltage range of 0-3 V, where the highly reactive
metallic nanodomains are embedded in a Li,O matrix, which is generated in situ during
the first reduction of the metal oxide [26]. Similar to the Li-alloying process, the
conversion reaction leads to volume variation upon electrochemical cycling. Therefore,
the efficient approaches discussed above to overcome this problem, such as by using
nanoscale and nanocomposite materials, are applicable to metal oxide based anode

materials as well.

NiO has a theoretical capacity of 718 mAh g™ when it is used as anode in lithium-ion
batteries. However, NiO exhibits low electrical conductivity (< 10 Q™ em™) at room
temperature and is classified as a Mott-Hubbard insulator [168, 169]. Nanocrystalline
nickel oxide (NiO) was prepared using the spray pyrolysis method as reported by Oh et
al. [170]. The NiO powders sintered at 500 °C, which consist of spherical particles with
a mean diameter of 0.5-2 pm, delivered a first discharge capacity of 1031 mAh g™.
However, this material displays fast capacity fade (Figure 2.19(a)). Another example
was spherical NiO nanoshafts synthesized through chemical precipitation, followed by
thermal decomposition [171]. Similarly, capacity fading was observed for the spherical
NiO nanoshaft electrode, as shown in Figure 2.19(b). Several works on NiO-carbon
nanocomposite [172-174] and NiO-PANI [175] nanocomposite have improvements in

the performance of NiO.
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Figure 2.19. Discharge capacity vs. number of cycles for NiO electrode at a current

density of (a) 1 mA cm™ [170], and (b) 50 mA g™* [171].

2.7 Positive electrode for lithium-ion batteries

2.7.1 Layered-type transition-metal dioxides

Several types of transition metal oxides, LiMO, (M = Co [10, 11, 176], Mn [177-179],

Ni [180-182], and Fe [183-185]), which show the a-NaFeO,-type structure (Figure

2.20), have been proposed as positive electrode.
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Figure 2.20. The two-dimensional crystal structure of LiIMO, (M = Ni, Co, V,

etc.) of the a-NaFeO, type [110].

In a cubic close-packed oxygen array, the lithium and transition-metal atoms are
distributed in the octahedral interstitial sites in such a way that MO, layers are formed
consisting of edge-sharing [MOg] octahedra. Lithium resides in octahedral [LiOg]
coordination between these layers, leading to alternating (111) planes of the cubic rock
salt structure. This (111) ordering induces a slight distortion of the lattice to hexagonal
symmetry. Complete de-insertion of the lithium ions results in the layered CdCl,
structure type. The oxides are thermodynamically stable only in the intercalated state
LiMO,, due to the high electronegativity of oxygen, which leads to a higher ionic
character of the metal-oxygen bonds in comparison to the covalent nature of the metal-
chalcogen bonds. The resulting negative charge of the transition metal-oxygen layers
causes repulsive interactions between adjacent layers, which have to be compensated

for by positively charged ions between the adjacent oxygen layers [110].
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So far, LiCoO, has been successfully commercialized due to its high theoretical
capacity of 274 mAh g*, ease of preparation, and excellent cyclability [186, 187].
LiCoO, shows excellent cyclability when cycled in the composition range 0.5 < x < 1.0
in LixCoO,. Lithium intercalation beyond this range degrades the layered structure of
LiCoO,, resulting in poor cyclability. As a result, only half of the theoretical capacity
can be used in a practical battery. Nevertheless, the toxicity and the scarcity of cobalt
sources have accelerated the development of alternative positive materials with higher

specific capacities and lower costs.

Layered LiNiO, was also considered as 4 V class positive material, as it showed
promising specific capacity and lower cost when compared to LiCoO,. Unfortunately,
this compound shows structural and compositional variations depending on the
preparation conditions [188-190]. LiNiO; is difficult to synthesize during the sintering
process at temperatures above 600 °C, which is necessary to complete the oxidation
from Ni®* to Ni** in oxygen atmosphere and to obtain a high degree of crystallinity. At
high temperatures, LiNiO, tends to decomposed from LiNiO; to Li;xNi1+xO2 (X > 0)
which has partially disordered cation occupation at the lithium ion sites [181].
Therefore, optimum conditions are necessary to prepare LiNiO; in order to have high

cycling performance.

The concept of substitution of Co for Ni in LiNi;4CoO, was adopted, as delithiated
LiCoO; was found to be thermodynamically more stable than its LiNiO, counterpart. It
also inhibits the formation of Ni** impurities and stabilizes the two dimensional
character of the structure [191]. This compound is of particular interest as a safe and

inexpensive Li-host material with a high capacity [192]. Due to the modifying of its
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crystal structure, LiNigsMngsO, showed higher discharge capacity than LiCoO, and

LiNiO,, as shown in Figure 2.21 [193].
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Figure 2.21. Discharge curves of LiCoO, LiNiO,, and LiNiggCo00 20, electrode [193].

Another promising candidate cathode materials is layered LiMnO, which, shows
advantages in cost, safety, a high theoretical capacity of 285 mAh g, and
thermodynamic stability when crystallized in the orthorhombic space group (Pmmn)
[194]. The structure of orthorhombic LiMnO; (0-LiMnO;) could be described as a
modified rock salt type with a distorted cubic close-packed oxygen anion array, as
illustrated in Figure 2.22. The distribution of lithium and manganese cations in the
octahedral interstitial sites in such a way generates zig-zag layers of edge-sharing

[LiOg] and [MnOg] octahedra [110].

53



Chapter 2

[MnOg;s]

LiMnO,

Figure 2.22. The two-dimensional crystal structure of LiMnO, [110].

Several reports have demonstrated that o-LiMnO, has good cyclability, although this
material exhibits phase transformation into spinel-like LixMn,O4 during prolonged
cycling [177-179, 195]. In addition, the effects of Jahn-Teller distortion on the
deterioration of the o-LiMnO; structure are hardly noticeable in comparison with the
case for spinel LiMn,O4 [196, 197]. Much effort is still needed to develop a more
economically efficient route to synthesize o-LiMnO; with well-defined morphology.
Recently, electrochemical investigation of o-LiMnO, showed that the capacity and
cyclic behavior are greatly influenced by the synthetic route and that low temperature
synthesized o-LiMnO, offered better properties than the cathode materials prepared at
high temperature [198]. Therefore, some hydrothermal routes that operated at low
temperature were developed to prepare the material on the nanoscale [179, 199-201].
Wu et al. [202] have prepared o-LiMnO, via a hydrothermal process consisting of two

steps. The first step is the formation of Mn3O,4 precursor, which is followed by the
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hydrothermal conversion from Mn3O4 precursor to the final product of o-LiMnO,,
which is a time-consuming step. A one-step hydrothermal method has been reported by
Liu et al. [179], employing Mn,O3 and LiOH as the starting materials. Under optimized
hydrothermal conditions, pure-phase o-LiMnO, was obtained and showed higher

capacity when compared with the commonly prepared o-LiMnO,.

2.7.2 Polyanionic materials

Polyanion-based compounds, LixMy(XO,), (M = metal; X =P, S, Si, Mo, W, etc.) have
been proposed as promising cathode materials for Li-ion batteries. Since the pioneering
work of Padhi et al. [14], LiFePO, is gaining significant attention and perceived as
being ‘green’. LiFePO4 has advantages in terms of high specific capacity (170 mAh g’
1), good thermal stability, and excellent cycling performance. Additionally, LiFePO,
possesses a flat voltage plateau at 3.4 V vs. Li*/Li, which is compatible with most

existing organic electrolytes [203].

LiFePO, forms in the orthorhombic olivine structure with Pnma space group, in which
the strong P-O covalency stabilizes the Fe**/Fe?* redox couple through the Fe-O-X
inductive effect [203], as shown in Figure 2.23. Oxygen atoms shows a slightly
distorted hexagonal close packed arrangement [14]. FeO¢ and PO, form the zigzag
skeleton by sharing oxygen, and Li-ions are located in the octahedral channel. The FeOg
octahedra are connected through the corners in the bc plane, and LiOg grows as a linear
chain along the b-axis, while each PO, tetrahedron shares edges with one FeOg and two
LiOg [204]. The PO, tetrahedral structure is the reason for the good phase stability

during lithium de-intercalation [14, 205-207].
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Figure 2.23. Crystal structure of LiFePO, [204].

LiFePO, power performance is limited by low electronic conductivity (10°-10%° S cm’
1) as well as by the slow one-dimensional lithium ion diffusion, which is an impediment
to realize high rate capability [14, 208], a parameter critical for high power applications.
Therefore, much attention has been focused on doping or coating LiFePO,4 with an
electronically or ionically conductive component, as well as downsizing the particles to
the nanoscale, which has proven to be an efficient strategy because of the greatly
reduced distance for ionic and electronic transport [50]. Jin et al. [209] have shown that
the electronic conductivity of LiFePO4 was significantly improved from 10° S cm™ to
1.08 x 10" S cm™ for LiFePO4/multi-walled carbon nanotubes (MWCNTS). A facile
method has been developed by Wang et al. [210] to synthesize nanosized LiFePO,
completely coated with carbon from a low cost Fe** salt. High power performance was
achieved, with the discharge capacity of the composite delivering a capacity of 90 mAh

g™ at the current density of 60 C. In addition, a highly ordered mesoporous LiFePO./C
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nanocomposite has been developed [203], and the the composite exhibited a high
capacity of 166 mAh g™ at the 0.1 C rate, which nearly approaches the theoretical
capacity of LiFePO,. These results showed that particle morphology or architecture has
a great influence on the performance of materials. Other than carbon, conducting
polymers were also proposed as a good conductive matrix to improve the
electrochemical performance of LiFePO, [75, 211, 212]. Huang and Goodenough [211]
have systematically investigated the enhancement of capacity of LiFePO, at high rates
of charge and discharge by substitution of PPy and PANI. The overall electrochemical

properties of the composites are improved by this approach.

Other attractive species in the polyanionic family include fluorophosphates,
fluorosulphates, and silicates [50]. Shifting from [PO]® to [PO4F]*, [SO4F]*, or
[SiO4]* permits tuning of the electrode properties, such as voltage, through changes in
the charge balance and lattice structure [213-216]. However, the drawback of the
polyanion-based cathodes is low material packing density, which is not suitable for

practical application in large batteries.

2.7.3 Vanadates

The vanadates Li;+xV30s, Nai+xV30g, and Mg(V30s), are insertion compounds, where
the alkaline or alkaline-earth metal atoms act as pillars between the vanadium oxide
units. They stabilize the oxide structure during insertion/de-insertion processes and
optimize the space between the vanadium oxide units, thus enhancing the lithium
diffusion rate [110]. The monoclinic structure of Li1+xV3Og and Naj.+xV3Og is illustrated

in Figure 2.24. These compounds have a layered structure composed of octahedral and
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trigonal bipyramidal ribbons that can swell, just as in other layered compounds, and can

intercalate lithium [9].

Figure 2.24. Crystal structure of NaV3;0g [110].

Lithium vanadium oxide, LiV30g, has attracted considerable interest as excellent
alternative candidates to the LiCoO, cathode that is presently commercially used. This
oxide has a layered structure with attractive characteristics such as low cost, large
specific capacity, and facile preparation [70, 217], which is of practical interest for
lithium-ion battery application. It is generally agreed that the electrochemical
performance of LiV3Og mainly depends on the preparation process [218]. The earliest
method used to synthesize LiV3Og was by reacting Li,CO; and V,0s at high
temperature for 10 h [219, 220], which yields material with a low capacity of 180 mAh
g™ in the range of 1.8-4.0 V. The effect of the synthesis method on the electrochemical

performance was studied systematically by West et al. [221]. They reported that
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amorphous material increased the capacity above 2.0 VV from 3-4 lithium per mole of

LiV30s at 6-200 pA cm.

Recently, numerous works have been focused on the preparation of LiV30Og
nanostructures such as nanorods [222, 223], nanosheets [224, 225], and nanotubes
[226]. It has been shown that using nanoparticles and nanostructures for the positive
electrode material greatly improves charge/discharge rates by increasing the
electrode/electrolyte interface area [227]. Xu et al. prepared Li;+xV30g nanorods by the
hydrothermal reaction from LiOH and V,0s precursor. The results showed high
discharge specific capacity of 302 mAh g™ with 278 mAh g™ retained after 30 cycles for
the sample annealed at 300 °C [222]. More recently, Cui et al. used a combined sol-gel
reaction and hydrothermal treatment to prepare LiV30g nanotubes [226]. However, the
disadvantage of these materials was the capacity fading, which took place very rapidly
upon cycling. Doping with conductive agent such as carbon or conducting polymers

seems to be an attractive route to overcome these problems.

2.7.4 Metal sulfides

Metal sulfides (MSy) (M = Fe, Ni, Cu, Mo, and Ti) are considered as promising cathode
materials for high energy rechargeable lithium batteries because of their high theoretical
capacities and relatively low cost [228-235]. They showed higher electronic
conductivity and higher utilization in Li/MSy cells with liquid electrolytes as compared
with elemental sulfur. In addition, the potential of the transition-metal sulfides versus
lithium in the conversion process reactions can be tuned continuously from 0 to 3.5 V

by changing the nature of the anion chalcogenide. This also depends in the
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ionocovalence of the bonding between the transition metal and the chalcogenide [167].
Unfortunately, the Li/MSy cells with liquid electrolytes demonstrated degradation with
cycling. Poor cyclability of the Li/MSy cells could be related to (1) the structural
irreversibility of the active materials for the Li insertion/extraction; (2) the formation of
polysulfides during the charge-discharge process, which were soluble in non-aqueous
liquid electrolyte, leading to the loss of the active materials; (3) the partial loss of the
electrical contact among the cathode active materials and current collector; and (4) the
formation of metal sulfates at the surface of MSy by exposure to oxygen and moisture,
which could form a barrier for migration of Li-ions inside the active materials, as well

as degrading the electrolyte during the electrochemical tests [236].

Choi et al. [237] have reported the electrochemical performance of pyrite (FeS;) using
three types of organic electrolytes: 1 M lithium bis(trifluoromethylsulfonyl)imide
(LiTFSI) in tetra(ethylene glycol) dimethyl ether (TEGDME) or a mixture of TEGDME
and 1,3-dioxolane (DOX), and 1 M LiPFg in a mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC). It was found that TEGDME based electrolyte is better
suited for performance of Li/FeS; cells at room temperature compared to EC/DMC, as

shown in Figure 2.25.

Systematic studies of covellite (CuS) cells with the electrolyte consisting of 1 M LiPFg
in a mixture of ethyl carbonate and ethyl methyl carbonate (EC-2EMC) were reported
by Chung and Sohn [238]. CuS undergoes a two-stage reaction, as can be observed in
the voltage profile in Figure 2.26. However, the second plateau reactions are not
reversible, which is partially due to the formation of soluble Li,S, resulting in poor

cyclability when cycling between 2.6 and 1.5 V.
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Figure 2.26. Charge-discharge profile of CuS electrode at room temperature [238].
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Nickel sulfide (NiS) has attracted considerable attention because of its outstanding
features, including a theoretical capacity of 590 mAh g and good electronic
conductivity [229]. NiS exists in two phase: the high-temperature phase, o-NiS
(hexagonal), and the low-temperature phase, B-NiS (rhombohedral). The a-B phase
transformation takes place between 282 and 379 °C [239]. Recently, several methods
have been developed to prepare NiS with various morphologies. Zhu et al. [240] have
prepared hierarchical NiS hollow spheres by using silica nanospheres as templates with
large surface area and enhanced structural stability. NiS nanotubes obtained by the
directional infiltration self-assembly route in anodized aluminum oxide (AAO)
templates were also reported [241]. Wang et al. [235] have reported that the capacity
and cycle life of the NiS electrode in electrolyte consisting of 1 M LIiTFSI in
polyethyleneglycol dimethylether (PEGDME) was significantly improved. This may be
because the dissolution of the active material in this electrolyte is reduced compared

with the conventional organic solvent-based electrolyte.

2.8 Polymer electrolytes

The science of polymer electrolytes, which encompasses the disciplines of
electrochemistry, polymer science, organic chemistry, and inorganic chemistry, is a
highly specialized interdisciplinary field. lon-conducting polymers (or polymer
electrolytes) have attracted considerable attention due to their vast applications in the
development ionic devices in the solid state. These materials have useful chemical and
mechanical properties that allow ease of fabrication in thin film form at desired sizes.

They also have the ability to form proper electrode-electrolyte contact [242].
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The development of the polymer electrolyte began because scientists recognized the
potential that polymers could be electronically insulating elements with low ionic
resistance and could eventually be used as the electrolyte in a battery. Fenton et al. [54]
launched the study of polymer electrolytes in 1973, but their technological significance
was not appreciated until the research undertaken by Armand et al. [243] in the late
seventies. Since then, various type of polymer electrolyte films have been developed
using various methods, such as casting from a polymer solution [244], evaporation
methods [245], and in situ plasma polymerization techniques [246]. The electrolyte
material must show high ionic conductivity and be dimensionally stable, since it will
also act as separator in the battery. Therefore, it is necessary to prepare polymer
electrolyte with adequate mechanical strength. In addition, polymer electrolyte with
high cationic transport number, rather than anionic, is also important because
concentration gradients caused by the mobility of both cations and anions in the
electrolyte arise during discharging, which may result in premature battery failure
[247]. Basically, polymer electrolytes can be classified into the following categories

[35, 248].

1) Solid polymer electrolytes (SPEs). In SPEs, the polymer host itself is used as a
solid solvent along with Li salt and does not contain any organic liquids. The
SPEs suffer from poor ionic conductivities (10° S cm™ at 20 °C), but are safer
due to the absence of any organic solvent which can cause environmental
hazards. SPE films can be prepared either using the solution cast technique
[249-251] or the hot-press technique [252, 253].

2) Plasticized solid polymer electrolytes. Due to the low ionic conductivity of

SPEs, plasticizers such as ethylene carbonate (EC), propylene carbonate (PC),

63



Chapter 2

3)

4)

poly (ethylene glycol) (PEG), and dibutyl phthalate (DBP) are incorporated into
the SPEs. Such an addition not only decreases the degree of crystallinity, but
also increases the segmental motion of the polymer chain. They also support ion
dissociation, resulting in greater numbers of migrating ions for charge transport.
Gel polymer electrolytes (GPEs). GPEs are also known as hybrid polymer
electrolytes, formed by trapping liquid electrolytes in a polymer matrix. The
advantage of this type of electrolyte is that higher ionic conductivity can be
obtained as compared with SPEs. The ion conduction in these electrolytes takes
place through the liquid electrolyte, with the host polymer mostly providing the
structural support. Unfortunately, a loss of mechanical properties is observed in
GPEs, and liquid electrolytes tend to provoke undesired interfacial reactions of
the GPEs with electrodes during cell operation [254, 255]. This may induce
vigorous proliferation of a resistive layer on the electrodes, which hinders ionic
transport at the interface of the GPE and the liquid electrolyte.

Composite polymer electrolytes (CPEs). More attention has been focused on
CPEs, wherein nanosized fillers are added to the SPEs. It has been reported that
addition of nanosize fillers, such as zeolites, super-acid sulfated zirconia,
alumina (Al;03), silica (SiOy), and titania (TiO2), not only improved the
transport properties, but also the mechanical and electrochemical properties of

the SPES [256-258].

There are numerous polymers that have been developed such as poly (ethylene oxide)
(PEO) [259-261], poly (acrylonitrile) (PAN) [262, 263], poly (vinyl chloride) (PVC)
[264, 265], poly (methyl methacrylate) (PMMA) [266, 267], and polyvinylidene

difluoride (PVdF) [268, 269]. Poly (ethylene oxide) (PEO) is a semi-crystalline
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polymer, and about 80% of the bulk is crystalline at room temperature [35]. The donor
oxygen atoms in the PEO backbone can solvate the metal cation M™, and the structure
of the complex depends on the ion concentration and the temperature. PEO was the first
polymer reported to exhibit high ionic conductivity (103-10* S cm™) at elevated
temperatures when complexed with alkali metal salts [69, 270, 271], however, these
electrolytes suffer from low ionic conductivity values in the range of 107-10° S cm™
due to the high crystallinity of PEO [272]. Furthermore, the lithium transference
number is generally low, of the order of 0.2-0.4, and may result in concentration
polarization, limiting the rate (power) of the battery [85]. Investigations on PEO with
various amounts of lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) have been
carried out. It was found that crystallization and melting phenomena were identified as
the main factors determining the ionic conductivity of the system [273]. Therefore,
better understanding of crystallization is necessary for the use of PEO as a solid

polymer electrolyte.

Poly (vinylidene fluoride) (PVDF) as a host has drawn the attention of many
researchers due to its excellent mechanical properties, high chemical resistance, good
thermal stability, and high piezoelectric and pyroelectric coefficients [274]. PVDF also
exhibits high anodic stability and a high dielectric constant (e, = 8.4) which helps in
greater ionization of lithium salts [275] and strongly electron-withdrawing fluorine
atoms (-C-F). Watanabe et al. [276] have reported that PVDF can form homogeneous
SPE films with a lithium salt, along with EC and/or PC, in the proper compositions. In
later studies, Chiang et al. [277] revealed that the ionic conductivity of PVDF/LiPFg gel
polymer electrolyte was enhanced by three orders of magnitude by plasticization with

EC/PC solution, when compared with PVDF solid polymer electrolyte. Such
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improvement in ionic conductivity can be explained by the conduction mechanism in
PVDF gel polymer electrolyte, which is associated with swollen polymer network

chains via EC/PC molecules, which also form a solid amorphous polymer region.

Poly (methyl methacrylate) (PMMA) is one of the polyethers extensively studied due to
its ability to solvate inorganic salts to form a polymer-salt complex. PMMA as a
gelatinization agent in the electrolyte was first reported by lijima et al. [278] in 1985,
and a conductivity of 10°% S cm™ at 25 °C was attained with 15 wt.% PMMA. Bohnke et
al. [279] examined the rheological and electrochemical properties of PMMA-LICIO4/PC
films. Their results showed that the addition of PMMA in various proportions increased
the viscosity of the polymer solution. In contrast to previous results, the ionic
conductivity was considerably reduced upon the addition of PMMA. However, the

room temperature conductivity remained close to that of a liquid electrolyte.

Over the past few years many papers have been published which describe the
introduction of polymer blends as matrices in SPEs [280-284]. The main objective of
these studies was to improve the mechanical properties of polyether-salt complexes.
This strategy was originally disclosed by Tsuchida et al. [280] who studied the PEO-
LiCIO, system supported by poly(methacrylic acid). The formation of hydrogen bonds
between PEO and poly(methacrylic acid) makes this system is fully miscible. The first
electrolytes based on immiscible blends were described by Gray et al. [282]. They
consisted of PEO/polystyrene and lithium salts. The mechanical properties of these
electrolytes are far better than those of the pristine PEO-based system. High porosity of
the GPE membrane usually leads to fading mechanical strength. To bypass this

limitation, a similar approach was undertaken to improve the mechanical strength of

66



Chapter 2

GPEs. The structure and properties of PVDF/PEO membranes have been studied
previously [285, 286]. The addition of PEO to the PVDF improves the porosity and
pore connectivity for electrolyte uptake, contributing to high ionic conductivity.
However, the mechanical strength of PVDF/PEO blend membranes is lower than for
pure PVDF. In addition, blending of poly (acrylonitrile) (PAN) and PVDF-
hexafluoropropylene (HFP) increases the mechanical stability and structural rigidity of
the porous polymer electrolyte [287]. The phase behavior of PMMA/PVDF is likewise
of fundamental interest, since it involves a crystallizable polymer, PVDF, in the
presence of chemically dissimilar, amorphous PMMA, which is capable of site-specific
intermolecular interaction [288]. There is also evidence that an intermediate amorphous
PVDF interphase exists between the crystalline PVDF and the mixed amorphous phases
[289]. Furthermore, PVDF has crystallinity, leading to the formation of a spherulitic
structure with large holes between them in the PVDF membrane. By adding PMMA
into PVDF, the amorphous domain of the membrane is increased by retarding the

crystallization of PVDF [290, 291].

Polymer electrolytes represent one of the cornerstones of future development in the area
of materials for conversion and storage of energy, which are assumed to gain an
increasing importance in the scientific and technological panorama of the current
century. Future research efforts should enable significant progress to be made in the
next several years. Nevertheless, engineering of the all the battery components in the
lithium-ion battery, including the cathode, anode, and electrolyte, is the key factor for

the final properties.
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Chapter 3

Experimental

3.1 Materials and chemicals

Chemicals and materials used throughout the experiments are listed in Table 3.1.

Table 3.1. List of chemicals and materials used in this thesis.

Materials/chemicals Chemical formula Purity (%) Supplier
1-methyl-2-pyrrolidinone  CsHgNO 99.5 Sigma-Aldrich
Acetone CH3COCH;s >99.5 Sigma-Aldrich
Ammonia solution NH; 28-30 Merck
Argon gas Ar
Carbon black C - Timcal, Belgium
Citric acid trisodium salt

NazCsHs07-2H,0 99 Aldrich
dehydrate
Cyclohexane CeH12 99.5 Sigma-Aldrich
Diethyl carbonate CsH1003 99 Sigma-Aldrich
Ethanol CoH50 Reagent Q-Store Australia
Ethylene carbonate C3H403 99 Sigma-Aldrich
Ethylene glycol HOCH,CH,0OH 99.8 Sigma-Aldrich
Glycerin HOCH,CH(OH)CH,OH - Fluka
Graphite C - Fluka
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Hydrochloric acid
Hydrogen peroxide
Iron (111) chloride
Lithium
hexafluorophosphate
Lithium hydroxide
monohydrate

Lithium iron phosphate

Lithium metal

LP30 electrolyte

Malic acid

Methanol

N,N-dimethyl formamide
n-butanol

Nickel (I1) acetate
tetrahydrate

Nickel nitrate hexahydrate
Poly(methyl methacrylate)
Poly(vinylidene fluoride)

Polypropylene separator

Potassium permanganate

Pyrrole

HCI
H20,
FEC|3

LiPFs

LiOH-H,0

LiFePO4

Li

LiPFg in EC:DMC (1:1
by volume)

C4HeOs

CH30OH

HCON(CHa),
CH3(CH,);0H

Ni(CHsCO00),-4H,0

Ni(NO3),-6H,0
(CH,C(CH3)(CO2CH3))n

(CsHe)n

KMnO4

CsHsN

37

97

99.99

98

99.9

99%
Reagent
99.8
>99.0

98

Celgard
2500
> 99

98

Sigma-Aldrich
Fluka
Sigma-Aldrich

Aldrich

Aldrich

DLG Battery Co.
Ltd., China
China

MERCK KgaA,
Germany
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Hoechst Celanese
Corporation, USA
Sigma-Aldrich

Sigma-Aldrich
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Sodium p- CH3CsH4SOsNa 95 Aldrich

toluenesulfonate

Sulfuric acid H2SO4 95-98 Sigma-Aldrich
Thiourea N2SCH4 > 99 Sigma-Aldrich
Toluene C7/Hs 99.5 Sigma-Aldrich
Triton X-100 (C2H40),C14H2,0 100 Aldrich

Vanadium pentoxide V5,05 Puriss Riedel-de Haén

3.2 Experimental procedures

The experiments in this thesis can be classified under three broad categories, including
synthesizing of materials (anode, cathode, and gel polymer electrolytes), structural and
physical characterizations, and fabrication and electrochemical characterizations. Figure

3.1 shows the overall framework of the experiments.

70



Chapter 3

Anode Cathode Gel pol lectrolvt
materials materials el polymer electrolytes
Spray pyrolysis Hydrothermal method Phase-inversion
Hydrothermal method Microwave autoclave method

Electrode preparation and cell fabrication

Structural and physical characterization:
Electrochemical characterization: XRD, SEM, FESEM, EDS mapping, BET,

CV, LSV, EIS, Galvanostatic cycling Raman spectroscopy, FTIR,

TGA, DSC, TEM, SAED

Figure 3.1. The overall procedure of the experiments.

3.3 Synthesis method

Several methods have been adopted to synthesize the anode and cathode materials in

this thesis. In this section, the methods are explained in detail.

3.3.1 Spray pyrolysis

Spray pyrolysis equipment consists of a peristaltic pump, a nozzle, the air compressor, a
three zone vertical tube furnace, the sample collector, and a suction system, as shown in
Figure 3.2. The reaction is carried out by subjecting the precursor solution to
temperatures at which pyrolysis of the solute will occur. First, the solution is

peristaltically pumped into three-zone spray pyrolysis furnace at an operating

71



Chapter 3

temperature from room temperature to 600 °C, using compressed air as the carrier. The
resultant powder is separated from the hot gas steam via a collecting jar through a
suction system and collected into an airtight sample bottle. The morphology and crystal
structure of the materials can be controlled by modifying the precursor concentration

and the temperature parameters.

Air
compressor

Nozzle

Precursor solution

3-zone tube furnace

Sample

L co‘llector Suction
system

_qﬁ;i

Figure 3.2. Schematic diagram of spray pyrolysis apparatus.

0

3.3.2 Hydrothermal method

The hydrothermal method is considered as a low temperature method and has been well

established. In this thesis, the 4748 Acid Digestion Bomb autoclave from Parr
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Instruments was used, as shown in Figure 3.3. It has a 125 mL removable Teflon cup in
a stainless steel body with six cap screws in the screw cap to seal the flanged Teflon
cup. An expandable wave spring maintains continuous pressure on the seal during the
cooling cycle when Teflon parts might otherwise relax and leak. The synthesis reactions
can be carried out at temperatures below 250 °C and pressures less than 1900 psi. In a
typical experiment, the precursor solution was transferred to the Teflon cup, filling up
to 80% of the whole volume, and the autoclave was then kept in an oven for the preset
temperature and time. The resultant powder was filtered, washed, and centrifuged to

remove the remaining ions.

% %

Figure 3.3. 4748 Acid Digestion Bomb from Parr Instruments.

3.3.3 Microwave autoclave method

Another method of synthesis of nanostructures which is receiving considerable interest

lately is the use of microwave heating in place of conventional heating. Use of
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microwaves for synthesis was first reported in 1986 by Gedye et al. [292]. Here, the
MicroSYNTH microwave system (Milestone) controlled by a Labterminal 800
Controller was used (Figure 3.4). It has a 45 mL quartz vessel where reactions take
place at temperatures up to 250°C and pressures up to 40 bar. The vessel is hosted in a
safety shield which features a built-in pressure control through a preloaded spring with
a vent-and-reseal mechanism. In a typical procedure, the precursor solution was
transferred into the Teflon lined digestion vessel and fitted with a pressure and
temperature probe. The sealed vessels were placed inside the microwave at preset

power, time, and temperature.

(‘ =

MICROSYNTH

'(1———-!\

Figure 3.4. MicroSYNTH microwave system (Milestone) controlled by a Labterminal

800 Controller.

74



Chapter 3

3.4 Structural and physical characterization

3.4.1 X-Ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive analytical method which can yield the
unique fingerprint of Bragg reflections associated with a crystal structure. The nature of
the powders, whether crystalline or amorphous, can be determined using XRD. A
crystalline powder is a material that has an internal structure in which the atoms are
arranged in an orderly three-dimensional configuration. An amorphous powder is a non-
crystalline material that has no definite order or crystallinity. X-rays with a similar
wavelength to the distances between planes of the crystal structure can be reflected such
that the angle of reflection is equal to the angle of incidence. This is called ‘diffraction’

and can be described by Bragg’s law:

2d sin 0 = nA (3.1)

where d is the interplanar spacing, 6 the Bragg angle, n is the order of reflection, and A
is the X-ray wavelength. When Bragg’s law is satisfied, constructive interference of
diffracted X-ray beams occurs, and a ‘Bragg reflection” will be detected by a detector
scanning at this angle. The position of these reflections is related to the inter-layer
spacings of atoms in the crystal structure. The crystal size also can be calculated from

the broadening of the peaks according to the Scherrer equation:

L= 0.94 (3.2)
Bcos @
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where L - crystallite size
A-15418 A

B - the peak full-width at half maximum (FWHM) in radians.

In this work, XRD was performed with a GBC-MMA generator and diffractometer
using Cu Ka radiation and a graphite monochromator. The systems were interfaced
with Visual XRD and Traces software for graphical processing and data manipulations.
Powders adhered onto cleaned glass slides, and were dropped with ethanol and left to
dry. The glass slide was then placed in the sample holder of the diffractometer and

directly scanned at 26 angles between 5° and 90° at a scan rate of 2° min™.

3.4.2 Scanning electron microscopy (SEM) or field-emission scanning electron

microscopy (FESEM) with energy dispersive spectroscopy (EDS)

A scanning electron microscope (SEM) is a type of electron microscope that captures
images of a sample by scanning it with a high-energy beam of electron. The electrons
interact with the atoms that make up the sample, producing signals that contain
information about the sample's surface morphology, composition, etc. The types of
signals produced by an SEM include secondary electrons, back-scattered electrons
(BSE), characteristic X-rays, light, the specimen current, and transmitted electrons. The
signals result from interactions of the electron beam with atoms at or near the surface of
the sample. High magnification images could be obtained using a field-emission
scanning electron microscope (FESEM). In the most common or standard detection
mode, secondary electron imaging (SEI), the FESEM can produce very high-resolution

images of a sample surface, revealing details less than 1 nm in size. Energy dispersive
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spectroscopy (EDS) is an accompanying elemental analysis technique that detects
atomic numbers 6 through 92 with a detectability limit of approximately 0.1 weight
percent. The analysis diameter and depth for EDS is typically a few micrometers.
Images obtained in backscatter electron mode offer quick identification of areas with
different atomic number. EDS mapping illustrates the distribution of species in the near-
surface region. In this experiment, a JEOL JSM 6460A scanning electron microscope
(SEM) and JEOL 7500 field-emission scanning electron microscope (FESEM) were

used. The sample was mounted onto copper tape for observation.

3.4.3 Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) operates on the same basic principles as
the SEM and FESEM. The electron source emits the electrons that travel through
vacuum in the column of the microscope. TEM also uses electromagnetic lenses to
focus the electrons into a very thin beam, interacting with the sample as it passes
through. The TEM is capable of forming a focused electron probe, as small as 20 A,
which can be positioned on very fine features in the sample for diffraction information
or analysis of X-rays for compositional information. The brighter areas of the image
represent areas where more electrons have passed through the sample. The darker areas
represent areas where fewer electrons have passed through as a result of higher
specimen density. A TEM can magnify up to about 500,000 times. In this work, TEM
investigations were performed using a 200 kV JEOL 2011 instrument, with a JEOL-
Energy Dispersive X-ray Spectroscopy (EDS) detector and a JEOL EDS software
analysis system. TEM powder samples were prepared by dispersion onto holey carbon

support films.
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3.4.4 Thermogravimetric analysis (TGA) and differential scanning calorimetry

(DSC)

Thermogravimetric analysis (TGA) is a type of thermal analysis technique which
measures the amount and rate of change in the mass of a sample as a function of
temperature or time in a controlled atmosphere. The measurements are used to
determine the thermal and/or oxidative stabilities of materials as well as their
compositional properties. In this doctoral work, a Mettler-Toledo thermogravimetric
analysis/differential scanning calorimetry (TGA/DSC 1) Star® System was used to
determine the amount of carbon, graphene, or polypyrrole (PPy) in the composite

samples. The temperature ranged from 25 to 1000 °C at 5 °C min ™.

Differential scanning calorimetry (DSC) is another type of thermoanalytical technique
in which the difference in the amount of heat required to increase the temperature of a
sample is recorded. Basically, when the sample undergoes a physical transformation
such as at the glass-transition temperature (T), the melting temperature (Tn), and solid-
solid transitions, more (or less) heat will need to flow to the sample, depending on
whether the process is exothermic or endothermic. DSC also can be used to determine
the polymer crystallinity by quantifying the heat associated with melting (fusion) of the
polymer. The melting curve of a partially crystalline polymer contains information on
the size distribution of the crystallites present in the material. This heat is reported as
percent crystallinity by normalizing the observed heat of fusion to a 100% crystalline
sample of the same polymer. The crystallinity of the polymer can be calculated from the
integral area of the baseline and each melting curve. Therefore, the degree of

crystallization of polymer is given by the equation:
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X, = - x100% (3.3)

where AHy, is the heat of fusion for the sample and AHp,, is the heat of fusion for the
100% crystalline sample. In this work, DSC was performed to investigate the degree of
crystallization of poly(vinylidene fluoride)/poly(methyl methacrylate) (PVDF/PMMA)

gel polymer electrolytes.

3.45 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser source. Inelastic scattering means that the
frequency of photons in monochromatic light changes upon interaction with a sample.
Photons of the laser light are absorbed by the sample and then reemitted. The frequency
of the reemitted photons is shifted up or down in comparison with the original
monochromatic frequency, which is called the Raman effect. This shift provides
information about vibrational, rotational, and other low frequency transitions in
molecules. Typically, a Raman system consists of four components, including the
excitation source (laser), the sample illumination system and light collection optics, the
wavelength selector filter (filter or spectrophotometer), and detector (photodiode array,
charge-coupled device (CCD) or photomultiplier tube (PMT)). A sample is normally
illuminated with a laser beam in the ultraviolet (UV), visible (Vis) or near infrared
(NIR) range. Scattered light is collected with a lens and delivered through an
interference filter to obtain the Raman spectrum of a sample. Here, Raman spectra of

the samples were collected using a JOBIN YVON HR800 Confocal Raman system
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from HORIBA Ltd., France with 632.8 nm diode laser excitation on a 300 lines mm™

grating at room temperature.

3.4.6 Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) is the preferred method for identifying types of
chemical bonds in a molecule by producing an infrared (IR) absorption spectrum that is
like a molecular fingerprint. In FTIR spectroscopy, IR radiation is passed through a
sample. Some of the infrared radiation is absorbed by the sample and some of it is
passed through (transmitted). The resulting spectrum represents the molecular
absorption and transmission, which is characteristic of the chemical bonds in the
sample. By interpreting the infrared absorption, the chemical bonds in the molecule can
be determined. There are two common forms of sample preparation for FTIR
measurements. First, the fine powder is dispersed in a liquid such as mineral oil (nujol)
to form a paste. Secondly, the fine powder is mixed with potassium bromide (KBr),
transferred to a die that has a barrel, and pressed. These two methods of sample
preparation can be very time consuming and are complicated by difficulties in getting
sample to matrix ratios correct and homogeneous throughout the sample. Therefore, the
technique of using attenuated total reflectance (ATR) is suitable by placing the powder
directly onto the ATR crystal. An ATR operates by measuring the changes that occur in
a totally internally reflected infrared beam when the beam comes into contact with a
sample. In this doctoral work, the FTIR spectroscopy analyses were carried out using a
Shimadzu IRPrestige-21 model. Samples were analysed in ATR mode using a Pike

MIRacle accessory equipped with a germanium crystal (Pike Technology).
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3.4.7 Brunauer-Emmett-Teller (BET) measurement

Brunauer-Emmett-Teller (BET) is a well known method for the measurement of the
specific surface area of a material. This technique is based on gas absorption, in which
gas molecules of known sizes are condensed onto the unknown sample surface. After
completely covering the surface and opening the pores of each particle with a
condensed gas, the surface area analyzer can characterize the surface, including
irregularities and pore interiors down to the atomic level. Nitrogen gas is usually used,
as its molecular size is well established, and it is inert and high purity. The ‘outgassed’
sample under high vacuum in its sample tube is immersed in a coolant bath of liquid
nitrogen and ready to attract gas molecules into it when they are admitted to the sample
tube. The amount of gas adsorbed and the resultant sample pressure are recorded for
data manipulation. Here, the specific surface area of the synthesized powders were
measured using a NOVA 1000 high-speed gas sorption instrument by Quantachrome
Instruments, USA. The BET specific surface area was determined through the 15-points
nitrogen adsorption isotherm at 77 K after degassing the powders with nitrogen at 150

°C.

3.5 Electrode preparation and cell fabrication

In electrode preparation, the synthesized powders were mechanically mixed with binder
and carbon black, which was followed by dispersion in N-methyl-2-pyrrolidone (NMP)
or distilled water. The slurry was spread onto aluminum foil substrates for cathode

materials and copper foil substrates for anode materials, and the dried at 100 °C for 24 h

in vacuum. After being cut into 1 x 1 cm? sizes, the electrodes was transferred to an
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argon-filled glove box to fabricate a coin cell. CR 2303 coin cells were assembled by
stacking the electrodes with lithium metal as the counter and reference electrode and
polypropylene separator. The liquid electrolyte used in this thesis was either 1 M LiPFg
in ethyl carbonate: diethyl carbonate (EC:DEC, 1:2 by volume), 1 M LiPFg in EC:
dimethyl  carbonate (DMC, 1:1 by wvolume), or 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) in polyethyleneglycol dimethylether

(PEGDME 500).

3.6 Electrochemical characterization

3.6.1 Linear sweep voltammetry (LSV) and cyclic voltammetry (CV)

Voltammetry is one of the techniques preferred to investigate the general
electrochemical behavior of the electrodes in lithium-ion batteries. There are several
forms of voltammetry such as potential step, linear sweep, and cyclic voltammetry. For
each method, a voltage or series of voltages are applied to the electrode and the
corresponding current that flows is monitored. Linear sweep voltammetry (LSV)
involves a single sweep, measuring the electric response at a constant rate from an
initial potential to a final potential. Initially, the analyte is unaffected by the electrode,
but as the potential sweeps by the formal potential, it begins to be oxidized (or reduced)
by the electrode. This produces a concentration gradient, and a current transient is
observed. Cyclic voltammetry (CV) is a reversible LSV measurement which scans
electric potential and returns by the reverse direction after reaching the final potential,
scanning back to the initial potential. Similar to LSV, the analyte is oxidized (or
reduced) during the initial sweep, but during the return sweep it is reduced (or oxidized)

back to its original form. Therefore, CV exhibits two peaks of equal size but opposite
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sign, because one process is anodic and the other is cathodic. In a typical procedure,
LSV and CV were conducted using a CHI 660 electrochemical workstation from

Shanghai Chenhua Apparatus, China.

3.6.2 Galvanostatic testing

Galvanostatic cycling is often used for testing the cyclability and coulombic efficiency
of electrodes over long periods on time. The measurements of capacity during charge
and discharge using this method are more reliable, because the current may be kept
rigorously constant and the time may be determined with accuracy. Therefore, the
electrodes prepared in this doctoral work were subjected to galvanostatic charge and
discharge at constant current rate and also multiple current rates (for rate capability
tests). The instrument used for this measurement was a Land battery tester (Wuhan

Land Electronic Co. Ltd.).

3.6.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a direct technique for studying
electrode processes by measuring the change in the electrical impedance of an
electrode. This method, with wide frequency scope, is associated with only small
disturbance and is a good means of studying the electrode process dynamics, electrode
superficial phenomena, etc. Since EIS can reflect the electrochemical characteristics and
inner structure more accurately, determination of and hence classification of the
properties of the battery can give accurate results. Fundamental aspects of EIS related to

electrode materials for the lithium-ion battery have been discussed in detail in Chapter
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2. In addition, this technique has been used to determine the ionic conductivity of
electrolytes or thin films of polymers. EIS of the gel polymer electrolytes was
conducted using the CHI 660 -electrochemical workstation (Shanghai Chenhua
Apparatus, China), which was interfaced to a computer in the frequency range from 10
mHz to 100 kHz. The software controlling the measurement also calculates the real and
imaginary parts of the impedance. Conductivity was also studied in the temperature
range between 303 and 373 K. The films were cut into 1 cm? sizes and sandwiched
between two blocking stainless steel electrodes of a conductivity cell. The impedance
was measured six times for each sample and also at different portions of the same

sample. The ionic conductivity of the sample was calculated from

o= $ (3.4)

where A is the area of film-electrode contact, t is the thickness of the film, and Ry, is the
bulk resistance of the film in ohms obtained from the complex impedance
measurements. This experiment involves measuring the impedance as a function of
frequency of the applied signal over a wide frequency range. This is because impedance
is precisely frequency dependent. The complex impedance is represented as a complex
impedance plot, in the form of Z(w), using the Cole-Cole plot. In the Cole-Cole plot, the

imaginary impedance component Z; is plotted against the real impedance component Z,.
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Chapter 4

Effects of polypyrrole on the performance of nickel
oxide anode materials for rechargeable lithium-ion

batteries

4.1 Introduction

Rechargeable lithium-ion batteries have been the most widely used batteries in the
portable electronics market for many years. Although carbon-based materials are the
accepted anode used in the majority of commercial lithium-ion batteries so far, various
new higher capacity anode materials are still required to meet increasing energy

demands, such as for electric and hybrid electric vehicles.

Recently, transition metal oxides (M,Oy, where M is Co, Ni, Cu, or Fe) have shown a
number of desirable properties, such as high theoretical capacity (500-1000 mAh g™
compared with 372 mAh g* for conventional graphite), on the basis of a novel
conversion mechanism [293-296]. The new mechanism can be written as MOy + 2yLi
<> yLi,O + xM. During the discharge, the M,Oy particles are disintegrated into highly
dispersed metallic nanoparticles, consisting of M and Li,O matrix, and then the highly
divided, high surface energy nature of the nanoparticles facilitates the back reaction
with oxygen from the lithium oxide matrix to reform the metal oxide on charge [26].

Although the transition metal oxides are attractive, there are still obstacles to their
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commercial application. One of the most critical problems is their poor cycling
performance, resulting from large volume expansion and contraction during the Li*
insertion and extraction reactions, respectively, resulting in the aggregation of small
particles into large particles in the host matrix [297-299]. Thus, the electrode suffers

from pulverization, as well as from consequent loss of electrode interparticle contact.

It has been widely demonstrated that to overcome the volume changes during the Li*
insertion and extraction reactions, it is necessary to embed the active materials in a
cushioning medium, which maintains particle connectivity. The well-known media for
this purpose are amorphous carbon or conducting polymers [25, 163, 172, 175]. The
carbon or conducting polymer medium serves multiple purposes in the composite when
it is used in anode [163, 235]. It serves as (i) an electrically conducting agent to improve
the conductivity of the electrode, (ii) a diluting agent to prevent particles from
aggregating, and (iii) an efficient matrix to protect the electrode from cracking and
pulverization. Recently, conducting polypyrrole (PPy) has been studied as an additive to
improve the performance of cathode and anode materials in lithium-ion batteries [75,
162, 300, 301]. However, using PPy powder as an additive in transition metal oxide
anode materials for lithium ion batteries has not been explored. In this study, nickel
oxide (NiO)-PPy composite was synthesized and evaluated as an anode material. The
conducting PPy was used as a cushioning medium and an electrically conducting agent

to improve the cycling performance of NiO in lithium-ion batteries.
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4.2 Experimental

4.2.1 Preparation of materials

Nanocrystalline NiO powders were synthesized by a spray pyrolysis method [25].
Aqueous solution (0.2 M) of nickel nitrate hexahydrate ((Ni(NOs3),-6H0,
>97.0%,Sigma-Aldrich) was used as the precursor. The solution was peristaltically
pumped into a three-zone spray pyrolysis furnace. This procedure was carried out at an
operating temperature of 600 °C using compressed air as the carrier gas. Then, the
powder was separated from the hot gas stream via a collecting jar and collected into an

airtight sample bottle.

NiO-PPy composite was prepared using a chemical polymerization method. FeCl; was
used as the oxidant and sodium p-toluenesulfonate (NaPTS) as the dopant. The molar
ratio of monomer pyrrole to dopant and pyrrole to oxidant was 3:1 and 1:3, respectively.
NiO was dispersed into a solution of pyrrole, Triton-X, and NaPTS and exposed to
ultrasonic vibrations for 1 h. Then, FeCl; was slowly added to the suspension and
stirred overnight to complete the polymerization. The resulting NiO-PPy precipitate was
filtered and washed with distilled water several times. The final product was dried at 50

°C under vacuum for 12 h.

4.2.2 Material characterization

The crystalline phases of NiO and NiO-PPy were examined by x-ray powder diffraction
(XRD; GBC Difftech XRD-MMA, USA) using Cu Ka radiation at 40 kV and 25 mA.

Raman spectra were collected using a JOBIN YVON HR800 Confocal Raman system
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(HORIBA Ltd., France) with 632.8 nm diode laser excitation on a 300 lines/mm grating
at room temperature. The specific surface areas of the NiO and NiO-PPy powders were
measured by nitrogen adsorption according to the Brunauer-Emmett-Teller (BET)
method with a NOVA 1000 high-speed gas sorption instrument (Quantachrome
Instruments, USA). Scanning electron microscopy (SEM) with energy dispersive
spectroscopy (EDS) mapping and field-emission SEM (FESEM) were performed using
JEOL JEM-3000 and JEOL JSM-7500FA instruments (JEOL Ltd., Japan), respectively.
The amounts of PPy in the samples were estimated using a Mettler-Toledo
thermogravimetric analysis/differential scanning calorimetry (TGA/DSC 1) equipped

with the STARe System from room temperature to 1000 °C at 10 °C min™.

4.2.3 Electrochemical measurements

The working electrodes were fabricated by mixing 80 wt% active material, 10 wt%
carbon black, and 10 wt% polyvinylidene fluoride with N-methyl-2-pyrrolidinone. The
slurry was pasted onto the copper foil substrates and dried under vacuum. Then, the
electrodes were pressed and cut to a size of 1 cm x 1 cm. Coin cells (CR2032) were
assembled using lithium metal foil as the counter electrode in an argon-filled glove box.
The electrolyte solution was 1 M LiPFg in 1:2 v/v ethylene carbonate: diethyl carbonate.
Constant-current charge-discharge tests were performed in the range of 3.00-0.01 V at a
current density of 100 mA g*. Electrochemical impedance spectroscopy (EIS) was
conducted in the frequency range between 0.01 Hz and 100 kHz, and the AC amplitude
was 5 mV. Cyclic voltammetry was carried out using a CHI 660B electrochemical
workstation instrument (Shanghai Chenhua Apparatus, China) at a scanning rate of 0.1

mV st
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4.3 Results and discussion

Figure 4.1 shows the XRD pattern for the nanocrystalline NiO powder. The
characteristic peaks of NiO correspond well with standard crystallographic data (JCPDS
No. 04-0835). The structure is a nanocrystalline cubic structure with diffraction peaks at
37.46°, 43.44°, 63.08°, and 75.72° ((111), (200), (220), and (311) reflections,
respectively) [174, 302]. The average crystal size of the NiO powder was calculated
from the largest diffraction peak (200) using Scherrer’s equation, and the estimated

crystal size was about 3 nm.
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Figure 4.1. X-Ray diffraction pattern of nickel oxide (NiO) powder.
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Figure 4.2 presents the Raman spectrum of the NiO-PPy nanoparticles obtained with
632.8 nm diode laser excitation on a 300 lines/mm grating at room temperature. The
peak at ~500 cm™ is typical of NiO, and the peaks between 800 and 1700 cm™ match up
with the Raman spectrum of pure PPy nanoparticles. The peak at about 1085 cm™ is
attributed to the N-H in-plane deformation, and the peaks at about 1375 and 1599 cm™
are attributed to the ring stretching and the backbone stretching of the C=C bonds of
PPy, respectively [303]. This indicates that the NiO-PPy composite was successfully
synthesized by a simple chemical polymerization method, with the PPy coated on the

surfaces of the NiO particles. This result has been further confirmed by FESEM and

SEM-EDS.
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Figure 4.2. Raman spectra of NiO, NiO-polypyrrole (PPy), and PPy particles.
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Figure 4.3 presents the FESEM images of the NiO-PPy composite. The NiO particles
are mainly spherical agglomerates with sizes in the range of 2-4 um (Figure 4.3(a)],
which is a typical structure for products from the spray pyrolysis method. From the
broken spherical particles, we found that the NiO particles are spherical hollow balls
with a wall thickness of 200 nm. It has been reported that the specific surface area of
NiO prepared by the spray pyrolysis method is larger than that prepared by other
methods [302]. The spherical agglomerated structure of NiO exhibits a remarkably high
BET surface area of 15.8 m? g*. The NiO-PPy composite was synthesized using an in-
situ chemical polymerization method. NiO was dispersed into a solution of pyrrole and
NaPTS and then FeCl; was slowly added to the suspension to complete the
polymerization. The thickness and uniformity of the PPy layer depends on the surface
area of the suspended NiO particles. A thinner and more uniform PPy coating layer can
be easily formed on the larger BET area of the suspended NiO particles. The PPy layer
is about 50 nm thick with the typical PPy cauliflower morphology (Figure 4.3(b) and
4.3(c)) [304]. From Figure 4.3(c), it can be seen that the spherical hollow balls of NiO

consist of small spherical particles with sizes less than 10 nm.
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Figure 4.3. Field-emission scanning electron microscopy images of

NiO-PPy composite.

To verify that the PPy is uniformly coated on the NiO particles, EDS mapping analysis
was used (Figure 4.4). Both the blue and the red dots in Figure 4.4(b) represent the
element Ni, with the red dots indicating higher intensity. The dark green dots and the
light green dots represent the element N (Figure 4.4(c)) and the element C (Figure
4.4(d)), respectively, in which the N and C are elements of the PPy. The results show
that the N and C are distributed uniformly throughout the whole area, which indicates

that the nanosized PPy particles have uniformly coated the surface of the NiO powder.
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Figure 4.4. Scanning electron microscopy (SEM) images of (a) the NiO-PPy composite,

with corresponding energy dispersive spectroscopy maps for elements (b) Ni, (c) N, and

(d) C.

For quantifying the amount of PPy in the NiO-PPy composite materials, TGA analysis
was carried out in air. Figure 4.5 shows the TGA analysis of the NiO-PPy composite
along with bare NiO and PPy powders. As can be seen from Figure 4.5, the bare PPy
powder burns off at 640 °C, whereas the bare NiO powder remains stable over the
temperature range used for this experiment. It can also be seen that the composite shows
weight loss over the temperature of 200 °C, which corresponds to the oxidation of PPy.
There is no further weight change in the composite after the initial oxidation of PPy.

Therefore, the change in weight before and after the oxidation of PPy directly translates
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into the amount of PPy in the NiO-PPy composite. It was found that the amount of PPy

in the composite was about 8.08 wt%.
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Figure 4.5. Thermogravimetric analysis curves of NiO-PPy composite, bare NiO

powder, and bare PPy powder.

Figure 4.6 shows the cyclic voltammograms of the NiO and NiO-PPy electrodes. Both
samples exhibit similar curves, as reported previously [174, 294]. For the first cathodic
process, high intensity peaks are located at about 0.3 and 0.4 V for the NiO and NiO-
PPy electrodes, respectively, corresponding to the decomposition of NiO into Ni,
formation of amorphous Li,O, and formation of the solid electrolyte interphase
(SEN[174]. This peak shifts to 0.9 V for the NiO electrode and 1.0 V for the NiO-PPy
electrode in the subsequent process. However, a low-density peak at around 1.3 V is
observed for the NiO-PPy electrode, which could be attributed to the reduction of NiO

to metallic Ni and the formation of the SEI layer [305, 306].
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Figure 4.6. Cyclic voltammograms of (a) NiO and (b) NiO-PPy electrodes measured

between 0 and 3 V at the scan rate of 0.1 mV s™.
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In the anodic process, two oxidation peaks at about 1.4 and 2.3 V for the NiO and the
NiO-PPy composite were observed. These peaks can be attributed to the decomposition
of the SEI and Li,O, respectively [306]. The separation between the reduction and
oxidation peaks of the NiO-PPy is decreased as compared with the NiO in subsequent
cycles, demonstrative of weaker polarization and better reversibility. This is because the
high electronic conductivity of the PPy in the composite is beneficial for the diffusion
of lithium ions [173]. No additional peak was found during the redox reactions for the
NiO-PPy composite, indicating that the PPy did not contribute any capacity in the

charge-discharge process and only acted as a conductive additive [163].

The discharge capacity versus the cycle number for cells with the NiO and NiO-PPy
electrodes is presented in Figure 4.7. It can be seen that the composite electrode shows a
better cycling performance than the NiO electrode. The initial reversible capacity of the
NiO electrode was 571 mAh g, and the capacity was reduced rapidly within 10 cycles.
After 30 cycles, the capacity was only 119 mAh g™. However, the electrode prepared
from NiO-PPy composite shows much better capacity retention. The initial reversible
capacity was as high as 638 mAh g™. The material utilization almost reached 100%,
based on the mass of NiO in the composite. Subsequently, the reversible capacity was
maintained above 436 mAh g™ beyond 30 cycles. The specific capacity retained for the
NiO-PPy composite electrode after 30 cycles was 66% compared with 21% for the bare
NiO electrode. The improvement in the capacity and the cycling stability of the cell
with NiO-PPy composite electrode may be due to the following factors: (i) the
conductive PPy coating on the surface of the NiO particles can improve the
conductivity of the NiO-PPy electrode, while PPy can also act as a binder, increasing

the contact between the particles; (ii) the conducting PPy serves as a diluting agent to
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prevent nickel regions from aggregating; and (iii) the PPy can act as a cushioning
medium that can accommodate the volume changes via the polymer viscoelasticity
during the cycling process [175], and consequently, the PPy host matrix can prevent

cracking and pulverization of the NiO electrode.
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Figure 4.7. Discharge capacity of NiO and NiO-PPy electrodes as a function of the

cycle number.

To verify that the PPy coating is responsible for the good performance of the NiO-PPy
electrode in the cell, EIS measurements were performed. The Nyquist plots obtained for
the nanocrystalline NiO and the nanocomposite electrodes after 5 and 30 cycles are
compared in Figure 4.8. The thickness of the electrodes was controlled at 50 um and the
coated area of the electrodes at 1 cm? Impedance of the anode in the Li-ion cell
depends strongly on the lithium content inside the electrode. To maintain uniformity,

EIS experiments were performed at 2.25 V in the charged state.
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Figure 4.8. Impedance plots of (a) NiO and (b) NiO-PPy electrodes after 5 and 30

cycles. Inset: Equivalent circuit for NiO and NiO-PPy electrodes, which is explained in

the text.

According to the experimental results obtained in this work, an equivalent circuit,

shown as the inset in Figure 4.8, is proposed to fit the impedance spectra during the

charge process. The equivalent circuit model includes electrolyte resistance (Rs), a
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constant phase element (CPE), charge transfer resistance (Rc), and the Warburg
impedance (Zy). The values of the parameters from the impedance data are summarized
in Table 4.1. The impedance response exhibits a semicircular loop in the medium
frequency region. The diameter of this semicircle gives the charge-transfer resistance
(Rer), which is a measure of the charge-transfer kinetics [307]. We found that the
diameter of the semicircle in the medium frequency region for the NiO-PPy composite
is smaller than for the NiO cells after 5 and 30 cycles. The reduction in the diameter of
the semicircle for the composite could be attributed to a decrease in the interparticle
contact resistance [308, 309]. It should also be noted that the CPE is constant for the
NiO-PPy electrode after 5 and 30 cycles, suggesting that a compact and
chemically/mechanically stable film forms on the SEI layer [138]. This result has been
confirmed from the SEM images (Figure 4.9). The morphology of the NiO electrode
(Figure 4.9(a)) shows large cracks when compared to the NiO-PPy electrode (Figure
4.9(b)). These SEM images were captured after the cells completed their 30" cycle of

discharge/charge.

Table 4.1. Various impedance parameters of nickel oxide (NiO) and NiO-polypyrrole

(PPy) electrodes after 5 and 30 cycles.

Constant phase

Samples R (@) element (10™ F) Ra ()
NiO after 5 cycles 3.30 1.33 137.90
NiO after 30 cycles 3.87 19.10 484.90
NiO-PPy after 5 cycles 2.20 1.28 96.64
NiO-PPy after 30 cycles 5.14 1.14 150.50
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Figure 4.9. SEM images of (a) NiO and (b) NiO-PPy electrodes after 30 cycles.

4.4 Summary

Hollow spherical NiO powders were prepared by the spray pyrolysis method, and then a
NiO-PPy nanocomposite was successfully prepared using a simple in-situ chemical
polymerization method. The nanosized PPy, with a cauliflower-like morphology,

formed a coating on the surface of the NiO. The PPy serves multiple purposes in the
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composite when it is used in a lithium cell: as a conducting medium, binder, diluting
agent, and cushioning medium to protect the electrode from pulverization during
electrochemical reactions. Capacities and cycle lives obtained from the cells constructed
from NiO-PPy composite are much better than those from cells constructed using pure
NiO. The use of PPy and other conducting polymers to improve battery performance
can be extended to other electrode materials, especially for materials that suffer from

low conductivity and large volume changes during repeated charging and discharging.
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Chapter 5

Synthesis and characterization of graphene-nickel
oxide nanostructures for fast charge-discharge

application

5.1 Introduction

Lithium-ion batteries for hybrid and plug-in hybrid electric vehicles are currently under
intensive investigation. The storage and release of electrical energy depend mainly on
how fast the electrons and ions can move through the electrodes. In practice, it is hard to
meet all the battery performance requirements, such as high specific energy, high rate
capability, long cycle life, low cost, perfect safety, and minimal environmental impact,
at the same time. The Li-ion battery is attractive in terms of specific energy and power,
and also has the potential to be “the battery of choice” for electric vehicles [110, 310,
311]. Graphite and LiCoO, are commonly used as anode and cathode, respectively, in
commercial Li-ion battery for portable consumer electronics [51]. The intrinsic
properties of the electrodes limit the lithium insertion rate, the charge-discharge current,
and the energy density. To circumvent the rate issues, several alternative approaches
have been pursued, in which either the existing electrodes were replaced by better
materials or modified to nanostructured form. For the anode, quite recently, graphene (a
single atomic layer of graphite) has emerged and attracted wide attention in materials

science and condensed matter physics [101, 152, 153, 312, 313]. The most interesting
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feature of graphene nanostructures is the possibility that they can be synthesized from
natural graphite, which is perceived as “green”. Graphene has shown faster charge-
discharge rates than graphite as an anode in Li-ion battery, fulfilling major performance
requirements [105, 106, 149, 155, 314]. Being a single atomic sheet, graphene can
accommodate Li-ions on both sides of the sheet, providing high lithium storage capacity
above 600 mAh g* at the 1 C rate, which is higher than the theoretical capacity of
graphite (372 mAh g'). Recently, graphene has been utilized to improve the
electrochemical properties of metal alloys [76, 150, 158] and metal oxides [29, 154,
156, 157, 159, 161, 315-317], the theoretical capacities of which are much higher (700-
4000 mAh g) than that of graphene. Considerable fast charge-discharge capability has

been shown by graphene/TiO, [156] and graphene/Co30,4 [316] composites.

Reports on graphene composites with Si [150], TiO, [156], Co3z04 [316], Fe304 [29],
SnO; [157, 159, 161], Cu,0O [317], and CuO [318] claim that a uniform distribution of
metal oxide on graphene sheets can eliminate restacking of the sheets during the
synthesis and stabilizes the volume changes in the metal/metal oxide during charge-
discharge cycling. Studies based on alternatively assembled graphene and
nanocrystalline metal oxides such as SnO, or NiO reveal similar explanations for their
improved electrochemical performances [157]. However, the preparation method in this
report was not an in situ method, and the performance at high current densities such as
300-6000 mA g™ was not investigated. Quite recently, graphene/NiO composite with
45% NiO has been synthesised using an in situ method [154]. However, this particular
study was limited to the preparation and characterization of the composite. We have
focused on synthesizing graphene/NiO composite with lower NiO content (20 wt%),

enabling a battery based on graphene/NiO anode to be charged within a few minutes.
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NiO synthesised by the same method also gave good stability in prolonged charge-
discharge cycling at moderate current densities. To the best of our knowledge, the
effectiveness of using lower percentage of metal oxide for higher charge/discharge

current application has not been reported.

5.2 Experimental

5.2.1 Preparation of materials

Graphite oxide was synthesised by the Hummers method [319]. 1 g of natural graphite
was added to 20 cm?® of C. H,SO, at 0 °C. 3 g of KMnO,4 was added gradually to the
mixture while stirring. The mixture was then stirred at room temperature for 30 min. 50
cm® of water was added slowly and heated at 90 °C for 15 min. 150 cm® of distilled
water was added, followed by 10 cm?® of 30% H,0, solution. The solids were separated
by centrifuging and washed repeatedly with 5% HCI until sulphate could not be
detected with BaCl,. The product was washed 3-4 times with acetone and dried in an
oven at 65 °C for 12 h. Graphite oxide synthesized as above was used to synthesize
graphene and graphene/NiO composites. Hydrothermal method was used to reduce
graphite oxide to graphene as described below [317, 320, 321]. Graphite oxide is
dispersed in ethylene glycol by ultrasonic agitation for 30 min before autoclave the
mixture. To synthesize the composite, an appropriate ratio of nickel acetate tetrahydrate
and graphite oxide was dispersed in ethylene glycol. The mixtures were then transferred
to stainless steel autoclaves filled with Ar and kept at 160 °C for 16 h. The resulting
products (graphene and graphene composites) were washed with acetone followed by

water and then dried at 65 °C in air. The samples were finally thermally annealed at 500

°C in Ar. For comparison, nickel acetate tetrahydrate was treated under similar
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conditions (hydrothermal reaction in ethylene glycol at 160 °C and pyrollysis at 500 °C)
to synthesize NiO. Graphite oxide converts to graphene and nickel acetate turns to an
intermediate product at the end of the hydrothermal reaction. Therefore, heat treatment

is necessary to convert the intermediate product to NiO.

5.2.2 Material characterization

The morphology of the samples was investigated using a JEOL JSM 6460A scanning
electron microscope (SEM) with an energy dispersive X-ray spectroscopy detector with
X-ray mapping capability. X-ray diffraction (XRD) analysis was carried out using a
GBC MMA generator and X-ray diffractometer with Cu Ka radiation and a graphite
monochromator. Raman spectroscopy was carried out to monitor the nature of the
disorder in the graphene using a JOBIN YVON HR800 Confocal Raman system with
632.8 nm diode laser excitation on a 300 lines/mm grating at room temperature.
Thermogravimetric analysis (TGA) was performed in air via a Mettler-Toledo
TGA/DSC 1 Star® System to determine the actual weight ratio of graphene and NiO.

Fourier transform infrared (FTIR) spectra were collected using a SHIMADZU-84005.

5.2.3 Electrochemical measurements

The electrodes were prepared on Cu foil using slurry of 80 wt.% active material and 10
wt.% (each) carbon black and poly(vinylidene fluoride) dissolved in N-methyl-2-
pyrrolidinone (NMP). The coated electrodes were dried in a vacuum oven at 100 °C for
24 h, pressed, and cut into 1x1 cm? sizes. The resulting electrodes were assembled into

CR2032 coin-type cells (half cells) in an Ar-filled glove box (Mbraun, Unilab,
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Germany), using lithium metal as the counter electrode and 1M LiPFg in ethylene
carbonate/dimethyl carbonate (EC/DMC, 1:1 by volume) provided by MERCK as the
electrolyte. The cells were galvanostatically charge-discharge cycled between 2.5 V and
0.01 V vs. Li/Li* on a LAND battery tester at 25 °C. Different current rates ranging
from 300 mA g™ to 6000 mA g™ were used to cycle the cells and for simplicity 300 mA

g™* rate was used as 1 C rate for all cells irrespective to their real theoretical values.

5.3 Results and discussion

Figure 5.1 shows X-ray diffraction (XRD) patterns of graphite oxide, graphene, NiO,
and the graphene/NiO composites. Fairly high interplanar spacing (d-spacing) of about
0.85 nm was observed in graphite oxide in contrast to the typical value of about 0.70
nm, probably due to the high ratio of graphite oxide to H,O [322, 323]. Complete
conversion of graphite oxide into graphene was observed from the disappearance of the
characteristic peak of graphite oxide at 26 =11°. Both graphene and the composites
show the typical 26 peak for graphene at about 26°, corresponding to d-spacing of about
0.36 nm. Although the d-spacing is higher than that of natural graphite (~0.33 nm) the
values are similar for pristine graphene and the composites, suggesting that the NiO
nanocrystallites have not greatly affected the orientation of the graphene layers. This
evidence was confirmed by Raman spectroscopy, which can be used to investigate the
nature of disorder in graphene as shown in Figure 5.2. Raman spectroscopy is a
powerful non-destructive technique to study carbonaceous materials such as graphene
and also for examining the ordered and disordered crystal structures and distinguishing

the single and multilayer characteristics of graphene layers [155, 324, 325].
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Figure 5.1. XRD spectra of graphite oxide, graphene, and graphene/NiO composites
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Figure 5.2. Raman spectra of graphene and of the composite with 20% NiO.
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In perfect graphite, the G band is highly intense (in-plane bond stretching motion of C
sp® pairs), whereas the D band is generally active in the presence of high disorder in the
graphene. The D/G ratio of the band intensities for the composite has not increased
compared to the pristine graphene, suggesting that no significant increase in disorder
has occurred due to the presence of NiO crystallites in graphene. Furthermore, G band
observed at about 1582 cm™ during the present study. It had been shown that the peak
frequency of the G band of the single layer graphene at 1585 cm™ shifts about 6 cm™
into lower frequencies after stacking several graphene layers. For 2-6 layers of graphene
the G band have even shifted to 1579 cm™. Therefore the G band at 1582 cm™ is
attributable to mostly single graphene [155, 324, 325]. The above concept was
supported by FESEM as shown later. Crystal sizes of the NiO were also compared from
the XRD peaks in Figure 5.1. The pristine NiO and the composites show (111), (200),
and (220) crystal planes of strongly crystalline NiO with space group R3m [174]. The
crystal sizes of NiO, which were calculated using the Scherrer equation applied to the
(200) plane, followed the order 32, 43, and 120 nm for samples containing 20%, 50%,

and 100% NiO, respectively.

Graphene, when imaged via field emission scanning electron microscopy (FESEM),
shows disassembly of graphite stacks into nanosheets with a flower petal-like
appearance (Figure 5.3(a) and (b)). Generally, attempts made to synthesize nanometer
sized crystallites fail as their lateral size increases. The thermal vibrations rapidly build
up, which diverts the nanoparticles to the macroscopic scale and changes the two-
dimensional (2D) crystallites into a variety of stable 3D structures [152]. Accordingly,
graphene layers are naturally crumpled and flexible, in contrast to graphite. The

graphene layers are substantially thin and disordered according to the Figure 5.3(a)
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which is consistent with the results of Raman. The composites consisting of 20% and
50% NiO show NiO nanocrystallites a few nanometers in size attached firmly to certain
sites on graphene sheets (Figure 5.3(c) and (d)). This phenomenon was confirmed by
energy dispersive spectroscopy, where NiO particles at high concentrations were

observed at certain sites (Figure 5.4).
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Figure 5.3. FESEM images of (a) and (b) graphene, (c) 20% NiO composite, (d) 50%

NiO composite, and (e) and (f) pure NiO.
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Figure 5.4. EDS spectra for graphene and the composite (50% NiO).

The growth pattern of NiO nano-structures as observed in Figure 5.3(e), and (f) is not
visible in the composite and agglomerations of NiO nanoparticles are not much
prominent either. Presumably the growth of nano-structures could exist in limited
manner which is not visible through scanning electron microscope. We believe that
interconnections of the graphene layers are not entirely interspaced by NiO
nanocrystallites at 20% NiO in graphene. If all such contacts incorporated NiO, the
electrical resistance would be too extreme to deliver such stable capacity as we
observed for the composite, as discussed later, and a high charge-transfer rate would not
be attainable either. Obviously electrical contacts can be lost due to the insulating nature

of NiO in high doses. A completely different growth pattern of NiO was observed in the
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pristine NiO, the particle size of which is much bigger (100-300 nm) than in the
composites (Figure 3(e) and (f)). Coralloid-type nanostructures of NiO are formed.
Higher magnification revealed that a flower petal-like morphology on the order of 1 nm
thick grew radially from the core. Formation of stable 3D structures is common to all
the nanoparticles. Such striking morphology may presumably lead to high Li-ion
storage capacity, as shown later. The preparation process for the graphene, the NiO, and
the composite involved two steps. The hydrothermal method was used to reduce
graphite oxide (present in the composite and in the pristine graphite oxide) to graphene,
and thermal annealing was then necessary to convert the intermediate product of the
composite to graphene/NiO. Solvothermal reduction of colloidal dispersion of graphite
oxide by various solvents was investigated in literature and has been used to synthesize
graphene and graphene composites from graphite [317, 320, 321]. Hydrothermal
reaction of graphite oxide dispersed in ethylene glycol at lower temperature (120-200
°C) has lead to reduction of graphite oxide to graphene. Ethylene glycol performs as the
solvent and the reducing agent for the reduction of graphite oxide. Ultrasonic agitating
of graphite oxide in ethylene glycol resulted in highly dispersed brown-yellow colour
graphite oxide in ethylene glycol. The presence of oxygen containing functional groups
in graphite oxide facilitates anchoring of various polar molecules such as ethylene
glycol and water [317, 321]. The reduction of graphite oxide anchored to ethylene
glycol takes place at low temperature with the development of high pressure in the
autoclave. The complete reduction has observed even at 120 °C with ethylene glycol
[320] although the present study used 160 °C for complete reduction. Thermal
annealing at 500 °C was employed after the hydrothermal reaction to convert the
intermediate nickel hydroxide to NiO and also to remove any residues such as

chemically and physically bonded ethylene glycol from all materials. It is interesting to
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understand the intermediate products resulting from the hydrothermal reaction before
production of the graphene/NiO composite and the pure NiO. Figure 5.5 shows FESEM
micrographs of the intermediate products. Similar morphology has been observed for
the microwave-assisted hydrothermal synthesis of nickel hydroxide [326]. The
morphology of the intermediate is similar to those of NiO, suggesting that the
nucleation and growth of the nanostructure have begun before conversion of the

intermediate product to NiO.
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Figure 5.5 FESEM images of the intermediate for (a) NiO and (b) NiO/graphene

composite.

FESEM micrographs further reveal that NiO intermediate in the composite has a similar
morphology to the intermediate of pure NiO, implying that the synthesis of both pure
NiO and the composite involves the same intermediate. However, after the heat
treatment of the composite, the morphology of NiO is completely different from the
intermediate. We suggest that, the pyrollysis of the composite at 500 °C in an Argon
flow lead to cleavage of agglomeration of NiO and attachment to new cites or

functional groups on the surface of graphene which presumably created from the heat
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treatment. Therefore, dispersion of NiO throughout the graphene sheets is visible after
the heat treatment as revealed in Figure 5.3(c) and (d) instead of the growth and
agglomeration observed in the intermediate stage (Figure 5.5(b)). Detailed investigation
is underway for further clarification of the morphology and the mechanism of formation

of the composite which would be published separately.

The typical XRD peaks corresponding to the (003), (006), (101), and (110) planes
(Figure 5.6) confirmed the formation of a-Ni(OH),-xH,O from nickel acetate precursor
[326-329]. Therefore, the intermediate product of both graphene/NiO and pristine NiO
is Ni(OH),-xH,0. The interlayer spacing, which was derived from the (003) plane, is
about 0.89 nm, suggesting that the acetate and ethylene glycol have intercalated into the
layered nickel hydroxide. Generally, a-nickel hydroxide stacks with intercalated ions
such as the above to restore its charge neutrality [326-329]. Such stacking obviously
stabilizes nickel hydroxide in ethylene glycol. We propose that the intermediate of the

composite is nickel hydroxide bonded to the graphene surface.

From Figure 5.7, Fourier transform infrared spectroscopy (FTIR) showed vibrational
bands at about 3644, 3405, 1623, 1358, 1280, 990, 645, and 484 cm™, which is typical
for a-type hydroxides [326, 327]. Although the broadness of the peaks for the
composite is not the same as for the nickel hydroxide, the characteristic peaks are
common to both samples. Vibration bands for free hydroxyl groups at 3644 cm™ and for
H bonded to water at 3405 cm™ seem to be well separated and small in the composite
compared to the broad band of the pure NiO intermediate sample, although there is no
apparent shift of the band position. This result suggests that the free OH vibrations low

in the composite.
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Figure 5.6. XRD spectra of intermediate products for (a) NiO and (b) NiO/graphene

composite.
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Figure 5.7. FTIR spectra of intermediates for NiO and the composite with 50% NiO.
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Figure 5.8 shows a schematic representation of the formation of NiO and NiO/graphene
composite. The intermediate product for both the composite and the pristine NiO is
nickel hydroxide, the thermal annealing of which converts it to
NiO:(1)Ni(OH), * xH,0—NiO * xH,O+H,0. In the composite, graphene edge surfaces
and defect sites can act as nucleation sites for nickel hydroxide. Obviously, nickel
hydroxide selectively attaches to the edge surfaces and defect sites, as shown in the
schematic diagram. This is because the edge surfaces and any other defects present on
the surface of the graphene are more reactive towards various chemical reactions [330].
A recent study on atomic layer deposition of Al,O3 reveals that Al,Os is preferentially
grown at the edge surface of graphene [331]. The authors suggest that the method can
be used to detect defects and edge sites in graphene. Graphene has a high surface to
volume ratio, and various defects appear after exfoliation of graphite. Therefore, we
suppose that the higher quantity of NiO (50%) can firmly attach to the reactive sites of

graphene.

o o =
=Nelon

Graphene/Ni(OH),.xH,O Graphene/NiO

Ni(CH,CO,),"4H,0 +
Graphite oxide

A,
O oo

Ni(CH,CO,),"4H,0 Ni(OH),.4H,0 NiO

Figure 5.8. Schematic illustration of the formation of nickel hydroxide and NiQO,
including the formation of Ni(OH),/graphene composite and the phase transformation to

NiO/graphene.
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In the present investigation, the graphene and NiO precursor ratio was chosen so that
free nickel hydroxide was not formed among the graphene sheets, which would affect
adversely the conductivity of the graphene. As explained previously, high reactive sites
such as edge surface and defect sites of graphene attach metal oxide crystallites as much
as possible. Free NiO is obviously formed after attachment of all such reactive sites on
graphene surface. At higher concentrations of NiO precursor (above 60%), free nickel
hydroxide is observed, even by the naked eye, due to the unique green colour of the
intermediate. The composite with 80% NiO shows metallic nickel in the composite, the
performance of which is also interesting and different from the present systems, as will
be discussed separately. The actual weight percent of NiO in the composite was

investigated using thermo-gravimetric analysis (TGA) (not shown here).

Figure 5.9 shows the charge-discharge behaviour of the graphene/NiO composites,
graphene, and NiO when assembled as an anode in a coin type Li-ion cell. The charge-
discharge current density used provides capacity of 300 mAh g™ in 1 h, which is
denoted as the 1 C rate for each half cell. All cells show high irreversible capacity loss
during the first charge-discharge cycle and improvement of stability during the
subsequent cycles. The initial capacity loss is attributed to the surface film formation
[332]. NiO generally shows a voltage plateau at about 0.6 V during the first discharge,
corresponding to the reaction of Li-ions and NiO according to 2Li + NiO — Li,O + Ni
and formation of the surface films [174]. The plateau shifts to about 1.2 V in subsequent
charge-discharge cycles and becomes smaller in prolonged charge-discharge cycling.
The peak at 2.25 V during the charge cycle corresponds to the reverse reaction of
formation of NiO from Ni and Li,O. However, such voltage hysteresis, as is observed in

NiO based cells, is unsuitable for practical application. Graphene does not show such
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hysteresis, which starts appearing only with increasing content of NiO in the composite.
The composite with 20% NiO shows similar charge-discharge behaviour to graphene,
which is useful in practical application. It is one of the advantages of using lower
percentage of metal oxide in a composite. The charge-discharge behaviour is not much
deviate from the pristine graphene. Generally, composites at high percentage of metal

oxide show voltage plateaus [156, 316] which are unfavourable in practice.
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Figure 5.9. Voltage profiles showing the 1%, 2" 40", and 100" charge-discharge cycle
behaviour of (a) graphene, (b) 20% NiO composite, (c) 50% NiO composite, and

(d) pure NiO half cells at 1 C rate.

Cyclic voltammograms (CV) of the cells also show high irreversibility during the first

cycle (Figure 5.10), corresponding to the formation of the surface film. Graphene edge

117



Chapter 5

surface is highly exposed compared to that of graphite due to the exfoliation of the

graphite stacks; consequently, the surface area is also higher than graphite. As a result,

higher initial capacity loss is observed which is common to all graphene based anodes

[29, 76, 150, 154, 156-159, 161, 315-317]. NiO also showed high initial capacity loss

presumably due to high surface area resulting from the growth of nanostructures.

Nevertheless high initial is not suitable for practical application.
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Figure 5.10. Cyclic voltammograms of (a) graphene, (b) 20% NiO composite,

(c) 50% NiO composite, and (d) 100% NiO.

Extensive work has been done to reduce the initial capacity loss as well as the capacity

fade on charge-discharge cycling of graphite and other materials [332]. Similar work is

necessary to solve the problems associated with graphene and composites which needs
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to address separately. The present work aimed at investigation long term cycle stability

and high rate capability which is also equally important in practical application.

Figure 5.11 shows the Li-ion storage capacity of the half cells consisting of graphene,
NiO, and composites as anode in charge-discharge cycling at 1 C rate. Continuous
irreversibility in varying degree is evident during the initial charge-discharge cycles.
Such irreversibility occurs until a stable surface film is formed, which prevents further
capacity loss. In the present study, almost all constituents were used without further
purification. Using clean dried constituents or using alternative ones obviously
decreases the irreversibility resulting from those constituents. However, the
performance of the materials in the present system can be compared, as any fault that
occurs during the preparation of the electrodes is common to all cells. The capacity
observed for the graphene is less than for the graphene synthesised by exfoliation of
graphite oxide at 1050 °C in Ar [155]. Nevertheless, the present graphene can be used
for comparison with the composite. The composite with 50% NiO showed capacity as
high as 450 mAh g™ for 100 cycles. All the cells show good stability in cycling at the 1
C rate after the cell was stabilized, implying that all of them are suitable for charge-
discharge at moderate current densities. In other words, the battery can be charged to its
full capacity in 1 h. The performance of even pristine NiO is good at the 1 C rate,
implying that reversible insertion of lithium is possible at the 1 C rate. The charge-
discharge performance of pristine NiO was further tested up to 300 charge-discharge
cycles and the cell showed good stability at the 1 C rate (not shown here). NiO
generally suffers many morphological changes during continuous charge-discharge
cycling. Therefore much effort has been made to improve the performance by

modification of the NiO [174, 333]. However, the pure NiO obtained in the present
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study showed better performance than reported modified NiO [172, 174, 333, 334]. The

unique nanostructure observed in the present NiO obviously gave good reversible

capacity at moderate current densities.
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Figure 5.11. Charge-discharge cycling performance of graphene, 20% NiO composite,

50% NiO composite, and 100% NiO half cells at 1 C rate.

Figure 5.12 shows the charge-discharge performance of the half cells at different

current densities varying from 0.5 C to 20 C. Although the cell with pristine NiO

showed good performance at the 1 C rate, it shows poor performance at higher rates.

The cell with 50% NiO shows good capacity only at the 1 C and 2 C rates, it shows low

capacity at higher current densities, such as the 10 C and 20 C rates. It is clear that, NiO

contributed to the additional capacity which has high theoretical capacity. However, it

stands solely at lower current rates. The cells containing 20% NiO show the best

performance, with Li-storage capacity of 185 mAh g at the 20 C rate. As we have
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taken the current density of 300 mA g* as the 1 C rate, the 20 C rate corresponds to

6000 mA g™. Such high rate performance has been recently shown for LiFePO, as a

cathode material [335].
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Figure 5.12. The rate capability of graphene, 20% NiO composite, 50% NiO composite,

and 100% NiO half cells (1 C = 300 mA g™).

The present cell can store energy to considerable capacity within 3 min, suggesting that
the present anode is suitable for fast charge-discharge requirements. Further increase of
the rate performance needs increase of the conductor used in the electrode as indicated
in the above Ref. [335]. The fact can be explained as follows. The rate capability of the
electrodes generally increases by addition of high percentage of the conductor.
Especially for high rate application, higher percentage of conductor is used. The above
publication reveals using of even 30% of the conductor in the electrode at very higher

current rates such as 20 C, 30 C, etc. The main reason is high rate charge transfer which
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IS a stringent requirement for high rate application. It is clear that a high content of NiO
(50%) leads to attachment of NiO throughout the graphene surface, wherever there are
reactive sites such as edges and defects. Presumably, such morphology leads to higher
electrical impedance and low capacity when charge-discharge takes place at high
current densities. Detailed investigation of impedance spectra is underway. However,
the fact that 20% NiO composites deliver higher rate capability can be explained as
follows. Graphene is an atomic or nano layers. Therefore it shows good charge transfer
rates at higher charge-discharge rates than graphite as observed from recent studies on
graphene. Although graphene shows good rate capability, it does not show high
capacity as shown by graphene/NiO 20% composite even at low rates. As a result,
graphene shows lower capacity at higher rates, yet the rate capability of both half cells
is similar. Although, the presence of more NiO leads to high capacity, it obviously
limits the charge transfer rate at fast charge-discharge currents as NiO is not conductive.
Consequently, the rate capability of both pure NiO and 50% NiO is not satisfactory. The
lower percentage of NiO in the composite is therefore more suitable for higher rates.
Furthermore, scanning electron micrographs reveal the existence of NiO nano-
crystallites mainly at the edge surface of the graphene in 20% NiO composite,
presumably due to high reactivity at the edge surface of graphene. Whereas, the 50%
NiO composite shows a distribution of NiO throughout the surface due to higher
amount of NiO which may be adversely affect for the inter particle conduction of the
electrode. Nevertheless, the addition of higher amount of conductor is necessary for fast
rate application of such materials. The present study used 10% conductor for fabrication
of each electrode. Further investigation is underway to elucidate the mechanism through
impedance spectra analysis of each material at different C-rates and different charge-

discharge cycle. Therefore higher percentage of NiO is not suitable for application at
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higher current densities. The better performance of the 20% NiO composite at higher
charge/discharge rates may be a result of the good mechanical stability and the
electrical conductance at lower level of NiO. Similar results were obtained for natural
graphite surfaces modified with zirconia (ZrO;) [336, 337]. High rate capabilities have
been observed from the presence of zirconia at lower levels. X-ray absorption near edge
surface studies showed that zirconia was present at the edge surface. In the composite,
NiO contributes to additional capacity by being attached to the defect and edge sites of
graphene without much morphological change from continuous lithium insertion and

de-insertion during cycling.

5.4 Summary

Graphene/NiO (20%) nanocomposite synthesised by a controlled hydrothermal method
delivers high rate capability and long cycle life as anode in Li-ion batteries. Graphene
plays a dual role in delivering good performance. Firstly, graphene works as a
supporting material for the nanostructured NiO particles to give good mechanical
stability for lithium insertion and de-insertion. Secondly, as a lithium ion insertion
material, the graphene provides good energy storage capacity. The unique nanostructure
of NiO in the composite and of the pure NiO facilitates reversible Li-insertion and de-
insertion during the charge-discharge processes. Lower content of NiO in the composite
(20%) is suitable for fast charge-discharge application where as higher content of NiO

(50%) is suitable for high capacity requirements at moderate rate charge-discharge.
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Chapter 6

Synthesis and electrochemical performance of
LiV;0g/carbon nanosheet composite as cathode

material for lithium-ion batteries

6.1 Introduction

Recently, vanadium-based oxides as cathode materials have drawn remarkable attention
because they offer great promise for increasing the energy density of the lithium ion
battery [9, 338, 339]. As a candidate cathode material, LiV30g has been the particular
object of attention in the past 20 years due to its high theoretical capacity (~280 mAh g
1, facile preparation, and excellent stability in air [340]. LiV3Og with layered structure
has been thought to be one of the most promising cathode materials for lithium ion
batteries due to its low cost, high discharge rate, and long cycle life [341]. It should be
noted that the preparation methods, as well as the material’s morphology, can strongly
influence the electrochemical performance of LiV3Og electrode, in aspects such as
charge-discharge capacity, rate capacity, cyclability [73, 221, 342-344], etc. In fact, up
to now, many methodologies have been developed to prepare LiV3;0g with the aim of
improving its electrochemical performance, for example, the sol-gel method, rapid
cooling, efficient grinding, the hydrothermal method, and so on [345-347]. However,
the reported rate capacity and cycling properties in all these references are still far from

its optimal target performance, and therefore, there is still interest in new synthesis
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methods for LiV3Og that might improve its electrochemical properties. However,
nanoscale and well-ordered structures with various morphologies of LiV3;Og materials
have also been extensively studied, for instance, nanorods [222, 223], nanosheets [225,
348], and nanotubes [226]. It is generally accepted that the nanomaterials provide short
diffusion pathways for lithium ion insertion/extraction from host materials, together
with high specific surface areas, which often afford more active intercalation sites [349,
350]. It has been shown that using nanoparticles and nanostructures for the positive
electrode material greatly improves charge/discharge rates by increasing the
electrode/electrolyte interface area [86]. Xu et al. prepared Lii+xV3Og nanorods by
hydrothermal reaction from LiOH and V,0s precursor. The results showed a high initial
discharge capacity of 302 mAh g, with 278 mAh g™ retained after 30 cycles for the
sample annealed at 300°C [222]. More recently, Cui et al. used a combined sol-gel
reaction and hydrothermal treatment to prepare LiV30g nanotubes [226]. However, the
disadvantage of these materials was the very fast capacity fading with cycling. In
general, the prevalent approach to overcome these problems was doping with a
conductive agent such as carbon [351-353], carbon nanotubes [354-357], graphene
[148, 358, 359], or conducting polymer [360, 361]. Different conductive fillers have
been extensively explored for composite components, and these fillers effectively
improve the conductivity of the materials. A significant improvement in electrical
conductivity arising from increased filler content was observed for most composites,
and it was explained by the better percolation of the conductive network [362, 363].
However, in contrast to the other additives, carbon has a low mass density, and carbon
is a cheap way to enhance the conductivity of materials. Carbon coating seems to be an
attractive route to enhance the capacity retention and capability of many cathode

materials, such as LiFePO, [210], LiMnO, [364], and LiCoO, [365]. Carbon with a
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high proportion of sp? linkages is usually chosen for coating, since it can provide good
electronic transport between the particles, affecting the morphology and the

electrochemical performance of the composite material [366].

In this study, LiV3Og nanosheets were synthesized by a hydrothermal method followed
by a calcination process. A carbon coating process was also successfully adopted to coat
the LiV30g nanosheets with amorphous carbon. The LiV30g nanosheets were simply
coated by amorphous carbon obtained from malic acid dispersed in toluene. The coating
process involved here is a quite different method compared to the others reported in the
literature. Furthermore, the role of binders has become increasingly important in terms
of the energy density of the whole battery. Recently, aqueous binders have been widely
applied for the fabrication of anodes and cathodes for Li-ion cells [367, 368].
Carboxymethyl cellulose (CMC) is one such binder which is an environmentally
friendly and inexpensive material compared to the conventional binder, polyvinylidene
difluoride (PVdF). The water solubility of CMC also decreases the processing costs
during the production of negative electrodes [369]. Electrode using CMC binder is
herein reported for the first time for this material. So, the structural and electrochemical
properties of the LiV3Og/carbon nanosheet composite are presented and characterized

with the aim of application as cathode material for lithium-ion batteries.

6.2 Experimental

6.2.1 Preparation of materials
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First, VO, (B) nanosheet precursor was prepared by a hydrothermal method. In a typical
procedure, VO, (B) was prepared first by the hydrothermal method, by mixing 0.365 g
V.05 (puriss, Riedel-de Haén®) in a solution of n-butanol (10 ml, > 99.0%, Sigma-
Aldrich) and de-ionized water (30 ml). The mixture was then stirred for 4 h before
being transferred to a 125 ml autoclave and kept in an oven for 48 h at 180 °C. The
precipitate was washed several times with ethanol and anhydrous cyclohexane, dried at
80 °C in vacuum for 12 h, and annealed at 250 °C in flowing argon for 10 h. In order to
prepare LiV30g nanosheets, stoichiometric VO, (B) and LiOH-H,O (Aldrich, 98%)
were mixed in methanol and stirred for 12 h. Then, the mixture solution was heated to
50 °C to evaporate the methanol. The product was heated at 150°C for 10 h in vacuum
and further annealed at 450 °C for 10 h in air. In the preparation of LiV3Og/carbon
nanosheet composite, an appropriate quantity of malic acid (C4HgOs, 99%) was
dissolved in toluene (C;Hg, 99.5%) and stirred for 2 h. LiV30g nanosheet powder was
added to the solution, which was continuously stirred for 12 h. The mixture solution

was heated at 50 °C in vacuum for 12 h and then heated again at 180 °C for 6 h.

6.2.2 Material characterization

X-ray diffraction analysis (XRD) was carried out on the synthesized powders with a
GBC MMA generator and diffractometer using Cu Ko radiation and a graphite
monochromator. The Traces'™ software package in combination with the Joint
Committee on Powder Diffraction Standards (JCPDS) powder diffraction files was used
to identify the phases present. The amount of amorphous carbon in the composite
sample was estimated using a Mettler-Toledo thermogravimetric analysis/differential

scanning calorimetry (TGA/DSC) 1 Star® System from 25-600 °C at 5 °C min™ The
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morphologies and energy dispersive spectroscopy (EDS) mappings of the samples were
obtained with a JEOL JSM 6460A scanning electron microscope (SEM). Transmission
electron microscopy (TEM) investigations were performed using a 200 kV JEOL 2011
instrument, with a JEOL-Energy Dispersive X-ray Spectroscopy (EDS) detector and a
JEOL EDS software analysis system. TEM powder samples were prepared by

dispersion onto holey carbon support films.

6.2.3 Electrochemical measurements

To test the electrochemical performance, sample powders were mixed with acetylene
black (AB) and a binder, carboxymethyl cellulose (CMC), in a weight ratio of 75:20:5
in a solvent (distilled water). The slurry was spread onto aluminum foil substrates. The
coated electrodes were dried in a vacuum oven at 110 °C for 24 hours to remove water
molecules. The electrode was then pressed using a disc with a diameter of 14 mm to
enhance the contact between the aluminum foil, active materials, and conductive
carbon. CR 2032 coin-type cells were assembled in an Ar-filled glove box (Mbraun,
Unilab, Germany) using lithium metal foil as the counter electrode. The electrolyte was
1 M LiPFg in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1
by volume, provided by MERCK KgaA, Germany). Charge/discharge cycling tests
were conducted in the voltage range of 1.5-4.0 V using a Land battery tester.
Electrochemical impedance spectroscopy (EIS) was conducted in the frequency range

between 0.01Hz and 100 kHz using Parstat® 2273 equipment.
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6.3 Results and discussion

Structural analysis of LiV3;0g and LiV3Og/carbon nanosheet composite materials was
conducted by XRD studies. The XRD patterns of the samples, shown in Figure 6.1, are

in good agreement with the structure of LiV30g (JCPDS 72-1193).
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Figure 6.1. X-ray diffraction patterns of LiV3Og and LiV3Og/carbon nanosheet

composite powders.

The (100) peak at ~ 14° is assigned to the layered structure of LiV3O0g, where trigonal
bipyramids of VO, share a corner with the VOg octahedra, and the Li* is intercalated
between such layers [219]. It can be observed that the intensities of the diffraction peaks
are decreased for the LiV3;Og/carbon composite powder, indicating that the material is

likely to be more amorphous compared to the pristine LiV30Os.
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Energy dispersive spectroscopy (EDS) elemental analysis of the LiV3Og/carbon
nanosheet composite was carried out for the main elements of V, O, and C. Figure
6.2(a) shows the agglomerated LiV3Og/carbon composite together with the distribution
of the individual elements V, O, and C (Figure 6.2(b)-(d)) . There is no remarkable
segregation of carbon in the mapping area, which convincingly proves that the carbon is

uniformly distributed among the LiV3;0g nanosheets.

— ——— 20 OK i— 120 m T CK

Figure 6.2. SEM image of (a) LiV30g/carbon nanosheet composite powder and its
corresponding EDS mapping as follows: (b) V mapping, (c) O mapping,

and (d) C mapping.

For quantifying the amount of amorphous carbon in the LiV3Og/carbon nanosheet

composite, TGA analysis was carried out in air. Figure 6.3 shows the TGA analysis of
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the LiV30g and LiV3;Og/carbon nanosheet composite. The samples were heated from 25
to 600 °C at the rate of 5 °C min™. As can be seen from Figure 6.3, LiV3Og/carbon
nanosheet composite starts to lose weight slowly in air at a temperature of
approximately 200 °C, while the pristine LiV3Og powders remain stable over the
temperature range used for this experiment. As the pristine LiV3Og powders remain
stable from 200 to 600 °C, any weight change can be assigned to amorphous carbon.
Therefore, the amount of amorphous carbon in the LiV3Og/carbon nanosheet composite

can be estimated to be approximately 11 wt.%.
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Figure 6.3. TGA analysis of LiV30g and LiV3;0g/carbon nanosheet composite powders.

To obtain additional information on the structural and morphological evolution of the
samples, field emission SEM (FESEM) and TEM measurements were carried out
(Figure 6.4). As shown in Figure 6.4(a), the pristine LiV3;0g sample exhibited a very

long sheet-like morphology, with each sheet having a smooth surface with a typical
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width of 50-150 nm and a length of several micrometers. On the other hand, the
LiV3Og/carbon sample (Figure 6.4(b)) exhibited a very flat sheet-like morphology, with
each sheet having a smooth surface and a typical length of 400-700 nm, width of 200-
350 nm, and thickness of 10-50 nm. The selected-area electron diffraction (SAED)

pattern (inset) was also collected from the individual nanosheet region of Figure 6.4(b).

LiV,04 sheet
LiV;04 sheet

LiV,;0; sheet

(-

Tdm = 0.314nm

LiV;0; sheet

Figure 6.4. Typical FE-SEM image of (a) pristine LiV30g nanosheets; TEM images of
(b) LiV3O0g/carbon nanosheets and the corresponding SAED pattern (inset); (c) an
individual sheet located over a hole in the holey carbon support film and surrounded by
a layer of amorphous carbon ~5-10 nm thick; (d) HRTEM image showing lattice fringes

of an individual LiV30g nanosheet.
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To confirm how the amorphous carbon is distributed within the LiV3Og nanosheet
powder, an individual nanosheet from the region of Figure 6.4(b) was scanned at higher
magnification, as shown in Figure 6.4(c). It can be clearly observed that the sheet is
surrounded by a layer of amorphous carbon ~5-10 nm thick, as marked in Figure 6.4(c).
Furthermore, the high-resolution TEM (HRTEM) image of the individual nanosheet
shown in Figure 6.4(d) clearly exhibits lattice fringes, where the lattice planes with a d
spacing of 0.314 nm correspond to the (-111) planes, which is in good agreement with

the structure of LiV30g (JCPDS 72-1193), as was confirmed by XRD.

The Li-ion intercalation/deintercalation properties in the LiV3Og/carbon nanosheet
composite were studied in order to examine the effectiveness of carbon in improving
the cycling behavior of the electrode. Figure 6.5(c) compares the cycling performance
of the LiV3Og/carbon electrode at 0.2 C with that of the LiV3Og in the voltage range of
1.5-4.0 V, and their corresponding galvanostatic discharge-charge voltage profiles are
shown in Figure 6.5(a, b). Figure 6.5(a) and (b) shows the 1%, 2" 5™ 50" and 100"
cycle discharge-charge curves for the LiV3Og and LiV3Og/carbon electrodes,
respectively. The discharge capacities at the 2", 5™ 50" and 100" cycle of the bare
LiV3Os electrode were measured to be 335, 318, 202, and 130 mAh g™, whereas in the
case of the LiV3Og/carbon electrode, the discharge capacities were 227, 225, 209, and
194 mAh g* at the 2™, 5™ 50" and 100" cycle, respectively. It can be seen that the
discharge capacity for the bare LiV3Og electrode was higher than that of the
LiV3Og/carbon composite electrode at 0.2 C below 50 cycles. However, the specific
capacity of the bare LiV3Og electrode was further decreased with increasing cycle
number. This trend is clearly seen in Figure 6.5(c). It can be observed that after coating

with carbon, the capacity is actually reduced. It is suggested that this might be due to
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the fact that inactive carbon materials are coated on the LiV3Og material [352].
Basically, carbon coating is a compromise between cycle life and capacity, and has very
limited lithium storage capacity [139]. After 100 cycles, the discharge capacity for the
LiV30s electrode was only 130 mAh g™ at 0.2 C, whereas it was 194 mAh g™ for the
LiV3Og/carbon electrode. Such a big difference in the electrochemical performance
implies that the electrochemical properties of the LiV3Og are greatly influenced by the
carbon coating. In order to fully estimate the electrochemical performance of the
LiV30g and LiV3Og/carbon composite electrodes, the consecutive cycling behavior at
various current densities of 0.5, 1, 2, and 5 C was examined, as shown in Figure 6.5(d).
The initial (considering the 2™ cycle) discharge capacities at the low current density of
0.5 C were measured to be 296 mAh g™ and 157 mAh g, and at the 10" cycle, 275 and
175 mAh g™ for the LiV30s and LiV3Og/carbon electrodes, respectively. This trend was
continued up to 50 cycles for both electrodes, and capacity retention measured at every
10™ cycle was only 78% at 1 C, 66% at 2 C, and 73% at 5 C of the initial discharge
capacity for the LiV3Og electrode. In the case of the LiV3Og/carbon composite
electrode, capacity retention was 97% at 1 C, 99% at 2C, and 91% at 5 C of initial
discharge capacity. On returning to 0.5 C, the LiV30g and LiV3Og/carbon composite
electrodes delivered a discharge capacity of 155 mAh g™* and 173 mAh g™, respectively.
It should be noted that the LiV3Og/carbon composite electrode shows more stable
cycling performance at each current density, although it shows a lower discharge
capacity than the LiV30g electrode in the beginning. At the high current densities of 2 C
and 5 C, the LiV3Og/carbon composite electrode shows larger discharge capacity than
the LiV3Og electrode. This kind of behavior was also reported by Du et al. [140] and
Wu et al. [316], which leads to the conclusion that the LiV3;Og/carbon composite

electrode possesses better electrochemical performance compared with pristine LiV30s.
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We believe that this carbon coating was responsible for improving the electrical
conductivity of the LiV30g material, as well as preventing aggregation and effectively
accommodating the volume variation [141]. Carbon addition also has been shown to
improve the performance of LiFePO, [351, 370] and LiMn,O, [371] materials,
especially at high discharge rates, where the carbon coating provides a path for

electrons without blocking access for Li* ions.

We further investigated the cycling performance of the LiV3Og/carbon nanosheet
composite electrode at the high current densities of 5, 10, and 20 C. The cycling
behavior for the composite is sustained at high current density up to 200 cycles,
implying that the carbon coating contributes to the better capacity retention. As shown
in Figure 6.5(e), the specific capacity of LiV3Og/carbon composite electrode at 5, 10,
and 20 C after 250 cycles was measured to be 110 mAh g, 104 mAh g, and 82 mAh
g, respectively. The capacity retention after 250 cycles from the second cycle was 93%
at 5 C and 100% at 10 C. For the second cycle, the discharge capacity at 20 C was 65
mAh g, and it increased to 82 mAh g™ at the 50" cycle. Then, the discharge capacity
becomes steady for up to 250 cycles. It can be observed that the capacity increases with
cycle number, possibly because of the processes of activation and stabilization that are
going on in the electrode materials [344]. The morphological effects in the compound
are likely to lead to diffusion limitations, where all the lithium ions might not be able to
take part in the initial cycling, but with increasing cycle number, more active material
may be able to participate due to electrochemical grinding, leading to an increase in
capacity with increasing cycle number [372]. Another reason may be the slight

fragmentation of the grains induced by the electrochemical grinding. The smaller grain
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size reduces the diffusion path for the lithium ions [373]. This result shows that good

cycling stability has been achieved for the LiV3Og/carbon electrode.
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Figure 6.5. Electrochemical performances of LiV3Og and LiV3Og/carbon composite
electrodes: (a, b) galvanostatic charge-discharge voltage profiles at 0.2 C for selected
cycles; (c) cyclic performance beyond 100 cycles at 0.2 C; (d) consecutive cyclic
behavior at different rates; (e) long-term cycling performance of LiV3Og/carbon

nanosheet composite electrode at different rates of 5, 10, and 20 C, respectively.
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Essential information on the anodic/cathodic processes in the pristine LiV30g and the
composite electrodes can be extracted from the charge/discharge curves by translation
into differential capacity curves. In Figure 6.6, comparative plots for the pristine
LiV30g and the composite electrodes for the 5™, 50™, and 100" cycles are presented.
The patterns for both profiles are nearly identical, suggesting that the carbon was not
involved during intercalation/deintercalation processes and is only providing paths for
electrical conduction [374]. Basically, there are several cathodic peaks at 2.6-2.8 V that
are related to the insertion of Li* into LiV30g. The anodic peaks are located at 2.7-2.8
V, which are related to the extraction of Li* from LiV3Og [344]. From Figure 6.6(a), the
intensity of the peaks decreases with cycling, indicating poor cycling stability.
However, for the composite electrode, it is clearly seen from Figure 6.6(b) that the
anodic and cathodic peak intensities remain stable upon cycling. This result is
consistent with the cycling performance results, demonstrating that the composite

electrode has excellent kinetic activities for Li" insertion/extraction.

The impedance spectra for the pristine LiV30g and the composite electrodes were
collected in the fully charged state (4.0 V) after 50 cycles. The Nyquist plots (Figure
6.7) show a semicircle in the high to medium frequency range, which describes the
charge transfer resistance (R¢;) for both electrodes. The intercept value is considered to
represent the total electrical resistance offered by the electrolyte (Rs). The inclined line
represents the Warburg impedance (Z,,) at low frequency, which indicates the diffusion
of Li* in the solid matrix. The impedance plots were fitted using the equivalent circuit
model shown in the inset in Figure 6.7, where Cp_ represents the double layer
capacitance. The values of R for the LiV3Og and the composite electrodes are 324.2

and 121.8 Q, respectively. Obviously, the R of the LiV3Og/carbon electrode is much
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smaller than that of the pristine LiV30s electrode. Therefore, the presence of carbon in

LiV30g improved the battery performance upon extended cycling, as the R.; decreased.
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Figure 6.6. Differential capacity plots for LiV3Os (a) and LiV3Og/carbon (b) at the 5",

50" and 100" cycle.
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Figure 6.7. Electrochemical impedance spectra of the samples after 50 cycles of

charge/discharge and the equivalent circuit (inset) used for fitting the EIS spectra.

6.4 Summary

In summary, LiV3Og/carbon nanosheet composite has been successfully synthesized via
in-situ hydrothermal treatment followed by a carbon coating process, and the material
was investigated, along with the bare LiV3Og, as cathode for lithium-ion batteries. TEM
observations confirmed that the composite exhibited a flat sheet-like morphology, with
the nanosheets covered by a layer of amorphous carbon ~5-10 nm thick. It was found
that the carbon coated composite showed better electrochemical performance in terms
of rate capability and cycling stability compared with the LiV3Og sample. This high
performance can be ascribed to the combined effects of nanosize sheets and good

interface behavior between the carbon layer and the nanosheets, which improved the
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electrical conductivity and decreased charge transfer resistance, as was confirmed by
cyclic voltammetry and EIS. This research suggests that the LiV3Og/carbon nanosheet

composite could be suitable for use as cathode material for lithium-ion batteries.
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Chapter 7

Rapid Synthesis of Binary a-NiS-B-NiS by Microwave

Autoclave for Rechargeable Lithium Batteries

7.1 Introduction

There is an urgent need for renewable clean energy sources at a much higher level than
is presently in force. The CO; issue, and the consequent air pollution in large urban
areas, may be only solved by replacing internal combustion engine (ICE) cars with
ideally, zero emission vehicles, i.e. electric vehicles (EVs) or, at least, by controlled
emission vehicles, i.e. hybrid electric vehicles (HEVs) and/or plug-in hybrid electric
vehicles (PHEVs). In this respect, lithium-ion battery technology could be the most
promising approach. Thus, achieving the goals of low cost combined with higher energy
density, better cycling stability, and non- or less toxic and more environmentally
friendly materials as electrodes for lithium ion batteries has become mandatory if clean
renewable technologies are to be developed for the future [375, 376]. Presently, LiMO;
or LiM,0,4 (M: transition metal) compounds are widely employed as positive electrode
for lithium-ion batteries due to their high reversibility in Li-ion intercalation/de-
intercalation processes [176, 177, 377-379]. Although LiCoO; is still being used as a
successful cathode material in most commercial lithium-ion batteries, it is less available
in terms of raw materials, more toxic, and more costly than other transition metals, such
as manganese, nickel, and iron. In addition, LiCoO; is not as stable as other potential

electrode materials and can undergo performance degradation or failure when
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overcharged [380-382]. LiNiO,, which also forms a distorted rock-salt structure, is
lower in cost and has a higher energy density [383], but is less stable [384, 385] and less
ordered [386], as compared to LiCoO,. LiMn,O, has shown excellent cycling
performance at room temperature in the region of 4 V, but still suffers from capacity
loss, particularly at elevated temperature [364]. Various strategies have been proposed
and tested to avoid some of these drawbacks, and scientists are still struggling to
minimize these problems. Besides these types of positive materials, sulfur and metal
sulfides are known to be promising cathode materials because of their low cost and high
theoretical capacity, assuming complete discharge to Li,S [300, 387-391]. Among the
various metal sulfides, nickel sulfide is the one of the most promising cathode materials.
Nickel sulfide (NiS) has a high theoretical capacity of 590 mAh g™ with good electronic
conductivity [229]. At present, only a few studies on NiS as a battery material have
been reported [228-230, 235, 392, 393]. Studies based on the ex-situ X-ray diffraction
method by Han et al. [230] indicated that the cathode reaction of NiS could be
explained as follows:

3NiS + 2Li <> Ni3S; + Li,S (7.1)
NisS; + 4Li <> 3Ni + 2Li,S (7.2)
The total charge-discharge mechanism is represented as:

NiS + 2Li <> Ni + Li,S (7.3)
To this end, various synthesis techniques have been adopted to synthesize NiS in order
to improve the electrochemical performance of NiS electrodes, such as ball-milling
[229, 230, 393], high-boiling-point solvent [228], polyol [235], spark plasma-sintering
[236], and solvothermal [392] techniques, in which most of the methods require
extensive mechanical mixing, high temperature, and long reaction time. Wang et al.

[392] have prepared NiS by the solvothermal method, which needs 24 hours to
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complete the reaction. In addition, homogeneous NiS readily forms after 12 hours of
ball milling, as reported by Han et al. [230]. Quite recently, microwave-assisted
synthesis methods have been particularly proved to be effective for many types of
cathode materials [195, 394-396]. Microwave-assisted synthesis requires much shorter
reaction times and saves energy, which is favorable for industrial manufacturing when
compared with the conventional solvothermal and hydrothermal synthesis. Manthiram
et al. have successfully synthesized a series of LiIMPO, (M: Fe, Mn, Co, Ni)
nanocrystallites within 5 to 15 min at temperatures below 300 °C [394, 395, 397, 398],
and the preparation of LiMnO; using conventional and microwave hydrothermal routes
has also been reported by Ji et al. [195]. It was observed that the electrochemical
performance of LiMnO, obtained from the microwave hydrothermal method was

improved compared to the conventional method.

It is well known that electronic transport properties can be tuned by interfacial design
and by varying the spacing of interfaces down to the nano-regime [399-401]. In recent
reports, the interface in some dual-phase materials is demonstrated to be more sensitive
for storing the extra lithium [228, 392, 399, 402, 403]. There are many hybrid systems
reported due to some great advantages which possibly could not be found in the single
system, such as higher catalytic activity, capability to absorb the volume variation of the
active material during lithium insertion, and ability to react reversibly with a larger
amount of lithium, and these factors can greatly improve the electrochemical
performance compared to the single component systems [392, 399, 402]. Morphological
stability can also be further improved if several materials are combined in an
appropriately structured composite [404, 405]. When two compounds with different

crystal structures combine and form a composite, the crystal lattice mismatch causes
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numerous lattice defects in the structure of the composite. As a result, channels for Li*
transfer in the composite will be much more abundant than in either of the constituent
compounds [399]. Based on this approach, we attempted to incorporate 3-NiS phase
into a-NiS, with the aim of improving the electrochemical performance of «-NiS

cathode.

In this study, we report binary o-NiS-B-NiS compound prepared via the microwave
hydrothermal method within a short period of time. In addition, an electrolyte consisting
of 1 M lithium bis(trifluoromethanesulfonyl) imide (LiTFSI) in poly(ethylene glycol)
dimethyl ether 500 g/mol (PEGDME 500) is also reported in this work. It was
previously reported that the electrochemical performances of nickel sulfide electrodes
were improved by using this electrolyte when compared with conventional electrolyte
composed of 1 M LiPFg in ethylene carbonate (EC) and dimethyl carbonate (DMC)

[235, 392].

7.2 Experimental

7.2.1 Preparation of materials

In a typical procedure for the preparation of NiS powders [405], 0.01 mol nickel (1)
acetate tetrahydrate (Ni(CH3COOQO),-4H,0, 98%, Sigma Aldrich), 0.03 mol thiourea
(N2SCH4, > 99%, Sigma-Aldrich), and 0.01 mol citric acid trisodium salt dehydrate
(NazCsHs07-2H,0, 99%, Aldrich) were added to 40 mL deionized water under stirring.
Afterward, 20 mL ammonia solution (28-30%, MERCK) was added dropwise to tune
the pH value to 12, and the dark blue solution was further stirred for 30 min. Then, the

solution was transferred into three Teflon lined digestion vessels, each with a volume of
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20 mL, and fitted with a pressure and temperature probe. The sealed vessels were
placed inside a MicroSYNTH microwave system (Milestone). The power, time, and
temperature of the reaction system were controlled by a Labterminal 800 Controller. To
get single phase a-NiS, the sealed vessel was heated at 140 °C for 15 min, whereas
binary o-NiS-B-NiS was obtained at 160 °C and 180 °C for 15 min. The power was kept
at 300 W throughout the experiment. The precipitate was washed several times with de-

ionized water and ethanol, and dried at 50 °C in vacuum for 12 hours.

7.2.2 Material characterization

The phase formations of the synthesized powders were investigated using X-ray
diffraction (XRD) with a diffractometer using Cu Ka radiation and graphite
monochromator (GBC Difftech MMA instrument). The Brunauer-Emmett-Teller (BET)
surface areas were measured by a NOVA 1000 high-speed gas sorption analyzer
(Quantachrome Instruments, USA). The morphologies of the samples were examined
using field emission scanning electron microscopy (FE-SEM, JEOL 7500FA) and

transmission electron microscopy (TEM, JEOL 2011 200 keV instrument).

7.2.3 Electrochemical measurements

A mixture composed of 70 wt.% of the powder sample, 20 wt.% of carbon black, and
10 wt.% of polyvinylidene fluoride (PVDF) was mixed with N-methyl-2-pyrrolidone
(NMP). The slurry was spread onto aluminum foil substrates and dried at 100 °C for 24
hours in vacuum. After being cut to a 1 x 1 cm? size, the electrode was mounted as the

positive electrode versus lithium metal as the counter and reference electrode in CR
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2032 coin-type cells. The cells were assembled in an argon-filled glove box. The
electrolyte used to test the electrochemical performance of the electrodes was an
organic solvent-based electrolyte composed of 1 M lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI) in poly(ethylene glycol) dimethyl ether
500 g/mol (PEGDME 500). Charge-discharge testing was performed galvanostatically
between 1.0 and 3.0 V on a Land battery tester (Wuhan Land Electronic Co. Ltd.).
Cyclic voltammetry (CV) measurements were carried out using a CHI 660B
Electrochemical Workstation (Shanghai Chenhua Apparatus, China) at a scanning rate

of 0.05 mV s™.

7.3 Results and discussion

The XRD patterns of the samples synthesized at 140 °C, 160 °C, and 180 °C for 15 min
are shown in Figure 7.1. Microwave hydrothermal treatment of the mixture at 140 °C
produced a pure hexagonal NiAs-type a-NiS phase, which shows good agreement with
JCPDS data (JCPDS File Card No. 75-0613, space group: P6s/mmc, a = 3.4200 A and ¢
=5.3000 A). Liu has reported that the synthesis of single-phase o-NiS was obtained at a
longer reaction time of 24 hours by a conventional hydrothermal route [404]. In our
case, a-NiS single-phase could be prepared within 15 min at low temperature. The
direct heating in the microwave autoclave system can increase the Kkinetics of the
reaction by one or two orders of magnitude, as the microwave energy is dissipated by
the reactants and the reaction is completed within several minutes [195, 406, 407]. This
is different from the conventional autoclave method, which gives indirect heating to the
reactants, thus requiring longer time to complete the reactions. On increasing the

reaction temperature to 160 °C and 180 °C, the formation of a secondary phase of
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rhombohedral millerite B-NiS was evidenced by the appearance of additional XRD
reflections which matched well with the standard data (JCPDS File Card No. 12-0041,
space group: R3m, a = 9.6200 A and ¢ = 3.1600 A) [229, 235, 392]. The intensities of
o-NiS peaks decreased, and those associated with B-NiS started to grow at this

temperature.

Intensity /a.u
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Figure 7.1. XRD patterns of the NiS powders synthesized at

140 °C, 160 °C, and 180 °C.

The calculated cell parameters for each sample are close to those reported in the
literature, as shown in Table 7.1. The approximate crystallite sizes for the samples were

estimated using the Debye-Scherrer formula, which was applied to the (102) peak of a-

NiS and the (300) peak of B-NiS. The specific surface areas of the synthesised products
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were also measured by the 15 points BET N, adsorption method. Approximate
crystallite sizes and specific surface areas of the samples are also shown in Table 7.1.
The measured BET specific surface area for the a-NiS-f-NiS prepared at 160 °C shows
the highest value of 4.67 m? g%, while the a-NiS synthesized at 140 °C and the o-NiS-
B-NiS synthesized at 180 °C have specific surface areas of 2.66 and 1.82 m* g™,
respectively. Generally, high surface area powders are beneficial to the intercalation/de-

intercalation of Li*, and thus improve the cycling stability and electrochemical

performance of the electrode [85].

Table 7.1. Calculated cell parameters, approximate crystallite size, and BET specific

surface area of synthesized NiS at different temperatures.

Calculated cell Calculated cell Crystallite size of  Crystallite size of BET specific
parameters of a- parameters of f3- a-NiS from peak  B-NiS from peak surface area
NiS NiS (102) (nm) (300) (nm) (m*g™)

a(nm) c(nm) a (nm) ¢ (nm)

0.34246 0.53181 - - 41 - 2.66
0.34285 0.53232 0.96185 0.31538 47 53 4.67
0.34274 053225 0.96191 0.31557 32 87 1.82

FESEM images of the products synthesized at different temperatures are shown in
Figure 7.2. A single morphology is formed for the product after heating at 140 °C
(Figure 7.2(a, d)), comprising, predominately, prismatic particles around 500-900 nm in
size, consistent with XRD evidence for the formation of o-NiS. The morphologies
obtained at 160 °C (Figure 7.2(b, €)) and 180 °C (Figure 7.2(c, f)) comprised a duplex

coarse nanostructure, with core particles of similar morphology to those formed at 140
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°C and additional fine needle-like protrusions, resulting in product of higher surface
area. Compared to the monophase sample formed at 140 °C, when the reaction
temperature is raised to 160 °C, the core particles (assumed to be a—NiS) appear to take
on a more refined hexagonal prism shape, while the nanoneedles (assumed to be
predominately B-NiS) appear to originate from facets and facet corners of the hexagonal
prisms (Figure 7.2(e)). The sizes of the hexagonal prism shaped particles were found to
be in the range of 1-2 um, while the average diameter of the nanoneedles was about 80-

200 nm.
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Figure 7.2. FESEM images of NiS powders synthesized at (a), (d) 140 °C; (b),

(e) 160 °C; and (c), (f) 180 °C.
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We also observed that when the reaction temperature was increased up to 180 °C, there
appeared to be an increase in the amount of needle-like phase at the expense of a-NiS
grain size, consistent with increased transformation of a-NiS to B-NiS. The size of the
agglomerated clusters, up to about 2-3 um, is believed to be responsible for the decrease
in the surface area compared to the sample formed at 160 °C. Close observation of the
high-magnification FESEM image (Figure 7.2(f)) reveals that the nanoneedle shape
increases in size to a diameter of about 400-600 nm. These results are consistent with

the calculated crystallite sizes and measured BET specific surface areas.

Figure 7.3 shows TEM and preliminary high resolution TEM (HRTEM) observations of
the samples prepared at 160 °C and dispersed onto holey carbon support film. Bright
field imaging confirmed that the needle-like protrusions connect the clusters of o-NiS
particles (Figure 7.3(a)). Close examination of individual protrusions (Figure 7.3(b) and
(c)) indicated a very high surface area morphology including sheets folded up into the
features described as nanoneedles that were observed using lower resolution TEM
(Figure 7.3(c)). Preliminary HRTEM combined with a Fast Fourier Transform (inset in
Figure 7.3(d)) revealed a faulted structure containing a significant proportion of
microtwins (Figure 7.3(e)), consistent with early TEM observations of rhombohedral
NiS phase [408]. However, further investigation is required to determine the true
structure of these needle-like protrusions producing the 3-NiS XRD reflections, firstly,
because B-NiS can transform to a-NiS as a result of electron beam heating [408] and
because non-stoichiometric NixS can also occur with a range of different atomic

stacking sequences and associated structure variants [409].
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Figure 7.3. TEM and HRTEM images of sample prepared at 160 °C; (a-c) bright field

images; (d-e) HRTEM images and fast Fourier transform (diffractogram inset in (d)).

Figure 7.4 shows a typical cyclic voltammogram of the a-NiS electrode prepared at 140
°C, recorded at a scan rate of 0.05 mV s between 1.0 and 3.0 V. Han et al. [230] have
reported the ex-situ XRD profile of NiS electrode during electrochemical charge-
discharge cycling. It is considered that the anodic and cathodic processes of NiS
undergo the same reaction mechanism. Cathodic peaks are present at around 1.75 V and
1.20 V, which might be related to two different electrochemical reactions between NiS
and lithium. On the other hand, the anodic peak occurs at around 2.00 V, which could
be related to the regeneration of NiS. The cathodic peaks in the cyclic voltammograms
are in good agreement with the plateaus observed in the voltage-capacity profiles

(Figure 7.5(a-c)). It is suggested that the Li/NiS cell discharges in a two-step process.
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The first step could be the transformation of NiS to Ni3S, at higher potential around
1.75 V (eg. (7.1)) and the second step could be the conversion of Ni3S, to Ni at lower
potential around 1.20 V (eq. (7.2)) [230, 235]. In the anodic process, we can find a large
charging current peak at 2.10 V, which represent the regeneration of NiS in the fully
charged state. This phenomenon is consistent with the previous report about charge-
discharge mechanism study of NiS used as cathode in rechargeable lithium batteries

[230].
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Figure 7.4. Cyclic voltammogram of NiS synthesized at 140 °C and 160 °C with

scan rate of 0.05 mV s™.

Figure 7.5(a-c) shows the 1%, 2" 10" and 50" cycle discharge voltage profiles at 0.1 C
of the electrodes prepared at 140 °C, 160 °C, and 180 °C. The discharge curves show
two voltage plateaus which are consistent with the CV curve. The initial discharge

capacity for the NiS electrode prepared at 140°C, 160°C, and 180°C was measured to
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be 535, 581, and 585 mAh g, with an initial coulombic efficiency of 98%, 96% and
84%, respectively. It can be seen that all the cells show irreversible capacity loss during
the first charge-discharge cycle and improvement of stability during the subsequent
cycles. The initial capacity loss is attributed to the surface film formation [332]. The
discharge capacities were measured to be 447, 408, and 342 mAh g™ at the 2", 10" and
50™ cycle for the electrode prepared at 140 °C, whereas in the case of o-NiS-B-NiS
electrode prepared at 160 °C, the discharge capacities were 486, 452, and 385 mAh g™
at the 2", 10", and 50™ cycle, respectively. However, the discharge capacity for the
electrode prepared at 180 °C decreased rapidly and was measured to be 349, 165, and
86 mAh g at the 2", 10" and 50" cycle, respectively. The overpotential of NiS
synthesized at 160 °C was found to be smaller than pure a-NiS. This may because the
sample prepared at 160 °C has higher BET surface area than the sample prepared at 140
°C, the contact surface area between NiS and carbon black are increased, therefore
increase the conductivity and electrochemical accessibility of NiS prepared at 160 °C
electrodes. The cycling stability of the electrodes at 0.1 C is shown in Figure 7.6(a). The
electrode prepared at 160 °C shows a higher discharge capacity and better cycling
performance. After 100 cycles, the discharge capacities were measured to be 281 and
320 mAh g* for the electrodes prepared at 140 and 160 °C, with capacity retention of
63% and 65% of the 2" cycle discharge capacity, respectively. The discharge capacity
degradation rate was about 0.37% per cycle for the NiS electrode prepared at 140 °C
and 0.35% per cycle for the a-NiS-B-NiS electrode prepared at 160 °C. Rapid capacity
decay of the electrode prepared at 180 °C was observed. The coulombic efficiency for

a-NiS synthesized at 140 °C and a-NiS-B-NiS synthesized at 160 °C was reached 96%
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and 99% over 100 cycles respectively, whereas it was 90% for the a-NiS-B-NiS

synthesized at 180 °C over 68 cycles (Figure 7.6(b)).
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Figure 7.5. Charge-discharge profiles vs. lithium at 0.1 C for NiS synthesized at

(@) 140 °C, (b) 160 °C, and (c) 180 °C for selected cycles.
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Figure 7.6. (a) Cyclic performance and (b) coulombic efficiency at 0.1 C of NiS

synthesized at 140 °C, 160 °C, and 180 °C.

Furthermore, the consecutive cycling behavior at different current densities of 0.1, 0.3,

0.5, 1, and 2 C in an ascending order, followed by a return to 0.1 C, is shown in Figure

7.7. The electrode prepared at 160 °C presents good cycling stability at each rate, and
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reversible capacities were measured to be 475, 456, 383, 223, and 56 mAh g at the

rate of 0.1, 0.3, 0.5, 1, and 2 C, respectively. After 60 cycles, the reversible capacity of

the electrode prepared at 160 °C was still 407 mAh g* at 0.1 C, illustrating its good

cycling performance, clearly much better than the performance of the other electrodes.

The discharge capacity after returning to 0.1 C is 77% of the capacity at 0.1 C (from the

second cycle) for the a-NiS-B-NiS electrode obtained at 160 °C.

700

-1
o
o
1)

(¢}
o
o

H
o
o

w
o
o

200

Discharge capacity / mAh g

100

30 40 50 60

Cycle number

Figure 7.7. Consecutive cyclic behavior of NiS synthesized at 140 °C, 160 °C,

and 180 °C at different rates.

Why does the «-NiS-B-NiS material synthesized at 160° C show the best

electrochemical performance? The important factors that govern electrochemical

performance of a cell relate to the solid-state diffusion length and diffusion rate.

Diffusion length depends on particle microstructure and particle size distribution.
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Smaller particles with high surface area will help to dissipate the surface accumulation
of Li* ions and facilitate rapid mobility. This helps to enhance the amount of lithium
intercalated within the material, resulting in increased energy density and higher rate
capability [176, 399, 410]. The surface area for the three samples is in the descending
order of a-NiS-B-NiS (160° C) > a-NiS (140° C) > a-NiS-B-NiS (180° C). Since the
number of insertion sites is directly proportional to the surface area, a larger number of
lithium insertion sites would be expected in the samples with higher surface area [306].
Under these considerations, the electrochemical performance is in the descending order

of o-NiS-B-NiS (160° C) > a-NiS (140° C) > o-NiS-B-NiS (180° C).

7.4 Summary

Nanocrystalline o-NiS-B-NiS powder has been successfully synthesized in a simple
microwave autoclave within a short period of time. The results indicate that hexagonal
NiAs-type a-NiS phase can be partially converted to a p—NiS millerite-like secondary
phase with increasing heat-treatment temperature. In a sample prepared at 160 °C, a
duplex crystallite size (a-NiS ~ 47 nm and high surface area B-NiS ~ 53 nm) is
observed. Electrochemical testing demonstrates that the sample synthesized at 160 °C
has a high reversible capacity with good rate capability. This finding strongly suggests
that the synthesis process is very simple and convenient, and also requires only a low
treatment temperature and a very short period of time as well. The motivation for using
this method is to decrease the reaction time as compared to the conventional
hydrothermal method. Therefore, the electrical energy consumption for materials

synthesis is significantly reduced.
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Chapter 8

Microporous gel polymer electrolytes for lithium

rechargeable battery application

8.1 Introduction

Polymer electrolyte may generally be defined as a membrane that possesses transport
properties comparable to those of common liquid ionic solutions. The development of
polymer electrolytes has drawn the attention of many researchers over the last three
decades, as they find applications not only in lithium batteries, but also in other
electrochemical devices such as supercapacitors, electrochromic devices, etc. [411].
Lithium batteries use liquid electrolytes with organic solvents, which are flammable and
easy to ignite on exposure to high temperatures. To solve this safety problem, there is a
strong desire to move to non-flammable electrolytes [268]. In the case of the lithium-ion
battery, numerous studies have been conducted to improve its safety performance, since
scaled-up forms have promising applications in electric vehicles. Still, one of the main
challenges is the electrolytes, because they will react with the active electrode materials
[412]. As a result, polymer electrolyte is a promising candidate, as these polymer
electrolytes have several advantages over their liquid counterparts. The advantages of
these electrolytes include no internal shorting, no leakage of electrolytes, and non-
combustible reaction products at the electrode surface, in contrast to the liquid
electrolytes [56, 413-417]. However, the prerequisites for a polymer electrolyte for

lithium-ion batteries are (i) high ionic conductivity at ambient and sub-ambient
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temperatures, (ii) good mechanical strength, (iii) appreciable transference number, (iv)
thermal and electrochemical stability, and (v) better compatibility with electrodes [414-
416]. The polymer electrolyte should also allow good cycle lives at low temperatures

and must withstand the internal pressure build-up during battery operation.

Since 1973 [270], many studies on solid polymer electrolytes have been carried out that
involve such techniques as blending, co-polymerizing, cross-linking, and adding
nanofillers to modify the polymer host to increase the ionic conductivity [413, 418-
420]. However, the main obstacle is still the ionic conductivity, which is generally
below 10°® S cm™ and not enough for practical application. As a result, gelled polymer
electrolytes (GPEs) were developed [413, 421, 422]. Much recent attention has turned
to microporous gel polymer electrolytes, which can be regarded as an intermediate state
between typical liquid electrolytes and dry solid polymer electrolytes. Microporous gel
polymer electrolytes usually exhibit ionic conductivities ranging from 10 to 10°S cm™
at room temperature, near to that of commercial liquid electrolytes. In microporous gel
polymer electrolytes, the liquid component is trapped in the polymer matrix, thereby
preventing leakage of liquid electrolyte. Consequently, the safety of Li-ion batteries is
greatly improved [423]. The pore structure of the polymer membrane is the key
component and especially important for the ionic conductivity. The larger the amount of
trapped liquid electrolyte in the pores, the higher the ionic conductivity of the

membrane [424].

Generally, porous membrane materials are prepared by the phase inversion method
[425]. Some polymer electrolytes are prepared by template imprinting or the sol-gel

process [426], but the preparation process for polymer electrolytes is very tedious, and
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the pores are also too small to observe, so that such polymer membrane materials are
generally classified as non-porous or continuous membranes. Nowadays, researchers
are very keen to develop microporous polymer membranes, which can be activated as
polymer electrolyte by soaking in an electrolyte solution [427]. The Bellcore technique
has been widely used to prepared porous polymer membrane based on poly (vinylidene
fluoride)-co-hexafluoropropene  (PVDF-HFP), which showed favorable ionic
conductivity (~ 1 mS cm™) at room temperature after soaking with liquid electrolyte
[428]. However, the extraction process for dibutyl phthalate (DBP) needs large volumes
of organic solvents, which increases the production costs, and the removal of DBP is
not 100 % efficient [429-431]. On the other hand, Pasquier et al. [432] have shown that
the phase-inversion method is a valid method to use in preparing microporous PVDF-
HFP co-polymers by casting a polymer solution and evaporating the solvent and
nonsolvent. Research and development in this field have involved a variety of polymer
matrices such poly (ethylene oxide) (PEO) [259-261], poly (acrylonitrile) (PAN) [262,
263], poly (vinyl chloride) (PVC) [264, 265], poly (methyl methacrylate) (PMMA)
[266, 267], and polyvinylidene difluoride (PVdF) [268, 269]. In particular, much
attention has been devoted to increasing the liquid electrolyte content in the polymer
matrix by controlling the components and morphology, as the ionic conductivity of the
solid polymer electrolyte increases with increasing amount of the liquid electrolyte
trapped in the polymer matrix. In addition, several features of the polymer electrolyte,
such as porosity, pore size, crystallinity, chain structure, and the degree of
polymerization, contribute to the conduction properties of the carriers [433]. However,
high porosity usually leads to fading mechanical strength, and it has been shown that
the addition of PEO to the PVDF can improve the porosity and pore connectivity for

electrolyte uptake [285, 286], although the mechanical strength of PVDF-PEO blends is
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lower than that of pure PVDF. In addition, blending PAN and PVDF-HFP can increase

the mechanical stability and structural rigidity of the porous polymer electrolyte [287].

In this study, we report PVDF-PMMA blends for polymer electrolyte prepared via the
phase-separation method in a mixture of N, N-dimethylformamide (DMF) as a solvent
and glycerin as a nonsolvent. The effects of PMMA at different ratios on the
morphology, porosity, and electrochemical performance have been characterized with
the aim of obtaining better microporous gel polymer electrolyte for lithium-ion

rechargeable battery application.

8.2 Experimental

8.2.1 Preparation of PVDF/PMMA membranes and polymer electrolytes

The polymer blend membranes were prepared by the phase-separation method.
Poly(vinylidene fluoride) (PVDF, Mw = 534,000, Sigma-Aldrich) and poly(methyl
methacrylate) (PMMA, Mw = 350,000, Sigma-Aldrich) were dried for 24 h at 100 °C in
vacuum. The required amounts of PVDF and PMMA were dissolved in a mixture of
N,N-dimethyl formamide (DMF, > 99.8%, Sigma-Aldrich) and glycerin (Fluka) (10:1
by volume), and stirred for 3 h at 80 °C. Then, the solution was cast onto a glass plate
and dried at 120 °C for 24 h in vacuum. During this process, DMF and glycerin
evaporated in turn, and the voids left by the glycerin formed micropores. The polymer
electrolytes were obtained by soaking the obtained membranes in 1 M LiPFg in a
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC; 1:1 by volume,
MERCK, Germany). The compositions of the PVDF/PMMA membranes and the

corresponding polymer electrolytes that were prepared are listed in Table 1. M0, M30,
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M50. M70, M90, and M100 designate the membranes with PVDF to PMMA
(wt.%:wt.%) weight ratios of 100:0, 70:30, 50:50, 30:70, 10:90, and 0:100, respectively.
The corresponding polymer electrolytes are designated as EO, E30, E50, E70, E90, and

E100, respectively.

Table 8.1. Compositions of PVDF/PMMA membranes and corresponding polymer

electrolytes.
Composition
Porous Polymer
PVDF/PMMA
membrane electrolyte
(wt.%/wt.%0)
100/0 MO EO
70/30 M30 E30
50/50 M50 E50
30/70 M70 E70
10/90 M90 E90
0/100 M100 E100

8.2.2 Characterization of the membranes and polymer electrolyte

The morphology of the membranes was observed by scanning electron microscope
(SEM; JOEL JEM-3000). Fourier transform infrared (FTIR) spectroscopy was carried
out using a Shimadzu FTIR spectrometer, IRPrestige-21 model. Samples were analyzed
in attenuated total reflectance (ATR) mode using the Pike MIRacle accessory equipped

with a germanium crystal (Pike Technology). Differential scanning calorimetry (DSC)

162



Chapter 8

measurements were carried out under argon atmosphere using a Mettler-Toledo
thermogravimetric analysis/ differential scanning calorimetry (TGA/DSC) 1 Star®
system from 50 to 200 °C at 10 °C min™. Porosity of the membranes was measured as
follows: after weighing, the membrane was immersed in 1-butanol for 2 h. Then, the
surface of the membrane was dried with filter paper and weighed again. The porosity
was calculated using the following equation:

W, — W,

Porosity (%) = x100 (8.1)

where V is the apparent volume of the membrane, p is the density of 1-butanol, and w;
and w, are the weights of the wet and dry membranes, respectively. The liquid
electrolyte uptake of the membranes was measured according to the following
procedure: after weighing, the membrane was immersed in liquid electrolyte for 10 min
and weighed again. The electrolyte uptake was calculated as follows:

W, — W,

Electrolyte uptake (%) = %100 (8.2)

where w; and w, are the weights of the wet and dry membranes, respectively. The
impedance of the polymer electrolytes was measured using a CHI 660B electrochemical
workstation instrument (Shanghai Chenhua Apparatus, China) in the frequency range
from 10 mHz to 100 kHz. The polymer electrolytes were cut into 1 cm? sizes and
sandwiched between two blocking stainless steel electrodes. The ionic conductivity of
the polymer electrolytes was calculated based on the following equation:

oot (8.3)
R,A

Here, o is the ionic conductivity, Ry is the bulk resistance, and t and A are the thickness

and area of the polymer electrolyte, respectively. Impedance measurements were also

carried out in the temperature range between 303 and 373 K. The electrochemical
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stability window of the polymer electrolyte was determined by linear sweep
voltammetry using a stainless steel working electrode and lithium foil as the counter

electrode at the scanning rate of 1 mV s™,

8.2.3 Electrochemical characterization

A mixture composed of 80 wt.% LiFePO,4 powder (DLG Battery Co., Ltd., China), 10
wt.% carbon black, and 10 wt.% polyvinylidene fluoride (PVDF) were mixed with N-
methyl-2-pyrrolidone (NMP). The slurry was spread onto aluminum foil substrates and
dried at 100 °C for 24 h in vacuum. After being cut to a 1 x 1 cm? size, the electrode
was mounted as the positive electrode versus lithium metal as the counter and reference
electrode in CR 2032 coin-type cells. Here, Sample E70 was chosen as the polymer
electrolyte. The Li/E70/LiFePO, cell was assembled in an argon-filled glove box.
Charge-discharge testing was performed galvanostatically between 2.5 and 4.2 V at

room temperature on a Land battery tester (Wuhan Land Electronic Co. Ltd.).

8.3 Results and discussion

A comparison of the cross-sectional morphology of the pure PVDF, pure PMMA, and
PVDF/PMMA blend films after extraction of glycerin and DMF from the polymer
matrix are shown in Figure 8.1. The presence of PMMA leads to change in the size of
the pores in the membrane. It was found that the pore size of the membrane increases
with the addition of PMMA up to 70 wt.%, and then the pore size starts to decrease.
Sample M70 showed the largest diameter pores (about 10 um), which is enough to trap

more liquid electrolyte and provide a path for ion migration. This trend agrees well with
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the porosity and liquid electrolyte uptake measurements, as shown in Figure 8.2. It can
be seen that Sample M70 has the highest porosity of 64% when compared with pure
PVDF (Sample MO) and pure PMMA (Sample M100), which have only 24% and 41%
porosity, respectively. Such large porosity will help the liquid electrolyte to more easily
penetrate into Sample M70, with subsequently more liquid electrolyte embedded in the

pores of the membrane.

(a)

b

)

7 /

Figure 8.1. Cross-sectional SEM images of porous membrane for Samples (a) MO,

(b) M30, (c) M50, (d) M70, (€) M90, and (f) M100.
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For liquid electrolyte uptake measurements, pure PVDF polymer electrolyte (Sample
EO) reaches saturation with a weight uptake ratio of 15%. With addition of PMMA to
the polymer matrix, the liquid electrolyte uptake ratio increases due to the high porosity
of the PVDF/PMMA blended film. Sample E70 reaches saturation with a maximum
liquid electrolyte uptake ratio of 204%. Therefore, the addition of PMMA not only
controls the porosity, but also is correlated with the liquid electrolyte uptake of the film,

resulting in high ionic conductivity of the membrane.
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Figure 8.2. Porosity and liquid electrolyte uptake as a function of PMMA weight

fraction in blended porous membranes with polymer electrolyte.

Figure 8.3 shows the ATR-FTIR spectra of Samples M0, M30, M50, M70, and M100.
The characteristic peaks observed are common to both pure PVDF and pure PMMA

membranes [249, 274, 434]. From Figure 8.3(a), the vibrational band at 1406 cm™
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corresponds to CH, wagging deformation of pure PVDF membrane. It can be seen that
the intensity of this peak decreases with the addition of PMMA and finally disappears,
as shown in Figure 8.3(d, e). For pure PMMA membrane, a peak reflecting the
stretching of the carbonyl (C=0) group is present at 1730 cm™, as shown in Figure
8.3(e). From the inset in Figure 8.3, it can be clearly seen that the intensity of this peak
gradually decreases, while the peak is slightly shifted to 1734 cm™ in the PVDF/PMMA
blend membrane. This result suggests that there is a specific interaction between the
carbonyl groups of PMMA and the CH, groups of PVDF, and indicates the formation of

a PVDF/PMMA blended membrane [249, 274].
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Figure 8.3. ATR-FTIR spectra of Samples (a) MO0, (b) M30, (c) M50, (d) M70, (e) M90,
and (f) M100 from 1000-2000 cm™. The inset shows the ATR-FTIR spectra of Samples

M30, M50, M70, and M100 in the range of 1660 t01800 cm™.
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Figure 8.4 shows the differential scanning calorimetry (DSC) curves of the pure PVDF,
pure PMMA, and polymer blend membranes. Pure PVDF (Sample MO) shows a
characteristic endothermic peak at 159.4 °C, corresponding to the melting temperature
of the crystalline form, T,. With the addition of PMMA, the melting temperature of the
polymer blend membrane is depressed markedly. However, in the rich PMMA
concentration (Sample M90), there was no trace of melting behavior of PVDF. Similar
results were obtained by Ma et al. [290]. They reported that the decrease in Ty, with
increasing PMMA concentration could be related to the melting temperature depression
of the crystalline components, suggesting that the growth of crystals is affected by the
interaction of the components. The integral peak area under the T, curve is correlated
with the degree of crystallinity. Therefore, the degree of crystallization of the polymer
membranes could be calculated from the enthalpy of fusion from the DSC

measurements, using the following equation:

X, = iﬂg x100% (8.4)

m

where AH/ is the enthalpy of fusion for pure PVDF, 104.7 J g™ [435], and AH , is the
enthalpy of fusion of the PVDF/PMMA blended membrane. The data for Tr,, AH , and

the degree of crystallization, X, are tabulated in Table 8.2. It shows that the amount of
PMMA has a slight influence on the X.. The crystallinity of the polymer blend
membranes is lower than that of pure PVDF, suggesting that the amorphous domain of
the membranes was increased, as the PMMA in the polymer blend membrane
progressively retards the crystallization of PVDF [290, 436]. This facilitated the
absorption and swelling of the liquid electrolyte, resulting in high ionic conductivity of

the polymer electrolyte [435].
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Figure 8.4. DSC curves of pure PVDF, pure PMMA, and polymer blend membranes.

Table 8.2. Degree of crystallization of PVDF/PMMA blended membranes.

Melting temperature of

Enthalpy of fusion for  Crystallization

Porous
crystalline form, T, crystalline form, AH, degree, X,
membrane
(°C) Jag?h (%)
MO 159.4 32.5 31
M30 156.0 25.5 24
M50 153.6 22.8 22
M70 144.9 16.3 16
M90 - - -
M100 - - -
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Figure 8.5(a) shows the ionic conductivity at room temperature for all the polymer
electrolytes. With the addition of PMMA, it can be observed that the ionic conductivity
of the polymer blend increases from 5.73 x 10°® S cm™ to a maximum of 1.21 x 10° S
cm™ as electrolyte uptake increases from 15% to 204%. According to Saito et al. [437],
there are three possible ways that carrier ions could be transferred within the porous
polymer electrolyte: (1) through liquid electrolyte trapped in pores, (2) through an
amorphous domain that is swelled by liquid electrolyte, and (3) along molecular chains
in the polymer. Since the carrier ion movements along the molecular chains in the
polymer is much slower, the increase in ionic conductivity could be attributed to the
large amount of trapped liquid electrolyte in the pores that then penetrates into the
polymer chains to swell the amorphous domains [253, 430, 435, 437]. The temperature
dependence of the ionic conductivity for the polymer electrolyte is presented in Figure
8.5(b). Typical behavior for a polymer electrolyte was observed, that is, ionic
conductivity increases with increasing temperature. Higher temperature not only
promotes the migration of carrier ions, but also results in the expansion of polymer
[253]. This expansion produces local empty space and increases the free volume, which
promotes the motion of polymer segments and carrier ions. The conductivity-
temperature plot has a regression value, R? > 0.99, indicating that the ionic conductivity

follows the Arrhenius equation, which is shown in Eqg. (8.5).

-E
oc=0,€ 2 8.5
o ><p( T j (8.5)
where o is the conductivity of the polymer electrolyte, o is a pre-exponential factor, E,
is the activation energy, R is the gas constant, and T is the temperature. From the

gradient of the Arrhenius plot, the activation energy, E,, for the polymer electrolytes

was calculated (Figure 8.5(c)). The results suggest that the polymer electrolyte with the
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highest ionic conductivity has the lowest activation energy. Therefore, the migration of

lithium ions is much easier with more tunnels in the polymer membranes [438].
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Figure 8.5. (a) Plots of ionic conductivity as a function of PMMA weight fraction in the
polymer membranes at room temperature, (b) Arrhenius plots of the ionic conductivities

of the polymer electrolytes, and (c) activation energy of polymer electrolytes.

A Li/E70/LiFePO, coin-type cell was fabricated and subjected to cycle testing at room
temperature. The voltage range was 2.5 to 4.2 V at a current density of 8.5 mA g™

(corresponding to a C/20 rate). Sample E70 was chosen as the electrolyte, lithium metal
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as the anode, and LiFePO, as the cathode. The cell operates on the two-phase reversible
process:

Li + LiFePO4 <> 2Li + FePO, (8.6)
with a theoretical specific capacity of 170 mAh g™ [14, 439]. The specific capacity
versus cycle number of the cell is presented in Figure 8.6(a). The charge capacity was
higher than the discharge capacity in the first cycle. This irreversible capacity was
considered to be due to the irreversible capacity loss related to the formation of the
passivation layer at the lithium anode [440, 441]. The charge and discharge capacities
of the cell are 150 and 129 mAh g™, respectively, at the first cycle. After the second
cycle, the capacity increases to a maximum at 15 cycles, and then the cell capacity
remains at about 135 mAh g™ up to 50 cycles. The capacity is stable, and the coulombic
efficiency approaches 100% over the 50 cycles. The charge-discharge profiles of the
Li/E70/LiFePO, cell at the 1%, 2™ 5" 10" 20™ 30", 40", and 50™ cycles are shown in
Figure 8.6(b). All charge-discharge curves exhibit a flat plateau at 3.4 and 3.5 V, which
is a typical characteristic of LiFePO,. Linear sweep polarization was performed to
investigate the electrochemical stability window of Sample E70. For comparison,
current-voltage measurements on commercial liquid electrolyte composed of 1 M LiPFg
in EC:DMC (1:1 by volume) were carried out. As shown in Figure 8.6(c), it was found
that the polymer electrolyte is stable up to 4.7 V, which meets the requirement for a
practical lithium-ion battery. This is consistent with other reported gelled polymer
electrolytes, since the electrochemical oxidation potential is mainly due to the absorbed
liquid electrolyte [253, 412, 429, 438, 442]. Further research is necessary to improve the
high rate performance of the lithium-ion batteries. It is well-known that the lithium-
polymer battery performs better at high temperature. Therefore, ways to improve the

capacity may consist in operating at high temperature. Another strategy to achieve high
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capacity in the lithium-polymer battery is by soaking the porous membrane in highly

conductive electrolyte solution.
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Figure 8.6. Electrochemical performance of Li/E70/LiFePO, cells: (a) cyclic
performance and coulombic efficiency beyond 50 cycles at 8.5 mA g™ (corresponding
to a C/20 rate); (b) charge-discharge profiles for selected cycles; (c) linear sweep
voltammograms of Sample E70 and commercial liquid electrolyte with a stainless steel

working electrode and a lithium metal counter electrode at a scan rate of 1 mV s™.

8.4 Summary

In summary, PVDF/PMMA blend membranes have been successfully prepared via the

phase separation method, followed by immersion in commercial liquid electrolyte to
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activate the membrane. The conformation of the PVDF/PMMA membranes was
verified through attenuated total reflectance-Fourier transformation infrared
spectroscopy (ATR-FTIR). The degree of crystallinity of a polymer blend membrane
decreases as the PMMA concentration increases. The addition of PMMA to the PVDF
membrane not only increases the porosity, but also increases the liquid electrolyte
uptake. SEM observations showed that Sample M70 has a large pore size (~ 1 um)
when compared with the pure PVDF and the pure PMMA membranes. The ionic
conductivity at room temperature of Sample E70 was 1.21 x 10° S cm™, and this
sample has the lowest activation energy of 16.68 ki mol™. The Li/E70/LiFePO, cell
showed stable electrochemical performance up to 50 cycles and an electrochemical
stability window that extended up to 4.7 V. This research suggests that PVDF/PMMA
polymer electrolyte could be suitable for use as electrolyte for lithium-ion rechargeable

batteries.
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Chapter 9

Conclusions and outlook

9.1 General conclusions

This thesis examines three components in the lithium-ion battery system. These are gel
polymer electrolytes, anode materials, and cathode materials. Several methods have
been adopted in order to obtain nanostructured/nanocomposite materials. Their physical
and structural features have been characterized, as well as their electrochemical
performances. In the case of NiO as anode material, the effects of coating PPy and
graphene onto NiO were studied. LiV3Og/carbon nanocomposite was also investigated
as cathode material. In the case of NiS prepared at different reaction temperatures, the
morphology and electrochemical performance were compared. Finally, the potential of
PVDF/PMMA gel polymer electrolyte in an electrochemical cell is discussed. Based on
the work presented in this dissertation, NiO nanocomposite, LiV3Og carbon composite,
and NiS have the potential to improve the electrochemical performance of lithium ion

batteries, in terms of both high specific capacity and cycleability.

9.2 Negative electrodes for Li storage

Hollow spherical NiO powders synthesized via spray pyrolysis, followed by NiO-PPy
nanocomposite produced using chemical polymerization, have been demonstrated. It

was strongly confirmed by SEM images that the nanosized PPy had a cauliflower-like
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morphology, coating the surface of the NiO. The electrochemical results showed that
NiO-PPy nanocomposite performed better in terms of higher discharge capacity and
better life cycle than the pure NiO. This excellent performance of the nanocomposite
could be mainly due to the role of PPy as a conducting medium, binder, diluting agent,
and cushioning medium to protect the electrode from pulverization during Li

insertion/extraction.

NiO-graphene nanocomposites have been successfully synthesized by a simple
hydrothermal method, followed by calcination in air at 500 °C. The NiO-graphene
nanocomposite samples showed very stable cycling up to 100 cycles compared to the
bare NiO. The electrochemical results suggest that a lower content of NiO in the
composite is suitable for fast charge-discharge applications, whereas higher content of
NiO in the composite is suitable for high capacity requirements at moderate rate of

charge-discharge.

9.3 Positive electrodes for Li storage

Novel LiV3O0g/carbon composites have been synthesized by the hydrothermal method,
followed by a carbon coating process. The LiV3;Og/carbon composite electrodes show a
significantly improved cycle life compared to that of the bare LiV3Og electrode. The
improvements can be attributed to the carbon coating in the matrix, which is responsible
for improving the electrical conductivity of the LiV3Og materials, as well as preventing

aggregation and effectively accommodating volume variation.
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A facile, one-step, hydrothermal autoclave microwave method was developed for the
preparation of NiS powder within 15 minutes at temperatures of 160-180 °C. It was
found that the temperature is the key factor that greatly influences the phase of the final
NiS product. At 140 °C, pure hexagonal NiAs-type a-NiS phase was identified from the
XRD patterns. With increasing reaction temperature (160-180 °C), XRD evidence
indicates that an increasing fraction of rhombohedral millerite-like B-NiS is formed as a
secondary phase. The a-NiS-B-NiS sample synthesized at 160 °C yielded good
electrochemical performance in term of high reversible capacity and could be operated
at a good fraction of its capacity at high rates. Due to the simple and low temperature
synthesis, the a-NiS-B-NiS sample has been demonstrated to be a highly promising

cathode material for Li rechargeable battery application.

9.4 Gel polymer electrolytes

Films of blended PVDF/PMMA were derived from a phase-separation method using
DMF as the solvent and glycerin as non-solvent. The influence of PMMA addition into
the PVDF membranes on the morphology and structure, electrolyte uptake of the porous
membrane, and ionic conductivity of the activated membranes was investigated. The
resulting PVDF/PMMA gel polymer electrolytes at 30:70 ratio (w/w) showed the
highest ionic conductivity at room temperature and exhibited the lowest activation
energy for the transportation of ions. The cycle performance and the storage stability of
the Li/gel polymer electrolyte/LiFePO, cell containing the above electrolyte were found

to be acceptable for practical utility.
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9.5 Outlook

Future work based on this doctoral thesis that may be interesting could focus on the
improvement of the energy density and safety of the lithium-ion battery by using room
temperature ionic liquid (IL) electrolyte. As a matter of fact, the commercial systems
nowadays available use electrolytes commonly based on organic carbonates (e.g. EC,
DEC, EMC), but since these electrolytes are flammable and volatile, their use poses a
serious safety risk and strongly reduces the battery operating temperature range. For this
reason, alternative electrolytes with improved safety and the ability to work in a broader
operation temperature range are urgently needed. More recently, the use of ionic liquids
(ILs) as electrolyte for lithium batteries has become a major focus of interest. The main
advantages of ILs over organic solvents are their non-flammability, negligible vapor

pressure, high chemical and thermal stability, and, in some cases, hydrophobicity.

Production of electrode nanoparticles/nanocomposites in one step could perhaps be
done, which is favorable for industrial manufacturing. Recently, microwave-assisted
synthesis methods have been proved to be particularly effective, as they can yield the
product rapidly with controlled particle size and morphology. In the case of NiS, poor
capacity retention could be avoided by complete coating of the nanoparticles with
carbon, graphene, or conducting polymers. Coating NiS nanoparticles with these
materials would improve the overall and local electrical conductivity of the electrode,

and likely lead to an improved electrochemical performance.

As for PVDF/PMMA gel polymer electrolytes, further research is necessary to improve

the high rate performance of the lithium-polymer batteries. It is well known that the
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lithium-polymer battery performs better at high temperature. Therefore, ways to
improve the capacity may consist in operating at high temperature. Another strategy to
achieve high capacity in the lithium-polymer battery is by soaking the porous

membrane in highly conductive electrolyte solution.
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Acronyms

AFM: Atomic force microscopy

ATR-FTIR:  Attenuated total reflectance-Fourier transform infrared
BET: Brunauer-Emmett-Teller

BSE: Back-scattered electrons

CNTs: Carbon nanotubes

CPE: Constant phase element

CPEs: Composite polymer electrolytes

CV: Cyclic voltammetry

DBP: Dibutyl phthalate

DMC: Dimethyl carbonate

DSC: Differential scanning calorimetry

EC: Ethylene carbonate

EDS: Energy dispersive spectroscopy

EIS: Electrochemical impedance spectroscopy
emf: Electromotive forces

FESEM: Field-emission scanning electron microscopy
GNS: Graphene nanosheet

GPE: Gel polymer electrolytes

IR: Infrared

LiTFSI: Lithium bis(trifluoromethylsulfonyl)imide
LSV: Linear sweep voltammetry

MWCNTSs: Multi-walled carbon nanotubes

PAN: Poly (acrylonitrile)
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PANI:
PC:
PEG:
PEO:
PMMA:
PPy:
PTC:
PTh:
PVC:
PVDF:
RTILs:
SAED:
SEI:
SEM:
SPE:
TEGDME:
TEM:
TGA:

XRD:

Polyaniline

Propylene carbonate

Poly (ethylene glycol)
Poly(ethylene oxide)

Poly(methyl methacrylate)
Polypyrrole

Positive temperature coefficient
Polythiophene

Poly (vinyl chloride)
Poly(vinylidene fluoride)
Room-temperature ionic liquids
Selected area electron diffraction
Solid-electrolyte interphase
Scanning electron microscopy
Solid polymer electrolytes
Tetra(ethylene glycol) dimethyl ether
Transmission electron microscopy
Thermogravimetric analysis

X-ray diffraction
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