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Chapter 1 Introduction

ABSTRACT
Low carbon economy and clean renewable energy now become significant
topics over the world, due to the increasing demands for energy, decreasing amount
of non-renewable energy, such as petrol, coal and natural gas, as well as
environmental problems. With the economic development and the improvement of
living standards, there is a growing emphasis on the development and utilization of
water, wind, solar and other renewable energy. Comparing with the traditional
energy, these new forms of energy have many advantages. However, they are subject
to the climate and weather, and their output energy peaks do not match the demand.
In addition, energy supply often shows big fluctuations. As a result, energy storage
devices with high performance are urgently required to use energy more efficiently.
Among all the energy storage devices, lithium ion batteries exhibit much more
advantages, such as high voltage, high energy density, etc., thus they have been quite
popularly used in portable devices since their birth, and now they are nominated as
new energy source for vehicles. In order to expand the application of lithium-ion
batteries in portable electronic devices and hybrid electric vehicles, we need to
improve the cycling performance, rate capability and safety performance of lithiumion batteries. Graphene, as a two-dimensional macromolecular sheet of carbon atoms
with a honeycomb structure, has excellent electronic conductivity and mechanical
properties, and may be the ideal conductive additive for hybrid nanostructured
electrodes. Other advantages of graphene include high surface area (theoretical value
of 2630 m2/g) for improved interfacial contact and the potential for low
manufacturing costs. Its excellent conductivity could enhance the kinetic properties
and rate performance of electrode materials. Meanwhile, the unique two-dimensional
1

Chapter 1 Introduction

structure of the graphene can anchor, wrap and weave the nanomaterials, forming a
hybrid random 3D structure. This kind of loose structure could buffer the volume
expansion and avoid the agglomeration during the cycling. Furthermore, it may
absorb the electrolyte, offering the special ion channels between the different
nanoparticles to further improve its conductivity.
A series of graphene composites have been synthesized. The preparation,
characterization and electrochemical performance of various nanostructured
electrode materials are investigated.
1.

To reduce the reaction time, electrical energy consumption, and cost,
LiFePO4/C/graphene has been synthesized by a rapid, one-pot, hydrothermal
autoclave microwave method within 15 min. The carbon coated LiFePO4/C
nanoparticles, around 200 nm in size, are thoroughly wrapped by crumpled
micrometer-size graphene sheets. In this kind of structure, the bridging
graphene nanosheets can form an effective conducting network and provide
interconnected open pores that favour electrolyte absorption and reduce the
diffusion

path

of

the

lithium

ions.

The

cyclic

voltammograms,

charge/discharge profiles, and AC impedance measurements indicate that the
kinetics of the LiFePO4/C/graphene is better than that of LiFePO4/C.
LiFePO4/C/graphene composite and exhibits a discharge capacity of 165 mAh
g−1 at 0.1 C and 88 mAh g−1 at 10 C, respectively.
2.

To overcome the problems of vanadium dissolution and the higher charge
transfer resistance, VO2/graphene composites have been synthesized by an insitu hydrothermal process directly from graphene oxide and V2O5. Carbon
dispersed in the electrode material can provide a pathway for electron
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transport, resulting in improvement of the electronic conductivity. Graphene
woven VO2 nanoribbons prevent the agglomeration of VO2 nanoribbons,
meanwhile graphene and the VO2 nanoribbons together form a porous network
in the random hybrid composite that can be filled with electrolyte, resulting in
superior performance and enhanced reversible capacity in comparison with the
pure VO2. Electrochemical tests show that the VO2/graphene composite
features high discharge capacity (380 mAh g-1) and 99% capacity retention
after 50 cycles. The electrochemical impedance spectra indicate that the
VO2/graphene composite electrode has very low resistance, only 67% of that of
pure VO2, indicating the enhancement of electronic conductivity.
3.

Li4Ti5O12 microspheres composed of nanoflakes wrapped in graphene
nanosheets have been synthesized by an advanced microwave-hydrothermal
(MW-HT) method for the preparation following by an annealing step. The
resultant composite reveals a unique loose structure which could avoid the
restacking of graphene sheets and offer rapid lithium ion diffusion paths.
Therefore the Li4Ti5O12/graphene electrode has highly desirable properties: a
specific capacity approaching the theoretical value, stable cycling, and
exceptional rate capability. The composite also can be a good indicator of the
remained charge and discharge capacity since it presents a curved charge and
discharge line instead of a stable plateau.

4.

A feasible method for synthesizing Li3VO4 by a template-free, solution
synthesis of single-crystalline microboxes with well-defined non-spherical
morphologies has been reported. This study will provide the useful information
to produce other hollow structure materials to the broad readers. The formation
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of hollow structure and the influence of raw materials have been well
presented. The thus-synthesized Li3VO4 exhibits significantly improved
conductivity, rate capability, and cycling life compared to commercial graphite,
synthesised Li4Ti5O12, and previously reported results of Li3VO4.
5.

Li3VO4/graphene composites have been synthesized by a novel rapid one-step
in situ hydrothermal method. It reveals a unique morphology in which
homogenous hollow structure Li3VO4 nanocubes anchored in porous graphene
microsheets.

The

hollow

structure

could

relax

the

stress

of

Li+

insertion/desertion; increase the surface area of the materials, provide extra
space for the storage of lithium ions and reduced effective diffusion distance
for lithium ions which result in the promoted capacity, rate capability and
cycling performance. Furthermore this graphene-wrapped nano-architecture
ensures not only intimate contact between the liquid electrolyte and the active
Li3VO4 nanoparticles, but also high electronic conductivity for both facile mass
transfer and facile charge transfer. Li3VO4/graphene exhibits a discharge
capacity of 403 mAh g-1 after 50 cycles, which is 117 mAh g-1 higher than that
of Li3VO4. Besides, it shows an outstanding rate performance. A highly
capacity of 317 mAh g-1 is obtained at the current rate of 2 C, which is 144
mAh g-1 higher than that of Li3VO4. Furthermore, the EIS test indicates that
Li3VO4/graphene shows the much better charge transfer resistance and higher
lithium diffusion coefficient.
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CHAPTER 1. INTRODUCTION
1.1
1.1.1

General background
Composition of Lithium Ion Battery
Energy production and consumption that rely on the combustion of fossil fuels

have had severe impacts on world economics and ecology.[1, 2] Increasing energy
demand worldwide and mandates to minimize greenhouse gas emissions require the
production of energy in a sustainable manner and efficient usage. Therefore, the
development of renewable energy sources is on-going. Electrochemical energy
conversion and storage systems, which include batteries, fuel cells, and
supercapacitors, are undoubtedly playing a very important role as an alternative
because the energy consumption is designed to be more sustainable and more
environmentally friendly. The rechargeable lithium ion battery is one of the most
promising candidates.[1-7]
Currently, lithium rechargeable (or secondary) batteries represent the state-ofthe-art among small rechargeable batteries due to their higher voltage (nominal
voltage for lithium ion battery: 3.6 V), higher energy density or specific energy (125
watt-hours per kilogram and per litre), and longer cycle life (> 1000 cycles)
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compared with conventional batteries, such as lead-acid,[8] and nickel metal hydride
(Ni–MH).[9] The demand for lithium rechargeable batteries is presently increasing
rapidly in applications such as cellular phones, camcorders, and laptop computers. A
typical lithium-ion battery (LIB) consists of the cathode, the anode, and the
electrolyte.[10] This type of battery has been termed a “rocking-chair” or “swing”
battery system, since the cell reactions essentially transport lithium ions from one
electrode to the other and back again in the charge-discharge processes (Figure
1.1).[11]

Figure 1.1 Schematic illustration of a rechargeable lithium battery in discharge
mode.[12]

During the charge process, Li ions from the cathode (e.g., LiCoO2) intercalate
into the crystal structure of the anode (e.g., carbon/graphite). The reverse process
takes place during the discharge process. In order to achieve high cycling efficiency
and long cycle life, the movement of Li ions in the anode and cathode hosts should
not change or damage the host crystal structure. The cathode host, in particular,
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provides the lithium ion source for the intercalation reaction. The most important
performance parameters for the Li-ion battery are energy density and cycle life,
which are largely dependent on the specific capacity and quality of the anode and
cathode. [11]
A battery consists of one or more electrochemical units called “cells”. These
cells are connected in series or parallel, or both, depending on the designed output
voltage and capacity. Generally, a typical cell consists of four major components, as
shown in Figure 1.2. [Error! Bookmark not defined.] They are an anode, a cathode,
separator, and the electrolyte among them. In more detail:
(a) The anode, or negative electrode, or the reducing electrode, gives up electrons to
the external circuit and is oxidized during the discharging electrochemical
reaction.
(b) The cathode, or positive electrode, or the oxidizing electrode, accepts electrons
from the external circuit and is reduced during the discharging electrochemical
reaction.
(c) The electrolyte or the ionic conductor provides the medium for transfer of ions
inside the cell between the anode and cathode. The electrolyte is typically a
liquid (e.g., an organic solvent, such as ethylene carbonate (EC) – dimethyl
carbonate (DMC)), with dissolved salts (such as LiPF6) to impart ionic
conductivity. Some batteries use solid electrolytes, which are ionic conductors at
the operating temperature of the cell.
(d) The separator mainly has two functions. One is to keep the cathode and anode
electrodes apart, and the other is to serve as a safety device. When a cell becomes
too hot, the low-melting point polymers melt, thereby shutting off the cell current.
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Figure 1.2 Schematic illustration showing the shapes and components of various
lithium ion battery configurations: a, cylindrical; b, coin; c, prismatic; and d, thin and
flat.[7]

Figure 1.3 shows the theoretical specific capacities of different electrode
materials [Error! Bookmark not defined.]. For the anode (negative) materials, the
ower the potential (vs. Li/Li+) the better, and the opposite is true for cathode
(positive) materials. It is obvious that there are huge differences in capacity between
Li metal and the other anode electrodes, although the safety problem for Li metal
caused by dendrite growth is serious. Another issue is that although the capacities of
anode materials are generally much higher than those of cathode materials, the real
specific capacities of anodes in commercial use are lower due to a number of reasons
(tap density, substrate, etc.). So, research and development (R&D) on anode and
cathode materials are equally important.[7]

21

Chapter 1 Introduction

Figure 1.3 Voltage versus capacity for positive and negative electrode
materials.Voltage versus capacity for positive and negative electrode
materials.[Error! Bookmark not defined.]

1.1.2

A Brief History
The development of modern batteries as a form of energy storage can be traced

to Galvani in the 1790s.[13] Interest rapidly increased in this new area, and in 1800,
Volta outlined his design of a device that could produce a constant current from an
appropriate assembly of dissimilar metals, which became known as the “voltaic
pile”.[14] In 1802, Cruickshank replaced silver with copper and inserted the cell into
a brine-filled box, which enabled the cells to be mass produced.[15] Serious
development of battery systems with high energy density was commenced in the
1960s and concentrated on non-aqueous primary batteries using lithium as the anode
material. The first lithium-based battery, which was a non-rechargeable type, was

22

Chapter 1 Introduction

demonstrated in the early 1970s in selected military applications. At that time,
however, use was limited, as suitable cell structures, formulations, and safety issues
needed to be resolved. The commercialization of rechargeable lithium ion batteries
was first achieved in 1991 by the Sony Company in Japan. The history of battery
development is listed as follows in Table 1.1.

Table 1.1 History of battery development.
1600

Gilbert (UK)

Establishment of electrochemistry study

1791

Galvani (Italy)

Discovery of “animal electricity”

1800

Volta (Italy)

Invention of the voltaic cell

1802

Cruickshank (UK)

First electric battery capable of mass production

1820

Ampere (France)

Electricity through magnetism

1833

Faraday (UK)

Announcement of Faraday’s Law

1836

Daniell (UK)

Invention of the Daniell cell

1839

Grove (UK)

Invention of the fuel cell (H2/O2)

1859

Plante (France)

Invention of the lead acid battery

1868

Leclanche (France)

Invention of the Leclanche cell

1888

Gassner (USA)

Completion of the dry cell

1899

Jungner (Sweden)

Invention of the nickel-cadmium battery

1901

Edison (USA)

Invention of the nickel-iron battery

1932

Schlecht &Ackermann (Germany)

Invention of the sintered pole plate

1947

Neumann (France)

Successfully sealing the nickel-cadmium battery

1960

Union Carbide (USA)

Development of primary alkaline battery

1970

Development of valve regulated lead acid battery

1990

Commercialization of nickel-metal hydride battery
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1991

Sony (Japan)

1.1.3

Statement of Problems

Invention of lithium ion battery

Lithium-ion batteries show high energy density but relatively low power density.
The key point of enhancing the performance of this system is to improve the
performance of the electrodes, as the electrodes are the places where the
electrochemical reactions occur. The electrons flow through the external circuit
outside the battery, while the Li+ ions flow inside the battery to allow the
electrochemical reactions to take place. Therefore, both electronic conductivity and
ionic conductivity play important roles in the electrochemical performance.[16] The
nature and microstructure of the electrode materials are crucial, not only for energy
and power density, but also for battery safety and cycle life. Current electrode
materials, including carbon black, carbon nanofibers, graphite, silicon, metals, and
metal oxides, suffer from poor electrical conductivity and/or huge volume changes
during charging/discharging. Conventional carbon additives such as carbon black
and carbon coatings possess relatively low electronic conductivities when compared
with more crystalline forms of carbon. Crystallization of conductive additives within
the material itself is rendered impossible due to the rather low melting temperatures
of the active cathode materials. Since in the case of carbon black, only the outer
surface is in contact with the active material, and only the outer layers contribute to
the electrical conductivity of the material,[17] carbon materials with larger
surface/mass ratios are being studied.[7, 18]
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1.1.4

Basic Concepts of Lithium Ion Batteries

In order to describe the battery system and evaluate the performance of the
electrochemical reaction, some basic concepts are needed, which are defined below.

Voltage
The open-circuit voltage Voc (V) is the voltage across the terminals of a cell
without external current flow. It is determined by the difference between the
electrochemical potentials of the anode (negative) and the cathode (positive).

Voc =(  A - C ) / (-nF)

(2.4)

where AC is the difference between the electrochemical potentials of the
anode and the cathode, respectively, n is the number of electrons involved in the
chemical reaction of the cell, and F is the Faraday constant. The operating voltage of
the cell is determined by:

V = Voc – IR

(2.5)

where I is the working current in the circuit and R is the internal resistance of
the cell.

Capacity
The capacity, Q (Ah), is the total amount of charge on the electrode in the cell
for the redox reaction during the discharge/charge process.
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t2

Q =  I(t)dt = nzF

(2.6)

t1

where I(t) is the current, t is the time, n is the number of ions (mol), z is the
valence of the ions, and F = 96485 C mol-1 is the Faraday constant.

Specific Capacity
The specific capacity, Qs (Ah kg-1), for the charge (Qsc) or the discharge (Qsd)
process is calculated based on both the capacity and the material’s weight, namely,
the capacity per unit weight (kg) of the active material.

Irreversible capacity
Irreversible capacity results from irreversible lithium reactions which do not
result in insertion into or extraction from the active materials. It equals the difference
between the charge capacity and the discharge capacity for the nth cycle.

Irreversible capacity = nthQc – nthQd

Coulombic efficiency
Coulombic efficiency (e), always used to evaluate the cycling stability, is the
ratio of the charge capacity to the discharge capacity for the nth cycle.

e 

nthQd
nthQc

(2.7)

Energy
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The terms specific energy, expressed in watt-hours per kilogram (Wh kg-1), and
energy density, expressed in watt-hours per litre (Wh L-1), are used to compare the
energy content of a cell.

Power
The terms specific power, expressed in watts per kilogram (W kg-1), and power
density, expressed in watts per litre (W L-1), are used to evaluate the rate capability.

Charge/Discharge Rate
The term charge/discharge rate or C-rate is employed to estimate how fast
lithium can be transferred. C denotes either the theoretical charge capacity of a cell
or the nominal capacity of a cell. For example, C/5 means a current allowing a full
charge/discharge in 5 hours.[7]

1.2
1.2.1

Graphene
Brief Introduction to Graphene
Graphene, a one-atom-thick, two-dimensional (2D) carbon material, is expected

to be a good candidate as a high-power and high-energy electrode material or
additive material due to its intrinsically superior electrical conductivity, excellent
mechanical flexibility, remarkable thermal conductivity, and high surface area, as
well as the open and flexible porous structure of graphene powders.[19-21] The high
chemical diffusivity of Li, ∼10-7-10-6 cm2 s-1, on a graphene plane also contributes to
its high-power applications.[21, 22] Its excellent conductivity could enhance the
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kinetic properties and rate performance of other electrode materials. Meanwhile, the
unique two-dimensional structure of the graphene can anchor, wrap, and weave the
nanomaterials, forming a hybrid random 3D structure. This kind of loose structure
could buffer the volume expansion and avoid agglomeration during cycling.
Furthermore it may absorb the electrolyte, offering special ion channels between the
different nanoparticles to further improve its conductivity. Graphene has an
extremely high surface/mass ratio, and sp2 bonded carbon atoms arranged in a
hexagonal 2D lattice ensure one of the highest electron conductivities on record.[23]
Therefore graphene could be an exceptionably suitable candidate for use in lithium
ion battery cathodes as an electron conducting additive.[24]

1.2.2

Preparation of Graphene
Tremendous efforts have been made and are still being made to develop

synthetic methods for graphene and its derivatives, not only to achieve high yield
production, but also to realize a solution or thin-film based process. These methods
can be generally classified as bottom-up and top-down approaches. Top-down
approaches include micromechanical exfoliation of highly oriented pyrolytic graphite,
with or without previous processing of the surface, epitaxial growth, chemical vapour
deposition (CVD), and reduction of graphene oxide (GO). The bottom-up approaches
involve the direct synthesis of graphene materials from the carbon sources, such as in
chemical vapor deposition (CVD), which is a typical method used to grow large-area,
single and few-layer graphene sheets on metal substrates, e.g. Ni, Ru, and Cu.[25-28]
Plasma enhanced CVD (PECVD) is able to grow single-layer graphene with high
throughput with a shorter reaction time and lower deposition temperature compared
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to the CVD process. In addition, graphitization of carbon-containing substrates, such
as SiC, can give rise to single-layer and few-layer graphene films, as well through
high temperature annealing.[29, 30] In addition to these methods based on solidphase deposition, graphene is also obtainable via the wet chemical reaction of
ethanol and sodium followed by pyrolysis,[31] or through organic synthesis to give
graphene-like polyaromatic hydrocarbons.[32] In contrast to the bottom-up
approaches, the top-down approaches are advantageous in terms of high yield,
solution-based process ability, and ease of implementation, which have been
demonstrated by means of intercalation, chemical functionalization, and/or
sonication of bulk graphite. The first observation of exfoliated graphite dates back to
1840 by Schafhaeutl, when H2SO4 was used for the intercalation.[33] Since then, a
number of chemical species have been found to form intercalated compounds with
graphite.[34-36] Further attempts, combining intercalation and sonication, have
realized isolation and dispersion of graphene sheets by using intercalates such as Nmethyl-pyrrolidone (NMP)[37] and sodium dodecylbenzene sulfonate (SDBS)[38] in
non-aqueous and aqueous solutions, respectively.[39]
In 2006, Ruoff’s group was the first to demonstrate a solution-based process for
producing single-layer graphene.[40-43] The method hinged on chemical
modification of graphite to produce a water-dispersible intermediary, graphite oxide
(GO). After oxidation by Hummers’ method, GO is a layered stack of puckered
sheets with AB stacking, which completely exfoliates upon the addition of
mechanical energy.[44] This is due to the strength of the interactions between water
and the oxygen-containing (epoxide and hydroxyl) functionalities introduced into the
basal plane during oxidation. The hydrophilicity leads water to readily intercalate
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between the sheets and disperse them as individuals. Although GO itself is nonconducting, the graphitic network can be substantially restored by thermal annealing
or through treatment with chemical reducing agents, a number of which have been
explored. Ruoff’s group detailed the use of hydrazine hydrate to eliminate oxidation
through the formation and removal of epoxide complexes.[41] This was done by
adding hydrazine directly to aqueous dispersions of GO. In their original report, the
reduced single sheets were used as an additive for polystyrene-based composites.[40]
The 2D geometry leads to an extremely low percolation threshold of just 0.1%,
enhancing both the conductivity and the strength of the matrix. One problem with the
original aqueous reduction of GO was that the removal of oxygen groups caused the
reduced sheets to become less hydrophilic and quickly aggregated in solution.
Gordon Wallace, Dan Li, and co-workers showed that raising the pH during
reduction leads to charge-stabilized colloidal dispersions, even of the deoxygenated
sheets.[45] Recently we have improved the reduction step by making dispersions
directly in anhydrous hydrazine.[46, 47] Note that the use of hydrazine requires great
care because it is both highly toxic and potentially explosive.[48] The most exciting
advantages of the GO method are its low-cost and massive scalability. The starting
material is simple graphite, and the technique can easily be scaled up to produce
gram quantities or larger of “chemically derived graphene” dispersed in a liquid. GO
is also an interesting material in its own right for composite applications. Ruoff’s
group has demonstrated free-standing films with extremely high tensile strength, up
to ∼42 GPa.[49, 50]
From the aforementioned methods, the most suitable for large-scale graphene
production is the reduction of GO. It must also be noted that the vast majority of
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reports on graphene composite in lithium ion battery electrode materials use
graphene obtained by reducing GO.[18] Chemically derived graphene exhibits a high
reversible capacity of up to 1264 mAh g-1 at low rates (such as 50-100 mA g-1). [24,
51-53]

1.3

The Scope of the Dissertation

The excellent conductivity of graphene could enhance the kinetic properties and
rate performance of electrode materials. At the same time, the unique twodimensional structure of the graphene can anchor, wrap, and weave the
nanomaterials, forming a hybrid random 3D structure. This kind of loose structure
could buffer the volume expansion and avoid agglomeration during the cycling.
Furthermore it may absorb the electrolyte, offering special ion channels between the
different nanoparticles to further improve its conductivity.
Therefore, the overall objective of this doctoral work is to synthesize a series of
graphene composites and use them as electrode materials for lithium ion batteries,
with the emphasis on understanding the structure, preparation, characterization, and
electrochemical performance changes.
Some of the scope of the research which is presented in this doctoral thesis is
briefly outlined as follows:
(1) A thorough current literature review on graphene applied in the lithium ion
battery, including the different types of composites used as cathode and anode
materials. (Chapter 2)
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(2) Synthesis of nanostructured electrode materials as well as their graphene
composites by the hydrothermal method (Chapter 5, Chapter 7, and Chapter 8)
and the microwave-assisted hydrothermal method (Chapter 4 and Chapter 6).
(3) The mechanism of hollow microboxes has been studied based on the samples
harvested at different intervals of aging time. The percentage compositions
calculated from the X-ray data and the morphology of the cross section of
samples revealed the corrosive process and the Ostwald ripening (Chapter 7).
(4) Instrumental analysis, including thermogravimetric analysis (TGA), X-ray
diffraction (XRD), Fouier transform infrared (FT-IR) spectroscopy, BrunauerEmmett-Teller (BET) specific surface area measurements, energy dispersive Xray (EDX) spectroscopy, field-emission scanning electron microscopy
(FESEM), atomic force microscopy (AFM), selected area electron diffraction
(SAED), and transmission electron microscopy (TEM) (Chapter 3).
(5) Application and characterization of these graphene composites for lithium ion
batteries via cyclic voltammetry (CV), galvanostatic charge and discharge, and
electrochemical impedance spectroscopy (EIS) (Chapter 3).
(6) Finally, a summary the overall doctroal work and further suggestions for research
work related to these graphene composites (Chapter 9).
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CHAPTER 2.

LITERATURE REVIEW

As there are already numerous studies and several patents regarding the use of
graphene in lithium ion battery electrode materials, this chapter attempts to
summarize those studies, draw conclusions on the underlying physicochemical
mechanisms, and explore further research possibilities.

2.1

Anode Materials
The anode is an important part of the lithium battery, and the proposed anode

materials can be divided into three main categories according to their reaction
mechanisms: (1) The most common mechanism is the intercalation/de-intercalation
reaction, typically found in graphite and Ti-based oxides.[54] Electrodes in these
batteries operate by intercalation reactions, in which Li+ ions are inserted (extracted)
from an open host structure with electron addition (removal). Intercalation electrodes
are successful because of the small structural and volume changes, and the fast
transport of Li+ ions.[55] (2) The second mechanism is the alloying/de-alloying
process, mainly found in Si- and Sn-based alloys and composites: the alloy type
anodes are capable of hosting 4.4 mol Li per Si or Sn, and thus can deliver ultra-high
capacities. Unfortunately, the accommodation of so much lithium is accompanied by
enormous volume changes (> 300%) in the host metal. The huge volume change
leads to lattice stress, and consequent cracking and crumbling of the alloy particles
during cycling, resulting in abrupt loss of capacity within a few charge/discharge
cycles.[56] (3) The third mechanism is the conversion reaction, which occurs in most
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transition metal oxides, metal sulfides, etc. The conversion type materials can deliver
a capacity 2–3 times that of graphite, but their first discharge process leads to the
amorphisation of their host structures, and the poor kinetics associated with the
energy barrier trigger breakage of the M-O bonds and cause large electrode
polarization.[57] The resulting poor energy efficiency, together with the high
reaction voltage, makes the use of conversion type material impractical in a high
energy battery system .[58] Schematic illustrations of the different types have been
summarized in Table 2.1.

Table 2.1 Schematic illustration of different charge/discharge types of anode
materials.
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2.1.1

Graphene

and

Graphene Composites

as

Anode Material

for

the

Intercalation/De-intercalation Reaction
Although work on these alternatives to intercalation has made important progress, in
general, problems of large volume expansion or large voltage hysteresis of the alloy
type anodes, and poor energy efficiency, together with the high reaction voltage of
the conversion type materials, remain to be solved. As a result, intercalation remains
an attractive mechanism for lithium-ion batteries. [59] The typical materials are
graphite and Ti-based oxides.
2.1.1.1 Graphene Anodes
Graphite, a commonly used anode material, has a small lithium diffusion
coefficient and experiences large volume variation of 9% in the lithium insertion–
extraction process. In addition, it has severe safety issues arising from dendritic
lithium growth, due to its low operating voltage (below 0.2 V versus Li+/Li).
Especially at high rates, the polarization that occurs in graphite would considerably
lower its operating voltage, causing safety issues, while the thick solid electrolyte
interphase (SEI) layer on the surface of the graphite could also introduce kinetic
problems.[60-63] Compared with the widely used graphite electrode, graphene has a
larger specific surface area and twice the lithium storage capacity. Moreover, recent
work has indicated that the graphene two-dimensional edge plane sites could aid
lithium-ion adsorption and diffusion, leading to a reduced charging time and an
increased power output. [64] By employing individual graphene sheets, the storage
capacity limit is 744 mA h g-1 when lithium is stored on both sides of the graphene
sheet, creating LiC3 structures. Graphite-based electrodes suffer from the large lateral
size of the graphite and the long diffusion pathways of lithium into and out of the
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material. The solution here is to minimize the lateral (x–y axes) dimensions so that
Li+ can diffuse into the interlayer space much more easily with higher reversibility.
Graphene sheet-based electrodes have also been employed and achieved a capacity
of 540 mA h g-1. It was recognized that graphene sheets are prone to restacking, so
when carbon nanotubes or fullerenes were employed as spacers of individual
graphene sheets, the capacity of the Li+ battery was increased even more, to 730 or
784 mAh g-1, respectively (for an example, see Figure 2.1). [23]

Figure 2.1 (A) the d-spacing (bar heights) and the charge capacity (blue symbols) of
graphene nanosheet (GNS) families and graphite. (B) TEM images of GNS families
with 5–6 of graphene stacking layers for (a) GNS, (b) GNS + CNT, and (c) GNS +
C60.[23].
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Takamura et al.[65] observed that the nanosized holes in graphene sheets are
responsible for the high-rate discharge capability of Li-ion battery anodes. This was a
very important discovery for further development of Li+ graphene-based batteries, as
the graphene nanopores/nanoholes can be functionalized to facilitate selective ion
passage. Note that the capacity of the C60 separated graphene nanosheets is higher
than the theoretical capacity of the LiC3 model. This was investigated in detail by
Pan et al.,[66] who demonstrated in a series of elegant experiments that enhanced
reversible capacities beyond the LiC3 model that have been observed in highly
disordered graphene nanosheets may arise from frequent defects in edge sites and
internal basal planes of multilayer graphene. It was suggested that even though some
Li+ ions may be stored in interfacial layers between (002) graphene planes, the
majority of the Li+ is stored in such graphene defects (see Figure 2.2).[66, 67]

Figure 2.2 (a) Irreversible lithium storage at the interface between the graphene
nanosheets and the electrolyte; (b) reversible Li storage at edge sites and internal
defects of nanodomains; (c) reversible Li storage between (002) planes. [66].
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2.1.1.2 Graphene/ intercalation anode material
TiO2 is one of the most attractive anode materials for lithium-ion batteries (LIBs)
because of its abundance, low cost, and environmental friendliness.[68] In addition,
TiO2 is also structurally stable during the process of insertion and extraction of
lithium, although its conductivity is low. The addition of graphene can partially
overcome this problem. Liu et al.[68] prepared a TiO2/graphene hybrid nanostructure
by growing TiO2 nanocrystals in situ on graphene sheets. The composite has a much
higher conductivity than that of TiO2. As a result, it showed enhanced lithium
insertion and extraction kinetics compared with bare TiO2, especially at high
charge/discharge rates. Spinel Li4Ti5O12 is also a promising anode material that can
be used with graphene for LIBs due to its well-known zero-strain advantage and
because lithium metal is not deposited on the graphene surface. Zhu et al.[69]
prepared a nanostructured Li4Ti5O12/graphene composite by electrospinning.
Blending with graphene can improve the electron mobility of the composite, which is
identified by its better rate performance compared to that of pure Li4Ti5O12.[70]
Recently, Zhou’s group reported a new kind of intercalation anode material,
Li3VO4. [58] As an intercalation electrode, it is successful because of the small
structural and volume changes and the fast movement of Li+ ions. Compared with
other intercalation electrodes, it intercalates Li ions at a voltage mainly between 0.5 –
1.0 V vs. Li+/Li, lower than that of Li4Ti5O12 and higher (safer) than that of graphite.
The theoretical capacity is calculated to be 394 mAh g−1, in accordance with x = 2 in
Li3+ xVO4. Due to its low and safe operating voltage, large specific capacity, and low
cost, Li3VO4 might play a promising role as a new intercalation anode for LIBs.[58]
Despite these advantages, there are still some barriers to the practical use of this
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material. Li3VO4 requires further modifications to overcome limitations such as its
rather low electronic conductivity compared to its ionic conductivity, which may
cause large resistance polarization and poor rate capability. Besides, the lattice
strain/stress during the charge/discharge process could cause the cracking and
crushing of its crystals, enhancing the resistance. Thus, synthesis of hollow
structured Li3VO4/graphene is an ideal way to solve these problems and enhance its
electrochemical performance. [58, 193, 223]

2.1.2

Graphene Composites as Anode Materials for the Alloying/De-alloying
Process
Lithium-metal alloys are of great interest due to their high theoretical specific

capacities and also their similar potential range to graphite materials. Typically, in
lithium-metal alloys, lithium is alloyed with metals such as silicon, tin, aluminium,
lead, and antimony. Two of the most important classes of materials are based on Si
and Sn. The main problem with these alloys, however, is the volume change due to
lithium alloying and de-alloying. Upon cycling, the big volume change will result in
an unstable solid-electrolyte-interphase (SEI) layer, and mechanical stress and cracks
occur, leading to poor electronic conductivity and capacity loss.[16]
2.1.2.1 Si/Graphene
Among all the anode materials, silicon is the most promising, owing to its high
natural abundance, low discharge potential, and high theoretical charge capacity
(3579 mAh g-1). The large volume changes, however, (up to 270% for the Li3.75Si
phase) and loss of electrical contact during lithium insertion and extraction result in
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capacity fading. Several approaches can be considered to enhance the capacity
retention, such as reducing the Si particle size to the nanoscale or dispersing the
electroactive particles in a carbon matrix. It is believed that carbon-based materials
buffer the volume changes and improve the electronic and ionic conductivities.[16]
Chou et al. reported that a nanosize silicon/graphene composite can
accommodate the large strains of lithium insertion and de-insertion, and provide
good electronic contact, owing to the good mechanical properties and high
conductivity provided by graphene. Therefore, the cycling stability can be greatly
enhanced (Figure 2.3).[71]

Figure 2.3 (a) Cycling stability of pristine graphene (squares), nanosize Si (triangles),
and Si/graphene composite (circles) electrodes, as well as the calculated pure Si
contribution from the Si/graphene composite (stars). (b) Nyquist plots of pristine
nanosize silicon (circles) and Si/graphene (squares) electrodes at a discharge
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potential of 0.2 V (vs. Li/Li+) at 25 °C from 100 kHz to 10 mHz. (c) and (d) SEM
images of Si/graphene composite before (c) and after (d) cycling. [71].

Si/graphene composite was prepared by simple mixing of commercially
available nanosize Si (~40 nm) and graphene in a mortar. Scanning electron
microscope (SEM) observations show that the porous graphene-based structure was
filled with Si nanoparticles. From electrochemical tests, the Si/graphene composite
maintains a capacity of 1168 mAh g-1 and an average coulombic efficiency of 93%
up to 30 cycles. [71] Electrochemical impedance spectroscopy (EIS) indicates that
the Si/graphene composite electrode has less than 50% of the charge-transfer
resistance of the nanosize Si electrode, evidencing the enhanced ionic conductivity of
Si/graphene composite. The graphene cannot prevent the change in morphology
during cycling, but with the help of graphene, Si nanoparticles can remain
electrically connected with the substrate, resulting in a significant improvement of
the cycling stability. The Si/graphene showed a capacity of 1168 mAh g-1 up to 30
cycles, which is comparable with or better than the results in previous reports, such
as those on chemical vapour deposition (CVD) Si/graphite composite (500 mAh g-1,
35 cycles),[72] Si/carbon nanotube (CNT) composite (950 mAh g-1, 20 cycles),[73]
spray pyrolysis Si/carbon composite (1500 mAh g-1, 20 cycles),[74] and
hydrothermal Si/carbon composite (1000 mAh g-1, 50 cycles).[75] The enhanced
cycling stability is attributed to the fact that the Si nanoparticles are electrically
connected with the porous graphene, so that all the Si nanoparticles will contribute to
the capacity and the electronic transportation will be enhanced. Moreover, the
Si/graphene composite can accommodate large strains and provide good electronic
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contact because of the good mechanical properties and good conductivity provided
by graphene. Finally, the high surface area and porous structure of the graphene can
facilitate the penetration of the electrolyte and alleviate the large volume changes.
[71]

2.1.2.2 Ge/Graphene
Germanium (Ge), as another metallic element in Group IV, has recently gained
increasing attention as a most promising alternative to Si.[76-78] Compared to Si, Ge
exhibits a 400 times higher diffusivity of Li+ (room-temperature) and a 104 times
higher electrical conductivity, as well as a theoretical capacity of 1600 mAh g-1 (4.4
Li+ ions per Ge atom).[79-81] Nevertheless, the fully lithiated Ge still undergoes a
volume change of 370% during the Li ion insertion/extraction process.[82-85] To
overcome this problem, various strategies have been reported, such as changing the
morphology,[86-88] combining the Ge with an inactive/active matrix,[88-90] and
encapsulating the Ge in carbon shells.[91] Graphene, as a single layer of carbon
atoms in a hexagonal lattice, features outstanding thermal, mechanical, and electronic
properties[23, 40, 92] that make it an ideal active matrix, not only to prevent particle
agglomeration,

but

also

to

suppress

local

stress

and

large

volume

expansion/shrinkage during the lithiation/de-lithiation processes.[93-95] Recently,
Cheng et al. reported a novel synthesis route to obtain nanoscale Ge-graphene
nanocomposites with enhanced electrochemical performance (532 mAh g-1 after 15
cycles).[96] The method is complicated and time consuming, however, and the use of
sodium powder and the organic solvent dimethylformamide (DMF) also raises safety
and environmental concerns. In this context, Zhong et al. demonstrated an efficient
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one-step, in-situ, water-based, green approach to synthesize a Ge/graphene
composite that consists of three-dimensional graphene nanosheet structures with a
uniform Ge nanoparticle distribution for superior anodes in lithium ion batteries.
Transmission electron microscopy (TEM) was used to investigate the structure
and morphology of the as-prepared germanium – graphene nannosheet (Ge-GNS)
nanocomposite material (Figure 2.4(a) and (b)). Figure 2.4(a) shows a region
containing graphene nanosheets (marked as GNS) and Ge nanoparticles (marked as
Ge NPs). The inset is the selected area electron diffraction pattern (SAED) obtained
from the same area. The (002) ring reveals reflections consistent with the presence of
the graphene nanosheets. Faint diffuse contrast in the diffraction pattern associated
with the Ge particles indicates that they are amorphous. High resolution TEM
confirmed the presence of stacks of graphene layers located in regions near the edge
of the sample, such as those shown in the inset image in Figure 2.4(b), where a
graphene interlayer spacing of 0.35 nm was measured.[97]
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Figure 2.4 (a) and (b) TEM images obtained from the as-prepared Ge-GNS
nanocomposite material: (a) bright field image and associated selected area electron
diffraction pattern; (b) bright field image and inset high resolution image of graphene
layers at the edge of the sample; (c) discharge and charge curves for selected cycles
for Ge-GNS composite; (d) rate capability for electrodes containing bare Ge and GeGNS nanocomposite material. [97].

In the first cycle (Figure 2.4(c) and
(d)), the discharge capacities for both
samples are large due to the formation of the SEI layer. The second cycle discharge
capacity of bare Ge is about 1084 mAh g-1, which is quite similar to that of the GeGNS nanocomposite sample. It can be observed, however, that the capacity of the
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electrode made from bare Ge has dramatically decreased in the first three to four
cycles, and the electrode only shows a reversible capacity of 437 mAh g -1 after 50
cycles at 0.1 C. In comparison, the Ge-GNS nanocomposite sample presents much
better capacity retention, with discharge capacity of about 832 mAh g-1 up to 50
cycles. The discharge-charge rate was also varied to characterize the rate capability
of the electrode made from Ge-GNS nanocomposite (Figure 2.4(d)). The Ge-GNS
electrode shows much higher specific capacity, about 400 mA h g-1 at a current
density of 2 C, while the bare Ge electrode only presents a capacity of less than 100
mA h g-1 at this rate. The good Li-cycling performance and rate capability of the GeGNS nanocomposite electrode is attributable to the unique 3D structure, which
provides enough space to allow dispersion of the Ge nanoparticles without excessive
agglomeration, so as to enable more efficient channels for the lithium insertion and
de-insertion during the cycling. Such structures also limit the effect of volume
expansion due to lithium insertion. Even though the volume expansion still exists,
the electrode is not pulverised, since Ge–GNS has enough void spaces to buffer the
volume change. In addition, the composite material’s conductivity could be further
improved owing to the electrically conductive graphene.[40, 97]

2.1.2.3 SnO2/Graphene
Materials based on tin oxide have been proposed as promising substitute anode
materials for rechargeable lithium batteries, owing to their high storage capacity
(SnO2: 790 mAh g-1) compared with graphite (372 mAh g–1). The severe volume
expansion and contraction during the alloying–de-alloying cycles with Li+ ions is the
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main hindrance to the commercial use of SnO2. Surface-coated/composite SnO2 has
shown better electrochemical performance than the bare material due to the improved
SEI layer and/or buffered volume change.[16]
Embedding nanoparticles in a graphene nanosheet matrix can be an ideal
strategy to overcome these drawbacks. The graphene nanosheets not only maintain
the structural integrity of the composite electrode by preventing large volume
changes and particle agglomeration, but also increase the conductivity and serve as
lithium storage active materials.[98, 99] Composite materials with such structures
can be synthesized by an autoclave-assisted hydrothermal method.[100] Chen and
Wang’s group reported a new approach to fast synthesis of SnO2/graphene
composites by a microwave-heating-assisted reflux method, which is much more
efficient than the conventional hydrothermal approach.[101] To reduce the reaction
time and save energy, Liu’s group used a novel microwave autoclave strategy which
combines the advantages of high efficiency and productivity with low temperature
and good safety, as well as environmental friendliness, to produce a composite
material consisting of graphene nanosheets in stacks containing only a few layers,
which are embedded with SnO2 nanoparticles in a highly uniform distribution to
produce superior anode for lithium ion batteries.[102]
In comparison with bare SnO2 and pure GNS (Figure 2.5(a) and (b)), the SnO2
nanoparticles in a composite with GNS are uniformly distributed on or in between
the graphene nanosheets to form a sandwich-like structure, by which graphene
nanosheet restacking and SnO2 nanoparticle aggregation can be prevented. Figure
2.5(d) shows the corresponding energy dispersive X-ray spectrum (EDS) of SnO2GNS1 (33.3 wt. % graphene). [102] Only the elements Sn, C, and O were detected.
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The results of SEM examination combined with the corresponding EDS mappings
for the elements Sn and C are shown in Figure 2.5(e). The bright regions correspond
to the presence of the elements Sn and C, respectively, and indicate that Sn and C are
distributed uniformly throughout the sample. The background signal in the C
mapping comes from the carbon conductive tape used with the sample.

Figure 2.5 Field emission SEM images of (a) bare SnO2, (b) GNS, (c) SnO2-GNS1
composite, (d) the corresponding EDS spectrum for (c), and (e) SEM image obtained
from SnO2-GNS1 composite, with corresponding EDS maps for Sn and C.[102].
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Embedding SnO2 nanoparticles in a graphene nanosheet matrix has been
demonstrated to be an ideal strategy to overcome the electrode material’s poor
cycling performance in lithium-ion batteries, which is attributed to the large volume
changes and serious aggregation of particles during repeated lithium insertion and
extraction reactions. The synthesis of a single-layer graphene nanosheet matrix is
very challenging, however, due to its high surface energy. Nevertheless, SnO2graphene composites with very few layers of graphene nanosheets sandwiching the
SnO2 nanoparticles have been successfully synthesized via the in-situ microwave
autoclave method. By using this method, the reaction time has been successfully
shortened to 20 min, so that high efficiency and energy saving can be achieved
(compared to the traditional autoclave method requiring more than 10 hours reaction
time). In addition, the approach is environmentally friendly because there is no gas
release during the reaction. The reaction procedure can be described as a two-step
method: i) in-situ loading of the SnO2 nanoparticles onto the graphite oxide; ii)
graphite oxide conversion to graphene.[103] Results show that this method can
effectively prevent graphene nanosheets from being restacked, probably due to the
in-situ loading of SnO2 nanoparticles, which can decrease the surface energy of the
graphene nanosheets.
The cycling behaviour (Figure 2.6(a)) shows that the discharge capacity of bare
SnO2 electrode continuously decreased in the first 50 cycles and reached 78 mAh g-1
after 200 cycles, which is only 5.5% of its initial capacity, indicating poor cycle life.
The discharge capacity of the SnO2-graphene composite with 10.9 wt% graphene
(SnO2-GNS2) slightly decreased in the first 50-60 cycles and reached about 504
mAh g-1 after 200 cycles. The SnO2-GNS1 composite with 33.3 % wt% graphene
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content had the best cycling stability, showing a reversible discharge capacity of 590
mAh g-1, 53.4% of the initial capacity (1104 mAh g-1), without any noticeable
capacity fading over 200 cycles. To further investigate the electrochemical
performance of the SnO2-GNS1 electrode, the rate capability was determined and is
shown in Figure 2.6(b). The good Li-cycling performance of the SnO2-GNS1
electrode can be attributed to the graphene nanosheet matrix in the composite, which
maintains the structural integrity of the composite electrode by preventing large
volume changes and particle agglomeration, as well as increasing the electronic
conductivity of the electrode by forming an efficient electrically conductive
network.[100]
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Figure 2.6 (a) Cycling behaviour of electrodes with bare SnO2, SnO2-graphene
composites, and bare GNS; and (b) rate capability for electrode containing SnO2GNS1 composite material.[102].

The SnO2-graphene composites show significantly improved cycle lives
compared to the bare SnO2 electrode due to the active function of the graphene
nanosheets in the composites. The successful synthesis of the composite materials
also demonstrates that the in-situ loading of SnO2 nanoparticles can be an effective
way to prevent graphene nanosheets from being restacked. This research work on
graphene-nanoparticle composites could be extended to other metal oxides. [102]
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2.1.3

Graphene and Transition Metal Oxide Composites as Anode Materials for
Conversion Reactions
In addition to the traditional insertion-type and alloying-type electrode systems

for insertion/extraction of Li, there have recently been intensive studies of the
conversion-type LIB, which employs transition metal compounds (MaXb, M = Co, Ni,
Fe, Cu, etc.; X = O, S, P, N, etc.) to facilitate the Li insertion/extraction through
redox reactions (Reaction (1)) between the ionic and metallic states of the metal, thus
providing high capacities.[39]
MaXb + cLi+ + ce- ↔ LicXb + aM

(1)

Nanostructured MaXb has been proven to be advantageous compared to
micrometre-sized structures for LIBs, owing to the shortened diffusion length for
both Li ions and electrons, and the larger specific surface area for the
electrode/electrolyte interaction. Drawbacks such as poor conductivity and low
packing density, leading to reduced volumetric energy density, as well as the
expansion induced loss of contact points, remain problematic and require continuous
development. Although graphene and its derivatives cannot effectively host Li via
intercalation as in bulk graphite, they are able to store Li through surface adsorption
and functional group induced bonding, and they possess high conductivity and large
surface area. Therefore, many metal oxide nanostructures, such as Co3O4, Fe3O4, and
Cu2O, have been made into composites with graphene for LIBs. Rapid capacity
decay is usually observed in the pure metal-oxide based anodes, due to problems
such as poor conductivity, structural degradation and expansion, and interparticle
agglomeration. Using graphene-based materials as matrices for in-situ synthesis and
anchoring of the metal oxide nanostructures is anticipated to solve these problems.
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First of all, the incorporation of graphene maintains a good conductive network in
the hybrid electrode. By using graphene as a template, another attractive aspect is
that the synthesized nanoparticles (NPs) can be evenly distributed on the graphene
surfaces. In this way, the agglomeration of NPs can be considerably reduced, and the
large active surfaces of the NPs are able to participate in Li/electron diffusion more
efficiently during the discharge/charge cycling.[39] These effects have been
demonstrated in NiO/graphene and Fe3O4/graphene electrodes.

2.1.3.1 NiO/Graphene
Studies based on alternatively assembled graphene and nanocrystalline metal
oxides such as NiO reveal similar explanations for their improved electrochemical
performances.[104]. Quite recently, graphene/NiO composite with 45% NiO was
synthesised using an in-situ method.[105] In-situ synthesis of a lower NiO content
composite by the same method also gave good stability in prolonged chargedischarge cycling at moderate current densities.[106] 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. The lower content
of NiO in the composite (20%) is suitable for fast charge-discharge applications,
whereas a higher content of NiO (50%) is suitable for high capacity requirements at
moderate rate charge-discharge. It is clear that NiO contributes to the additional
capacity, as it has high theoretical capacity. This applies solely at lower current rates
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for higher NiO content, however. The cells containing 20% NiO show the best
performance, with Li-storage capacity of 185 mAh g-1 at the 20 C rate.[107] This fact
can be explained as follows. The rate capability of the electrodes generally is
increased by the addition of a high percentage of the conductor. Especially for high
rate application, a higher percentage of conductor is used.[107] The above
publication reveals that use of even 30% conductor in the electrode allows very much
higher current rates, such as 20 C, 30 C, etc. The main reason is the high rate of
charge transfer, which 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. The better performance
of the 20% NiO composite at higher charge/discharge rates may be a result of the
good mechanical stability and electrical conductance at lower levels of NiO. High
rate capabilities have been observed from the presence of zirconia at lower
levels.[106]

2.1.3.2 Fe3O4/Graphene
As Fe3O4 has advantages in terms of its high theoretical capacity of 922 mAh g 1

and low irreversible capacity loss for the first cycle,[108, 109] graphene nanosheets

in the form of a three-dimensional (3D) laminated carbon matrix to improve the
performance of Fe3O4 have been investigated. Wang’s group demonstrated a general
strategy to achieve optimum electrochemical properties by constructing a 3D
laminated architecture from a combination of nanostructured metal oxide and
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graphene nanosheets. The Fe3O4-graphene nanocomposite was synthesised using a
one-step in-situ hydrothermal method, which has operational simplicity and the
capability for large-scale production.[110-112]
High resolution imaging (Figure 2.7(b-d)) revealed that the Fe3O4 particles were
tightly wrapped in the graphene sheets. There is also high resolution transmission
electron microscope (HRTEM) evidence that some of the individual Fe3O4
nanoparticles were sandwiched between individual graphene sheets. For example, the
plate-like Fe3O4 particle in Figure 2.7(d) sitting on the edge of the sample appears
intermeshed between layers of graphene. Based on the current results, this structure
can be classified as a 3D laminate formed by the in-situ chemical method that was
used for preparation of the Fe3O4-graphene composite material. The image in the
inset (top right) of Figure 2.7(d) shows Fe3O4 with certain lattice planes ((111) and
(220)) in focus. The graphene sheet spacing near the edge of the sample is 0.39 nm.
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Figure 2.7 TEM results obtained from Fe3O4-GNS composite (38.0 wt%): (a) Large
area image and associated SAED pattern (inset), with spotty rings indexed to Fe3O4
and diffuse contrast (marked G) consistent with the presence of graphene. (b) Fe3O4
particles near a sample edge that is overlaid with graphene sheets. Based on the
contrast from the Fe3O4 (111) planes as a reference, the interlayer spacings of regions
such as those marked G varied from 0.32-0.41 nm, and several interlayers are
indicated near the edge. (c) Contrast consistent with graphene sheets wrapped around
individual Fe3O4 particles (lower left). (d) Fe3O4 particle in [111] orientation
embedded in graphene, with the inset showing the lattice spacing. The sheets are in
focus in the image, while the Fe3O4 particle is in focus in the inset. (e) Cycling
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behaviour of bare Fe3O4, Fe3O4-GNS1 (38.0 wt %) and Fe3O4-GNS2 (16.9 wt %)
composite, and pure GNS electrodes. Cycling took place between 0.0 and 3.0 V vs.
Li/Li+ at a cycling rate of 100 mA g-1. [100].

The cycling behaviour of the Fe3O4-GNS composites and the results for bare
Fe3O4 and GNS are also included in Figure 2.7(e) for comparison. In the first cycle,
the discharge capacity of the Fe3O4 particle electrode is about 1295 mAh g-1. The
capacity continuously decreases, however, and reaches 93 mAh g-1 after 100 cycles,
which is only about 7% of the initial capacity, indicating poor capacity retention.
Interestingly, the Fe3O4 nanoparticles, after being decorated on graphene, show
improved cyclic performance. The capacity of the Fe3O4-GNS2 composite with 16.9
wt % graphene is about 542 mAh g-1 after 100 cycles, which is still 47 % of the
initial capacity (1160 mAh g-1). The Fe3O4-GNS1 composite with 38.0 wt % has the
best cyclic stability, showing a reversible capacity of 650 mAh g-1 without any
capacity loss over 100 cycles. The main reason for the rapid decay of the Fe3O4
electrode is that large volume changes and aggregation of particles in the Fe3O4
material occur during the charge-discharge cycling.[113, 114] In the Fe3O4-GNS
composite electrode, however, nanosize Fe3O4 particles are homogeneously
encapsulated in the graphene sheets. Such dimensional confinement of the Fe3O4
nanoparticles by the surrounding graphene limits the volume expansion upon lithium
insertion. Even though the volume expansion still takes place, the electrode is not
pulverized, since Fe3O4-GNS has enough void spaces to buffer the volume change.
The graphene serves not only as an efficient conducting matrix to maintain the
structural integrity of the composite electrode during the charge-discharge processes,
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but also as a diluting agent to prevent Fe3O4 particles from aggregating. This effect
occurs because any change in the Fe3O4 nanoparticles is restricted by the surrounding
graphene layers. Therefore, the stress that arises during the process of lithium
insertion and extraction is avoided. In addition, graphene nanosheets also provide a
highly conductive network for electron transfer during the lithiation and de-lithiation
processes. All these factors mean that good electrochemical performance can be
achieved.[100]

2.2

Cathode Materials
Cathode electrode materials for Li-ion and lithium batteries have been under

intense scrutiny since the advent of the Li-ion cell in 1991. This has been especially
true in the past decade. Early on, carbonaceous materials were predominant in the
negative electrode, and, hence, most of the possible improvements in the cell were
anticipated at the positive terminal. Several reviews published recently have mainly
focused on the cathode materials for Li-ion batteries, including reviews by
Whittingham,[2] Wang et al.,[115] Ellis et al.,[116] and Goodenough et al.[16, 117]
Graphene forms a 3D electron-conducting network in lithium-ion battery
cathode materials when mixed properly. This increases electron conductivity and
therefore, the rate capability and cyclability of the materials. Graphene could be one
of the best materials to be used as a conductive additive in lithium-ion battery
cathode materials. Given the superiority of graphene over the conventional carbon
electron-conducting additives, one would expect its widespread use in commercially
available high power lithium ion batteries.[18]
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Here, an overview is provided of selected developments in the area of graphene
composites as cathode electrode materials in Li-ion batteries in the past decade, and
particularly in the past few years. The three major structures of cathode materials
reviewed here include olivines, spinels, and layered-structure oxides and metal
oxides.

Table 2.2 Summary of the properties of graphene composite cathode materials.
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2.2.1

Graphene and LiMPO4 (M = Fe, Co, Mn, V) Olivine Composites as Cathode
Materials
The discovery of LiMPO4 (M = Fe, Ni, Mn, etc.) in 1997 by Padhi et al. had a

major impact on cathode material research. The crystal structure of LiFePO4 along
the b-axis and the c-axis is shown in Figure 2.8. The olivines have the advantages of
low cost, abundant raw materials, and environmental friendliness. LiFePO4 shows a
discharge potential of 3.4 V vs. Li+/Li and no obvious capacity fading, even after
several hundred cycles. Its capacity approaches 170 mAh g-1, which is higher than
the 140 mAh g-1 for LiCoO2. Since its discovery, many research groups have tried to
improve the performance of this material. Unlike the conductive metal oxides,
however, the electronic conductivity of LiFePO4 is about 1 × 10–9 S cm–1 at room
temperature, limiting the electrochemical performance because electrons cannot
easily be transported through the material.[16] Numerous approaches to solve this
problem have been reported, including surface coating or admixing with
electronically conductive materials,[66, 129, 130] reducing particle size and
controlling the morphology,[131, 132] and doping with supervalent cations.[133-135]
Past efforts have used various carbon sources to coat LiFePO4 particles. These
sources include sucrose,[32, 55-58] poly(ethylene glycol),[136] citric acid,[137] and
poly(vinyl alcohol).[49, 61, 62] Graphene, as a two-dimensional macromolecular
sheet of carbon atoms with a honeycomb structure, has excellent electronic
conductivity and mechanical properties, and may be the ideal conductive additive for
hybrid nanostructured electrodes. Other advantages of graphene include high surface
area (theoretical value of 2630 m2/g) for improved interfacial contact and the
potential for low manufacturing costs.[68, 138]
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Figure 2.8 Polyhedral representation of the structure of LiFePO4 (space group Pnma)
viewed along the b-axis (a) and the c-axis (b). The iron octahedra, phosphate
tetrahedra, and lithium ions are shown in blue, yellow, and green, respectively.[116].

2.2.1.1 LiFePO4/Graphene
Wu’s group reported an advanced microwave-hydrothermal (MW-HT) method
for preparation of LiFePO4/C/graphene composites. Carbon coating layers together
with graphene in a composite can form an interparticle conductive matrix. LiFePO4
nanoparticles can be connected by this network, which leads to good electronic
interparticle connection.[139, 140] The graphene wrapping process greatly improves
the uniformity of the carbon material coating the LiFePO4/C nanoparticles and
provides interconnected open pores that favour electrolyte absorption and reduce the
diffusion path of the lithium ions.[49, 66-68][94]
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The average particle size of the LiFePO4/C prepared by the MW-HT method is
around 200 nm. Both field emission SEM (FESEM) and TEM revealed that the
LiFePO4 nanoparticles are wrapped up in crumpled micrometer-size graphene sheets.
In this kind of structure, the bridging graphene nanosheets can form an effective
conducting network. At the same time, a porous network between the LiFePO4/C and
the graphene nanosheets is formed in the random hybrid composite, which is
believed to facilitate the penetration of the electrolyte to the surfaces of the active
materials, resulting in superior rate capability and enhanced reversible capacity in
comparison with the bare LiFePO4.[141]
Both the LiFePO4/C and the LiFePO4/C/graphene electrodes show a pair of
redox peaks at about 3.57 V/3.27 V, consistent with a two-phase redox reaction of
LiFePO4 → FePO4 + Li+ + e-. The peak separation exhibited by the
LiFePO4/C/graphene electrode is about 86 mV smaller than that exhibited by the
LiFePO4/C electrode, and the polarization between the charge and discharge plateaus
is reduced from 158 mV to 98 mV for the LiFePO4/C/graphene composite. The
corresponding potential capacity diagram for the first cycle shows a typical capacity
of 165 mAh g-1 (with specific capacity based on LiFePO4 only) at the 0.1 C rate (10
hours charge and 10 hours discharge), which is very close to the theoretical capacity
of LiFePO4 (170 mAh g-1), while the discharge capacity of LiFePO4/C under the
same conditions is only 125 mAhg-1.
This nano-architecture ensures not only intimate contact between the liquid
electrolyte and the active LiFePO4/C nanoparticles, but also high electronic
conductivity for both facile mass transfer and facile charge transfer. The results
clearly demonstrate that the LiFePO4/C/graphene electrode has highly desirable
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properties: a specific capacity approaching the theoretical value, stable cycle life, and
exceptional rate capability. Such a combination does not exist in common LiFePO4
cathode materials or even in LiFePO4/C.[94]

2.2.2

Graphene - Lithium Metal (Mn, Co, Ni) Oxide Composites as Cathode
Materials

2.2.2.1 Spinel Oxides
LiMn2O4 and its doped variants are now well-established commercial lithiumion battery cathode materials. Their anticipated implementation as first-generation
cathode materials for automotive applications is the result of greatly improved
electrochemistry arising from a decade of crystal engineering, surface chemistry, and
crystallite morphology optimization. Spinel LiMn2O4 cathodes have been plagued by
capacity fade, however, especially at elevated temperatures (> 50°C). Several
mechanisms, such as Jahn–Teller distortion of Mn3+, Mn dissolution into the
electrolyte, loss of crystallinity, development of microstrain due to lattice mismatch
between two distinct cubic phases formed on cycling, and an increase in oxygen
deficiency or oxygen loss during cycling, have all been suggested to be the source
ofthe capacity fade. Among them, dissolution of LiMn2O4 is almost universally
considered to be the predominant cause. This has been confirmed by a recent study
using first principles calculations to calculate the reaction free energy for dissolution.
It shows that doping Li+ on the octahedral sublattice (to give Li1+ xMn2–xO4)
suppresses the exothermicity of the reaction by an amount akin to the dilution of
trivalent Mn. Mn dissolution and other deleterious effects have been greatly inhibited
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by substitution of dopants into the spinel structure, fluorine substitution for oxygen,
surface coatings, and electrolyte additives.[16]

Figure 2.9 [M2]O4 framework of an Li[M2]O4 spinel.[16]

LiMn2O4 → Mn2O4 + Li+ + e– (Charge)

(2)

Published papers have demonstrated that graphene sheets are effective agents to
improve the conductivity and rate capacity of these spinels.[124] LiMn2O4-graphene
composites with high rate capacity were synthesized by a microwave-assisted
hydrothermal method.[142] The composites exhibited reversible capacities of 117
and 101 mAh g-1 at 50 C and 100 C, respectively. In another study, LiMn2O4graphene composites were synthesized by a self-assembly approach combined with a
solid-state lithiation method. The enhancement of the electrochemical properties
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could be attributed to the superior Li+ diffusion kinetics and improved stability
across a wide voltage window in crystalline LiMn2O4/graphene composites.[143]

2.2.2.2 Layered Oxides
LiCoO was first reported by Goodenough et al.[144] It received tremendous
2

attention following its successful commercialization in 1991. Despite the commercial
success of LiCoO , substitutes for it are necessary because of its high cost, toxicity,
2

and poor safety, which make it unsuitable for large-scale energy-storage applications
such as for electric/hybrid electric vehicles (EVs/HEVs). Isostructural LiNiO was
2

first proposed by Dahn et al.[145] as an alternative to LiCoO because of its lower
2

cost, higher reversible capacity (~200 mAh g ), and lower toxicity. LiNiO suffers
-1

2

from safety issues, however, that are associated with structural change and evolution
of O during the charging process. From an economic and environmental point of
2

view, layered LiMnO is a very attractive material for cathode. Layered LiMnO is a
2

2

metastable phase, however. Therefore, it is not possible to synthesize it via the
conventional solid-state method used to make the layered Co or Ni analogues. Bruce
et al.[146] and Delmas et al.[147] reported the preparation of layered LiMnO via ion
2

exchange of thermodynamically stable layered NaMnO with Li. During cycling,
2

however, the layered Li MnO is converted into the LiMn O spinel structure,
0.5

2

2

4

resulting in poor electrochemical properties and a spinel-like drop in the voltage
profile. Layered materials based on simple substitution cannot work as well as
LiCoO . Ohzuku et al.[148] reported that LiCo Ni Mn O exhibited promising
2

1/3

1/3

1/3

2

electrochemistry and intriguing structural behaviour, as it had an α-NaFeO -type
2

structure (Figure 2.9), with Ni, Co, and Mn ions adopting valence states of 2+, 3+,
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and 4+, respectively. It can be considered as a 1:1:1 solid solution of LiCoO , LiNiO ,
2

2

and LiMnO , or a 1:2 solid solution between LiCoO and LiNi Mn O . This type of
2

2

0.5

0.5

2

material can be further doped with Al to improve its safety, making it a very
promising candidate for EVs/HEVs. It is especially significant that its capacity
approached the theoretical value, and the cycling stability was enhanced.[16]
LiNi1/3Mn1/3Co1/3O2 has attracted considerable interest as a promising candidate to
replace LiCoO2. It shows high energy density, good stability, enhanced safety, and
low cost. The cation disorder that occurs during calcination, however, results in
deterioration of the kinetic properties. To enhance its electrochemical performance,
LiNi1/3Mn1/3Co1/3O2/graphene composites were prepared as cathodes for LIBs. It was
reported by Jiang and co-workers that LiNi1/3Mn1/3Co1/3O2/graphene composites
prepared by mechanical mixing could deliver a capacity of 115 mAh g-1 at 6 C.[126]
LiNi1/3Mn1/3Co1/3O2/graphene composites prepared by a microemulsion and ballmilling route could deliver a reversible capacity of 150 mAh g-1 at a rate of 5 C,
much higher than that of bare LiNi1/3Mn1/3Co1/3O2.[127] The improved performance
was attributed to the better grain connectivity and high electronic conductivity.
LiNi0.8Co0.15Al0.05O2/graphene also was prepared by a high-energy mechanical ballmilling method. This composite exhibited the high capacity of 180 mAh g-1 with
good cycling stability.[127, 143]
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Figure 2.10 Crystal structure of α-NaFeO2 (R-3m).Ref. [116].

2.2.3

Graphene - Metal Oxide Composites as Cathode Materials
Over the decades, vanadium oxides have attracted special interest because of

their outstanding structural flexibility combined with their interesting chemical and
physical properties for catalytic and electrochemical applications.[149, 150] It is well
known that vanadium exists in a wide range of oxidation states from +2 to +5.[151]
Among the various known vanadium oxides, metastable oxides such as VO2, H2V3O8,
V2O5-δ, V2O5, and LiV3O8 have been found to show interesting cathode properties in
lithium cells.[149, 150, 152-154] Vanadium pentoxide (V2O5), one of the most
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promising cathode materials in lithium metal batteries for many years, offers the
advantages of low cost and high theoretical capacity (437 mAh g-1) compared with
the commercial cathode material LiCoO2 (~140 mAh g-1).[16, 155]
2.2.3.1 VO2/Graphene
As an important functional metal oxide, vanadium dioxide with a layered
structure possesses excellent physical and chemical properties. The crystal structure
of VO2 consists of sheets of edge-sharing VO6 octahedra linked by corner sharing to
adjacent sheets along the c-direction of the unit cell.[156] This corner-sharing
structure is related to the structural stability and the consequent resistance to lattice
shearing during cycling in the lithium ion battery.[157] VO2 was found to show
better performance compared to the well-known V2O5. This was attributed to (i)
higher electronic conductivity arising from mixed-valence V3+/5+ and (ii) structural
stability arising from increased edge-sharing and the consequent resistance to lattice
shearing during cycling.[158] In addition, the lower cell potential of these oxides
compared to V2O5 has been considered to be an advantage for minimizing electrolyte
oxidation.[159] Various VO2 forms have been synthesized and tested for use in
lithium-ion batteries, however, their poor cycling lifetime greatly limits their value
for practical applications. The capacity fading of nanoscale VO2 is probably due to
the fact that nanosized forms of VO2(B) have large specific surface areas and high
surface energies, making it easier for them to agglomerate during cycling, thus
increasing the charge transfer resistance.[160] Graphene has excellent electronic
conductivity and mechanical properties, and may be the ideal conductive additive for
hybrid nanostructured electrodes.[68, 94, 138, 141] The graphene wrapping process
greatly improves electronic interparticle connection and prevents agglomeration
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during cycling. Inspired by these concepts, VO2/graphene composite has been
synthesized by an in-situ hydrothermal process directly from graphene oxide and
V2O5.[155]
Careful comparison of the redox peaks shows that the peak separation exhibited
by the VO2/graphene electrode is about 32 mV, smaller than that of the pure VO2
electrode. In addition, the first five cyclic voltammetry (CV) curves of the
VO2/graphene electrode overlap much better, indicating that the VO2/graphene
electrode has better stability and reversibility for the insertion and extraction of
lithium ions. These results suggest that the VO2/graphene electrode has better kinetic
properties, and it is considered that this phenomenon is mainly due to the graphene in
the composite. The positive shift and the change in shape of the oxidation/reduction
potential peaks may be attributed to structural change and polarization in the
electrode. On the other hand, the graphene wrapping greatly improves the electronic
interparticle connection and prevents agglomeration during cycling.[155]
The VO2 electrode shows an initial discharge capacity of 460 mAhg−1, but it
drops rapidly to 200 mAh g−1 at the 10th cycle, confirming the poor cycling stability
of the VO2 electrode. On the contrary, the VO2/graphene electrode features a slightly
lower initial discharge capacity (380 mAh g−1), but a capacity retention of 99% after
50 cycles. This result shows that there has been significant improvement in the
cycling performance and capacity, beyond those previously reported for VO2 [150,
159, 161] or VO2/carbon [149, 151, 157] composites, which could be attributed to
the graphene.[155]
A novel VO2/graphene composite synthesized directly from graphene oxide
and V2O5 by an in-situ hydrothermal process exhibited excellent cycling
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performance compared to the pure VO2 and provided a facile route to synthesize
VO2/graphene with excellent electrochemical performance as a potential electrode
material for the lithium ion battery.[155]
2.3

Target of this Dissertation
Progress in the very active field of graphene-based nanomaterials for the lithium

ion battery was reviewed. Most of the activity started in 2008. Therefore, this field is
very young, active, and promising. As discussed herein, the intensive study of
graphene materials with unique structures and properties offers a great opportunity to
meet the challenges of the lithium ion battery. In light of the literature discussed
above, current research regarding graphene as a Li-ion storage material indicates that
it is superior to graphite based electrodes, exhibiting improved cycling performance
and higher capacitance for application in Li-ion batteries. Exciting future
developments within this area are expected, and there is no doubt that hybrid
graphene-based material will be among the greatest performers likely to materialize
within the near future. More efforts should be made, however, to overcome the
following challenges for the commercial application of graphene-based electrode
materials: (1) The effects of the graphene precursor (GO) on the morphology of the
electrode material are not very clear at this moment. There are some oxygencontaining groups on GO. Disclosed work has demonstrated that those groups affect
the crystal growth of electrode materials. The detailed mechanism is not clear,
however. (2) Rational design and controllable synthesis of electrode materials are of
great significance for commercial application. (3) Developing synthesis methods for
graphene based materials that are low cost and environmentally friendly is very
necessary for industrial production. Although the ultimate precursor of graphene
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(graphite) is an abundant natural resource, the common precursor of graphene is GO,
which needs many steps and reagents to be derived from graphite. The traditional
approach to the synthesis of GO needs a great many chemicals, leading to high cost
and potential damage to the environment. (4) Although graphene appears to be one of
the best electron conducting additives due to its high electronic conductivity and
large specific surface area, several additional methods can be used to improve
cathode charge capacity and rate capability in lithium ion batteries, especially grain
size reduction, addition of electron or lithium ion conducting additives, and
sometimes doping. They allow similar high power lithium ion battery cathode
materials to be obtained with improved rate capability and excellent cyclability. The
preparation of such materials can be rather complex, however, even when compared
with graphene composite cathode materials. A combination of graphene nanosheets
as an electron conducting additive, nanosized active cathode material particles,
conventional, but less crystalline carbon additives, and doping appears to provide
electrochemical properties difficult to achieve otherwise, at least in one case, thus
suggesting a possible way of further improving cathode material rate performance
and cyclability for the lithium-ion battery. Therefore, judicious application of various
physicochemical approaches to the development of graphene materials with tailormade microstructures and electrochemical properties for the technological
marketplace could lead to a wide range of important uses for graphene materials in
high performance lithium-ion batteries. With continuing investigation by scientists
worldwide, it is believed that graphene-based cathode materials for LIBs will be used
in many fields, such as personal movable tools and hybrid electric vehicles.
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In this doctoral work, a series of graphene composites have been synthesized.
The preparation, characterization and electrochemical performance of various
nanostructured electrode materials are investigated.
1.

To reduce the reaction time, electrical energy consumption, and cost,
LiFePO4/C/graphene has been synthesized by a rapid, one-pot, hydrothermal
autoclave microwave method within 15 min. The carbon coated LiFePO4/C
nanoparticles, around 200 nm in size, are thoroughly wrapped by crumpled
micrometer-size graphene sheets. In this kind of structure, the bridging
graphene nanosheets can form an effective conducting network and provide
interconnected open pores that favor electrolyte absorption and reduce the
diffusion path of the lithium ions.

2.

To overcome the problems of vanadium dissolution and the higher charge
transfer resistance that results from it, VO2/graphene composites have been
synthesized by an in-situ hydrothermal process directly from graphene oxide
and V2O5. Graphene woven VO2 nanoribbons prevent the agglomeration of
VO2 nanoribbons, meanwhile graphene and the VO2 nanoribbons together form
a porous network in the random hybrid composite that can be filled with
electrolyte, resulting in superior performance and enhanced reversible capacity
in comparison with the pure VO2.

3.

Li4Ti5O12 microspheres composed of nanoflakes wrapped in graphene
nanosheets have been synthesized by an advanced microwave-hydrothermal
(MW-HT) method for the preparation followed by an annealing step. The
resultant composite reveals a unique loose structure which could avoid the
restacking of graphene sheets and offer rapid lithium ion diffusion paths. The
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composite also can be a good indicator of the remained charge and discharge
capacity since it presents a curved charge and discharge line instead of a stable
plateau.
4.

A feasible method for synthesizing Li3VO4 by a template-free, solution
synthesis of single-crystalline microboxes with well-defined non-spherical
morphologies has been reported. This study will provide the useful information
to produce other hollow structure materials to the broad readers. The formation
of hollow structure and the influence of raw materials have been well
presented.

5.

Li3VO4/graphene composites have been synthesized by a novel rapid one-step
in situ hydrothermal method. It reveals a unique morphology in which
homogenous hollow structure Li3VO4 nanocubes anchored in porous graphene
microsheets.

The

hollow

structure

could

relax

the

stress

of

Li+

insertion/desertion; increase the surface area of the materials, provide extra
space for the storage of lithium ions and reduced effective diffusion distance
for lithium ions which result in the promoted capacity, rate capability and
cycling performance. Furthermore this graphene-wrapped nano-architecture
ensures not only intimate contact between the liquid electrolyte and the active
Li3VO4 nanoparticles, but also high electronic conductivity for both facile mass
transfer and facile charge transfer.
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CHAPTER 3. EXPERIMENTAL
3.1

List of Materials

The list of materials and chemicals used during my study for the synthesis and
characterization of materials is summarized in Table 3.1.

Table 3.1 Description of chemicals and materials used in this study.
Materials/Chemicals

Formula

Purity

Supplier

Graphite

C

-

Fluka

Sulphuric acid

H2SO4

95-98%

Sigma-Aldrich

Potassium peroxodisulfate

K2S2O8

≥99%

Sigma-Aldrich

Phosphorus pentoxide

P2O5

≥98%

Sigma

Potassium permanganate

KMnO4

≥99%

Sigma-Aldrich

Hydrogen peroxide

H2O2

30%

Sigma-Aldrich

Hydrochloric acid

HCl

37%

Sigma-Aldrich

Lithium hydroxide

LiOH

≥98%

Sigma-Aldrich

Hydrazine monohydrate

N2H4∙H2O

98%

Sigma-Aldrich

Ferrous Sulfate Heptahydrate

FeSO4·7H2O

≥99.99%

Sigma-Aldrich

Lithium phosphate

Li3PO4

≥99%

Sigma-Aldrich

Ascorbic acid

C6H8O6

≥99%

Sigma-Aldrich

Glucose

C6H12O6

≥99.0%

Sigma-Aldrich
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3.2

Vanadium pentoxide

V2O5

≥99%

Sigma-Aldrich

N-butanol

C₄H₁₀O

≥98%

Sigma-Aldrich

Vanadium sesquioxide

V2O3

> 99.0%

> 99.0%

Ethanol

C2H5OH

95%

Sigma-Aldrich

Titaniumisopropoxide

Ti₄(OCH₃)₁₆

97%

Sigma-Aldrich

Acetone

(CH3)2CO

100%

Chem-supply

Aluminium foil

Li

BG

Ganfeng

Copper foil

Cu

BG

Vanlead Tech.

CR2032 coin cell sets

-

-

Lexel

Carbon black

C

Super P

Timcal Belgium

Electrolyte

LiPF6-EC/DMC

BG

Guotai-Huarong

Overall Framework of the Experiments

Figure 3.1 shows an overview of the experimental procedures followed in this
study. There are two parts to the research work: 1. Materials were prepared through
different kinds of synthesis methods (mostly the hydrothermal and microwave
hydrothermal methods), 2. Materials were characterized by different physical and
electrochemical techniques. Electrochemical measurements were conducted that
involved the application of these materials as the electrodes in coin-type or threeelectrode lithium ion batteries. The structures and morphology, as well as the
conductivity of the materials after electrochemical cycling, were also investigated.
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Figure 3.1 The overall framework of the experiments.

3.3
3.3.1

Materials Preparation
Hydrothermal Synthesis

The hydrothermal synthesis method is a typical wet-chemical treatment in hot
water under high pressure, which is well known in the fields of mineralogy and
geology for the formation of minerals. The term hydrothermal was first used to
describe the action of water at elevated temperature and pressure in bringing about
changes in the Earth’s crust leading to the formation of various rocks and minerals. A
hydrothermal reaction can be defined as any heterogeneous chemical reaction in the
presence of a solvent (whether aqueous or non-aqueous) above room temperature and
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at pressure greater than 1 atm in a closed system. The hydrothermal autoclaves used
in this work are 4748 Acid Digestion Bombs with 125 ml capacity from the Parr
Instrument Company. The temperature limit is under 250 oC. The factors in a
hydrothermal reaction, including the amount of solvent, the solvent species, the
concentration of the precursors, the temperature, the pH value, the processing time,
and the use of a surfactant, can all affect the final products in terms of purity, phase,
crystal structure, and morphology.

Figure 3.2 4748 Acid Digesting Bomb from Parr Instruments.

3.3.2

Microwave Autoclave Method
Microwave synthesis represents a major breakthrough in synthetic chemistry

methodology, a dramatic change in the way that chemical synthesis is performed and
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in the way that it is perceived in the scientific community. In concert with a rapidly
expanding applications base, microwave synthesis can be effectively applied to any
reaction scheme, creating faster reactions, improving yields, and producing cleaner
chemistries.
Traditionally, chemical synthesis has been achieved through conductive heating
with an external heat source. Heat is driven into the substance, passing first through
the walls of the vessel in order to reach the solvent and reactants (Figure 3.3(a)). This
is a slow and inefficient method for transferring energy into the system because it
depends on the thermal conductivity of the various materials that must be penetrated.
Microwave heating, on the other hand, is a very different process. As shown in
Figure 3.3(b), the microwaves couple directly with the molecules that are present in
the reaction mixture, leading to a rapid rise in temperature. Because the process is
not dependent upon the thermal conductivity of the vessel materials, the result is an
instantaneous localized superheating of anything that will react to either dipole
rotation or ionic conduction, the two fundamental mechanisms for transferring
energy from microwaves to the substance being heated. Microwave heating also
offers facile reaction control. It can be described as “instant on – instant off”. When
the microwave energy is turned off, latent heat is all that remains.
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Figure 3.3 Schematic illustration of sample heating by (a) conduction and (b)
microwaves.

In a typical reaction coordinate process (Figure 3.4 [162]), the process begins
with reactants (A and B), which have a certain energy level (ER). In order to
complete the transformation, these reactants must collide in the correct geometrical
orientation to become activated to a higher-level transition state (ETS). The difference
between these energy levels is the activation energy (Ea) required to reach this higher
state (ETS – ER = Ea). The activation energy is the energy that the system must absorb
from its environment in order to react. Once enough energy is absorbed, the reactants
quickly react and return to a lower energy state (Ep), the energy of the products of the
reaction (A-B). Microwave irradiation does not affect the activation energy, but
provides the momentum to overcome this barrier and complete the reaction more
quickly than conventional heating methods.
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Figure 3.4 Reaction coordinate process showing progress of reaction.

The hydrothermal route to synthesizing graphene composite is particularly
successful in controlling the chemical composition, particle shape, and crystallite
size in a simple and inexpensive way. The conventional hydrothermal process
involves a longer reaction time, however, 5–12 h, and produces larger submicron size
particles with a wider distribution of particle size. Microwave assisted synthesis
processes are appealing as they can synthesize materials rapidly with a high degree
of control of particle size and morphology with a short time and low cost. [163-165]
Therefore, this method is favorable for industrial manufacturing comparing with the
conventional hydrothermal synthesis.
In this doctoral study, a Milestone Microsynth Microwave Labstation
(MicroSYNTH, Germany, as shown in Figure 3.5) has been employed. The
MicroSYNTH offers flexibility of operation. The microwave field is homogeneously
diffused throughout the entire cavity by a specifically designed mode stirrer. A
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magnetic stirrer is also built-into the system, which designed to ensure vigorous
stirring of the solutions in all the vessels, independently of their position in the cavity,
thus assuring reliable and consistent results. With a reaction monitoring and software
programming system, the reaction can be properly controlled.
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Figure 3.5 Milestone Microsynth Microwave Labstation 230/50Hz.

In Chapters 4 and 6, the microwave autoclave method has been used to
synthesize LiFePO4/graphene and Li4Ti5O12/graphene composite materials for
lithium ion battery anodes. This synthesizing strategy combines the advantages of
high efficiency and productivity with low temperature and risk, as well as
environmental friendliness and energy saving, giving it significant potential for
industrial application.
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3.4
3.4.1

Physical and Structural Characterization
X-ray Diffraction (XRD)

Powder X-ray diffraction (XRD) is a non-destructive technique which is used to
characterise the crystallite size (grain size), crystallographic structure, and preferred
orientation in polycrystalline or powdered solid samples. The resultant pattern could
be used to analyse the sample structure. The sample is scanned through a range of
angles (2), as the scattering from all the different sets of planes results in a pattern
unique to the crystal structure. Conversion of the diffraction peaks to d-spacing
allows identification of a compound, because each compound has a set of unique dspacings. The relationship between the lattice spacing in the crystalline compound
and the wavelength of the incident X-ray beam could be described by Bragg’s Law:

n  2d sin  
where n is an integer,  is the wavelength of the incident X-ray beam, d is the
distance between atomic planes in a crystal, and  is the angle of incidence.

In this study, only X-ray powder diffraction was used. X-Ray diffraction (XRD;
GBC MMA) data was collected from powder samples at a scanning rate of 2°min-1
for 2θ in the range of 10–80°. TracesTM software in combination with the Joint
Committee on Powder Diffraction Standards (JCPDS) powder diffraction files was
used to identify the phases present. The instrument operates at room temperature,
with  optics, and is equipped with a 3 kW generator and Cu K X-ray tubes.
The tube voltage and current were set at 40 kV and 25 mA, respectively.
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3.4.2

Scanning Electron Microscopy and Energy-dispersive X-ray Spectroscopy
(SEM and EDX)

The scanning electron microscope (SEM) is a type of electron microscope used
primarily to observe the morphology of powder samples. The sample is scanned with
a high-energy beam of electrons, and then the signals are collected and analysed
from the secondary electrons, back-scattered electrons (BSE), characteristic X-rays,
light, specimen currents, and transmitted electrons. SEM offers information about the
sample’s surface topography, composition, and other properties. Secondary electron
detectors are common to all SEMs to detect the electrons which are produced on the
specimen surface. The amplitude of the secondary electron signal varies with time
according to the topography of the specimen surface. Then, the signal is amplified
and used to display the corresponding specimen surface information, which can offer
very high resolution images revealing details less than 1 nm in size.

X-rays are also produced by the interaction with the sample and can be detected
to obtain the elemental composition of a sample. Energy-dispersive X-ray
spectroscopy (EDS) is the application of the various wavelengths X-ray fluorescence
for the elemental analysis or chemical characterization of a sample.

In this study, the morphologies of the samples were investigated by field
emission scanning electron microscopy (FE-SEM; JEOL JSM-7500FA). In Chapter
7, the mounted sectioned SEM samples were prepared by hot mounting of the
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powder in carbon-containing phenolic resin, followed by grinding with 15 mm and 9
mm diamond, followed by polishing with 3 mm and 1 mm diamond. Samples were
then given a gold coating before examination on the FE-SEM.

3.4.3

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique whereby a
beam of electrons is transmitted through an ultra-thin specimen, interacting with the
specimen as it passes through. An image is formed from the interaction of the
electrons transmitted through the specimen; the image is magnified and focused onto
an imaging device, such as a fluorescent screen, or onto a layer of photographic film,
or is detected by a sensor such as a charge-coupled device (CCD) camera. TEM is
capable of imaging at a significantly higher resolution than light microscopes, owing
to the small de Broglie wavelength of electrons. Selected area electron diffraction
(SAED) can also be performed inside a transmission electron microscope, revealing
crystallographic information on the samples. In this technique, the atoms in a
specimen act as a diffraction grating to the high-energy electrons from the electron
gun. According to the crystal structure of the sample, some fraction of the electrons
are scattered to particular angles, while others directly pass through the sample. As a
result, there will be a series of spots on the image, with each spot corresponding to a
satisfied diffraction condition of the sample’s crystal structure.

In this work, TEM investigations were performed using a JEOL 2011 (200 kV)
analytical electron microscope and also a Zeiss microscope, a 912 Omega with
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ProScan, and a slow scan charge-coupled device camera at 100 kV (ETH Zurich).
TEM samples were prepared by deposition of ground particles onto lacy carbon
support films.

3.4.4

Raman Spectroscopy

Raman spectroscopy is an important spectroscopic technique used to investigate
vibrational, rotational, and other low-frequency modes in a system. It can be used as
a complementary tool to XRD and infrared (IR) spectroscopy. Based on a light
scattering technique, Raman measurement can be considered as a process whereby a
photon of light interacts with the molecules or lattice (phonons) in a sample to
produce scattered radiation of different wavelengths. In the measurement, the
incident monochromatic radiation (usually from a laser) interacts with the sample,
which could results in both elastic scattering (Rayleigh scattering) and inelastic
scattering (Stokes and anti-Stokes Raman scattering), which shows an energy shift
from the incident radiation, unlike Rayleigh scattering. This energy shift (in the form
of frequency or wavelength) is detected and recorded, providing chemical and
structural information on the material due to the interaction between the incident
electromagnetic waves and the molecular rotations and vibrations, or electronic level
transitions.

In this study, the Raman spectroscopy was conducted on a JOBIN YVON
HR800 Confocal Raman system with 632.8 nm diode laser excitation on a 300
lines/mm grating at room temperature.
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3.4.5

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a characterization method that is
performed on samples to determine changes in weight in relation to change in
temperature. Theoretically, carbon components should be decomposed at a high
temperature (up to 800 ºC at 5 ºC min-1) and lead to a decrease in the total weight of
the composite. The precise weight of the graphene contents in composite materials
was determined by heating samples to high temperature in air atmosphere. In this
study, TGA was performed using METTLER TOLEDO TGA/DSC 1 equipment with
microsized aluminium oxide crucibles (70 l).

3.4.6

Surface Area Measurement

Based on the Langmuir theory, with the hypothesis of monolayer gas adsorption
on solid surfaces, Brunauer, Emmett, and Teller (BET) extended the theory to
absorption of multilayer gas molecules, and the BET theory was developed as an
important analysis technique for the measurement of the specific surface area of a
material. The concept is further extended to multilayer adsorption. The BET equation
is expressed as:

1
C 1  P 
1

 
W [(P0 / P)  1] WmC  P0  WmC

(3.2)
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in which W is the weight of gas absorbed at a relative pressure P/P0 and Wm is
the weight of adsorbate constituting a monolayer of surface coverage. The term C is
the BET constant. In BET analysis, 1/W[(P0/P)-1] is plotted as a function of P/P0.
Within the range of 0.05 < P/P0 < 0.35, the function remains linear. Wm can be
obtained from the slope and the intercept. The specific surface area (SBET) is
expressed as:

S BET 

WmNs
aV

(3.3)

where N is Avogadro’s number, s is the adsorption cross section of the
adsorbing species, V is the molar volume of the adsorbate gas, and a is the mass of
adsorbent.

In this study, the BET measurements were conducted with a Quantachrome
Nova 1000 nitrogen gas analyser through a 15-points nitrogen adsorption isotherm at
77 K after degassing the powder samples with nitrogen at 150 oC.

3.4.7

Fourier transform infrared (FTIR) spectroscopy
Fourier transform infrared spectroscopy (FTIR) is a commonly used technique

to obtain an infrared spectrum of absorption, emission, photoconductivity, or Raman
scattering of a solid, liquid, or gas to identify types of chemical bonds in a molecular
fingerprint. An FTIR spectrometer simultaneously collects spectral data over a wide
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spectral range. This confers a significant advantage over a dispersive spectrometer
which measures intensity over a narrow range of wavelengths at a time. In this
doctoral work, the FTIR spectroscopy analyses were carried out using a Shimadzu
IRPresting-21 model. Samples were analysed in attenuated total reflectance (ATR)
mode using a Pike MIRacle accessory equipped with a germanium crystal (Pike
Technology).

3.4.8

Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a very high-resolution type of scanning probe
microscopy, with demonstrated resolution on the order of fractions of a nanometer.
The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to
scan the specimen surface. When the tip is brought into proximity of a sample
surface, forces between the tip and the sample lead to a deflection of the cantilever
according to Hooke's law. Depending on the situation, forces that are measured in
AFM include mechanical contact force, van der Waals forces, capillary forces,
chemical bonding, electrostatic forces, magnetic forces (see magnetic force
microscope, MFM), Casimir forces, solvation forces, etc.

3.5

Electrode Preparation and Coin-Cell Assembly

The working electrodes were prepared by mixing the as-prepared electrode
materials with carbon black/super B (a conductive agent) and polyvinylidene
difluoride

(PVDF,

a

binder,

dissolved
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carboxymethyl cellulose, (CMC, dissolved in de-ionised water) at a typical weight
ratio of 8:1:1(or 75:20:5) and pasting the resultant slurry onto copper foil/ aluminium
foil (around 18 microns in thickness), with an area of 1 cm2 for each electrode. The
electrodes were dried in a vacuum oven at 60 to 110 C, depending on the binder, for
12 h. After pressing at a pressure of about 20 MPa for 10 s, the electrodes were then
transferred into an argon-filled glove box for coin cell assembly. The weight of each
electrode was calculated from the weight difference between the foil before and after
electrode preparation.

The coin cells (CR2032 coin type cell) were assembled in an Ar-filled glove
box (Mbraun, Unilab, Germany) with H2O and O2 levels lower than 1 ppm. This kind
of cell has the active materials on foil as a current collector, with lithium foil serving
as counter electrode, a porous polypropylene membrane as separator, and a solution
of 1 M LiPF6 dissolved in a mixture of the solvents ethylene carbonate (EC) and
diethylcarbonate (DMC), in a volume ratio of 1:1 as the electrolyte. The typical coin
cell component stacking sequence is shown in Figure 3.6.
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Figure 3.6 Component stacking sequence in a coin-type cell.

3.6
3.6.1

Electrochemical Characterization
Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical
measurement for lithium-ion batteries that has been widely used to investigate the
thermodynamics and kinetics of electron transfer in an electrochemical reaction at
the working electrode interface. In a CV experiment, the cell is cycled in a potential
window, where the working electrode potential is scanned at a constant rate. The
current will increase and form a peak when the potential reaches the point where a
reaction occurs. In a redox reaction, pairs of oxidation and reduction peaks appear
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when potential is ramped in different directions. The change of potential as a
function of time is called the scan rate. The relationship between the peak current (ip)
and the scan rate follows the Randles-Sevcik equation:
ip = (2.69 × 105) n3/2 ACD1/2v1/2

(3.4)

where n is the number of moles of electrons transferred in the reaction, A is the
area of the electrode, C is the analyte concentration, D is the diffusion coefficient,
and v is the scan rate.
In this study, CV has been used to characterize the electrochemical properties of
electrodes made from different composites. In a typical experiment, the CV testing
was conducted by measuring the I-V response at a scan rate of 0.1 mV s-1 within the
set electrochemical window, using an Ametek PARSTAT 2273 electrochemistry
workstation. Parameters were optimized within these ranges depending upon the
materials under investigation.

3.6.2

Galvanostatic Charge and Discharge Testing

The capacity and cyclic performance of the materials were measured at a
constant current density using galvanostatic charge/discharge tests with various
voltage cut-offs on a Land battery test system (Wuhan Kingnuo, China). The charge
or discharge capacity (Q) can be calculated based on the total electron charge in each
process, and from the recorded current and the time Q = I × t. The parameters of the
charge and discharge were selected based on the theoretical capacity and the
conductivity of the electrode under investigation.
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3.6.3

Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a technique to examine
electrochemical processes, such as electron transfer, mass transport, and chemical
reactions. EIS can be performed in potentiostatic (PEIS) or galvanostatic (GEIS)
mode. In PEIS, impedance measurements are conducted by applying a sine wave
around a potential E that can be set to a fixed value or a value that is relative to the
working electrode equilibrium potential over a range of frequencies. A typical
impedance spectrum consists of a low frequency semicircle resulting from the kinetic
processes and a high frequency tail corresponding to the diffusion processes. The
GEIS technique is very similar to PEIS, except that the current is controlled instead
of the potential.
The Nyquist plots (EIS spectra) show two compressed semicircles in the high to
medium frequency range of each spectrum, which describe the charge transfer
resistance (Rct) for these electrodes, and an approximately 45o inclined line in the
low-frequency range, which could be considered as Warburg impedance (ZW), which
is associated with the lithium-ion diffusion in the bulk of the active material. The
first compressed semicircle is related to the solid electrolyte interphase (SEI) film,
and the high-frequency intercept of the second semicircle is related to the
uncompensated resistance (Ru), while the diameter of the second semicircle is related
to the charge transfer resistance (Rct). [164]
The lithium diffusion coefficient can also be calculated by using the following
equation:
D = R2T2/2A2n4F4C2σ2

(3.5)
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where R is the gas constant, T is the absolute temperature, A is the surface area
of the anode (1 cm2), n is the number of electrons transferred in the half-reaction for
the redox couple, F is the Faraday constant, C is the concentration of Li ions in the
solid, D is the diffusion coefficient (cm2 s-1), and σ is the Warburg factor, which is
relative to Zre. From the slope of the lines of the real parts of the complex impedance
versus ω-1/2, σ can be obtained.[165]
Zre = RD + RL + σω-1/2

(3.6)

In this study, EIS was applied to investigate the electrochemical behaviour of
the as-obtained materials. In a typical experiment, ac impedance spectroscopy
measurements were carried out using a Princeton Applied Research PARSTAT 2273
instrument with the Power Suite software package by applying a sine wave of 5 mV
amplitude over a frequency range of 100.00 kHz to 0.01 Hz. All impedance
measurements were carried out in the discharged state of the cells.[7, 166, 167]
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CHAPTER 4. GRAPHENE WRAPPED LIFEPO4/C COMPOSITES AS
CATHODE MATERIALS FOR LI-ION BATTERIES WITH ENHANCED
RATE CAPABILITY

4.1

Introduction
LiFePO4 is a very promising cathode material used in lithium ion batteries for

hybrid electric vehicles (HEVs) and electric vehicles (EVs), due to its excellent
thermal stability, low cost of precursors, high reversibility of Li+ insertion/extraction,
and lack of toxicity. [168] In spite of these attractive features, LiFePO4 requires
further modifications to overcome limitations such as poor electronic conductivity
and slow lithium-ion diffusion. [169-171] Numerous approaches to solve these
problems have been reported, including surface coating or admixing with
electronically conductive materials, [66, 129, 130] reducing particle size and
controlling morphology, [131, 132] and doping with supervalent cations. [133, 134,
172] Past efforts have used various carbon sources to coat LiFePO4 particles. These
sources include sucrose, [74, 173-176] poly(ethylene glycol),[18, 19] citric acid, [177]
and poly(vinyl alcohol). [130, 178, 179] Graphene, as a two-dimensional
macromolecular sheet of carbon atoms with a honeycomb structure, has excellent
electronic conductivity and mechanical properties, and may be the ideal conductive
additive for hybrid nanostructured electrodes. Other advantages of graphene include
high surface area (theoretical value of 2630 m2/g) for improved interfacial contact
and the potential for low manufacturing costs. [68, 138] Carbon coating layers and
graphene in a composite can form an interparticle conductive matrix. LiFePO4
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nanoparticles can be connected by this network, which leads to good electronic
interparticle connection. [139, 180] The graphene wrapping process greatly improves
the uniformity of the carbon material coating the LiFePO4/C nanoparticles and
provides interconnected open pores that favor electrolyte absorption and reduce the
diffusion path of the lithium ions. [130, 181-183]
The synthesis method for materials used in commercial HEVs and EVs should
combine the advantages of simplicity, rapid synthesis, safety, and low cost. The
hydrothermal route for synthesizing graphene composites is particularly successful in
terms of controlling the chemical composition, particle shape, and crystallite size in a
simple and inexpensive way. However, the conventional hydrothermal process
involves a longer reaction time (5–12 h) to synthesize LiFePO4 and produces larger
submicron size particles with a wider distribution of particle size. Microwave
assisted synthesis processes are appealing, as they can synthesize materials rapidly
with a high degree of control of particle size and morphology and at low cost. [163165] Therefore, this method is more favorable for industrial manufacturing compared
with the conventional hydrothermal synthesis.
This paper reports an advanced microwave-hydrothermal (MW-HT) method for
preparation of LiFePO4/C/graphene composites. This method has several advantages:
(1) rapid synthesis of LiFePO4/C/graphene by a one-pot method in 15 min; (2)
synthesis of LiFePO4/C/graphene at relatively low temperature and pressure; (3)
microwaves can produce an in situ coating of wrinkled graphene on nanostructured
LiFePO4/C and; (4) the MW-HT method utilizes only water, as opposed to the
hydrazine or sulfonate chemical reduction method which inevitably introduces noncarbon impurities into the treated composite. [66] The structure, morphology, and
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electrochemical properties of LiFePO4/C and LiFePO4/C/graphene are also
presented in this paper.

4.2
4.2.1

Experimental
Materials Synthesis
Graphene oxide (GO) was prepared according to the method reported by

Hummers from graphite powder (Aldrich, powder, < 20 μm, synthetic).
LiFePO4/C/graphene composite was prepared by a MW-HT synthesis process.
Typically, 0.5 mg/mL GO was prepared in the form of an aqueous solution after 1 h
of ultrasonic dispersion time. Appropriate quantities of FeSO4·7H2O, .Li3PO4,
ascorbic acid, and glucose (10%wt), such that the weight ratio of GO to LiFePO4
would be 15:85, were dissolved into this solution. The molar ratio of Li: Fe: P was
3:1:1. After vigorous magnetic stirring for 20 min, this solution was transferred to a
50 mL Teflon lined autoclave. The system was operated at a frequency of 2.45 GHz
and a power of 300 W, and the sample temperature was ramped to 200 °C and kept at
200 °C for 15 min under the hydrothermal conditions. After the solution cooled
down to room temperature, the precipitate powder was filtrated and washed several
times with deionized water and acetone. Then, the obtained powder was dried at
80 °C for 4 h in a vacuum oven, followed by sintering at 600 °C for 2 h under a
H2/Ar (5: 95, v/v) atmosphere to yield the LiFePO4/C/graphene composite. As a
reference, LiFePO4 (without GO addition) was also prepared following the same
procedure.
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4.2.2

Material Characterization:
X-Ray diffraction (XRD) (GBC MMA) data were collected from powder

samples at a scanning rate of 2° min-1 for 2θ in the range of 10–50°. TracesTM
software in combination with the Joint Committee on Powder Diffraction Standards
(JCPDS) powder diffraction files was used to identify the phases present. Raman
analysis was performed using a Raman spectrometer (Jobin Yvon HR800)
employing a 10 mW helium/neon laser at 632.8 nm. The amount of graphene in the
samples

was

estimated

using

a

Mettler-Toledo

thermogravimetric

analysis/differential scanning calorimetry (TGA/DSC) 1 Stare System from 50–
800 °C at 5°C min-1 in air flux. The morphologies of the samples were investigated
by field emission scanning electron microscopy (FE-SEM; JEOL JSM-7500FA).
Transmission electron microscopy (TEM) investigations were performed using a 200
kV JEOL 2011. TEM samples were prepared by deposition of ground particles onto
holey carbon support films, with care taken to ensure that selected area electron
diffraction (SAED) and high resolution TEM contrast were obtained only from
sample regions located over holes in the holey carbon support films. To test the
electrochemical performance, sample powders were mixed with carbon black and
poly (vinylidene fluoride) (PVDF) in a weight ratio of 80: 10: 10, pasted on
aluminum foil, and then dried in a vacuum oven at 80 °C for 8 h. 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 LiPF6 in a
mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1: 1 by volume,
provided by MERCK KGaA, Germany). The cells were galvanostatically charged
and discharged in the range of 4.2-2 V at different rates using a computer-controlled
charger system manufactured by Land Battery Testers. Cyclic voltammetry (CV) was
98

Chapter 4 Graphene Wrapped LiFePO4/C Composites as Cathode Materials for Li-ion Batteries
with Enhanced Rate Capability

conducted by using a Biologic VMP3 electrochemistry workstation at a scanning rate
of 0.1 mV s−1 between 2.0 and 4.2 V. Electrochemical impedance spectroscopy (EIS)
was performed on the electrodes using a Biologic VMP3 electrochemistry
workstation. The AC amplitude was 5 mV, and the frequency range applied was 100
kHz to 0.01 Hz.

4.3

Results and Discussion
Figure 4.1 shows the X-ray diffraction (XRD) patterns obtained from the

LiFePO4/C and LiFePO4/C/graphene composites, in which the majority of diffraction
lines can be indexed to the orthorhombic LiFePO4 phase. Diffraction peaks which
might appear for graphene or amorphous carbon are absent, most likely because they
are below the limits of detection by XRD, or in the case of the graphene (002) peak,
because they are likely to be eclipsed by the LiFePO4 (011) peak. The absence of a
reflection peak at approximately 11o indicates that the GO cannot be distinguished,
consistent with full or partial reduction to graphene.
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Figure 4.1 XRD patterns of LiFePO4/C and LiFePO4/C /graphene composites.
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Further information on the structure of the LiFePO4/C and LiFePO4/C/graphene
composites was obtained from the associated Raman spectra (Figure 4.2). The bands
at 500–100 cm-1 and 1120–520 cm-1 correspond to the Raman vibrations of Fe–O and
PO43- in LiFePO4, respectively, while the bands in the range of 1200-1460 cm-1 and
1470-1730 cm-1 are attributed to the D-band (K-point phonons of A1g symmetry) and
G-band (E2g phonons of Csp2 atoms). The broadening of the D and G bands with a
strong D line indicates localized in plane sp2 domains and disordered graphitic
crystal stacking of the graphene nanosheets. The ID/IG value (the peak intensity ratio
between the 1325 and 1588 cm-1 peaks) generally provides a useful index for
comparing the degree of crystallinity of various carbon materials, i.e., the smaller the
ID/IG ratio, the higher the degree of ordering in the carbon material. [66] The ID/IG
values of graphene, and the LiFePO4/C/graphene and LiFePO4/C composites are 1.52,
1.87, and 17.31, respectively. [163] The LiFePO4/C/graphene composite shows a
similar ID/IG value to graphene. Therefore, the Raman results are consistent with the
formation of LiFePO4/C/graphene composites. [141]
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Figure 4.2 (a) Raman spectra of graphene, and LiFePO4/C and LiFePO4/C/graphene
composites. (b) Fitting results for disordered band (D-band).

Figure 4.3 shows that the mass increase of LiFePO4 is around 5% of the total
weight when it is heated up to 800°C. Theoretically, carbon components should be
decomposed at such a high temperature and lead to a decrease in the total weight of
the composite. The total mass increase of the LiFeO4/C composite at 800°C is about
4%, indicating that the carbon concentration should be relatively low, perhaps 1%.
On the other hand, the LiFeO4/C/graphene composite showed a weight change of 3%
vs. LiFePO4/C. Accordingly, the total weight percentage of the graphene can be
calculated as 3% in total.
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Figure 4.3 TGA curves of graphene, LiFePO4, and LiFePO4/C and
LiFePO4/C/graphene composites.

Figure 4.4 displays FESEM (Figure 4.4(a)) and TEM (Figure 4.4(b,c,d))
images obtained from the LiFePO4/C/graphene composite. The average particle size
of the LiFePO4/C prepared by the MW-HT method is around 200 nm. Both FESEM
and TEM revealed that the LiFePO4 nanoparticles are wrapped up in crumpled
micrometer-size graphene sheets. Contrast in the high resolution TEM (HRTEM)
images was also consistent with this, and indicated that the wrapping was tight. For
example, the HRTEM image in Figure 4.4(c,d) indicates that the LiFePO4 particle
coated by carbon is wrapped up in more than 5 sheets of graphene. In this kind of
structure, the bridging graphene nanosheets can form an effective conducting
network. At the same time, a porous network between the LiFePO4/C and the
graphene nanosheets was formed in the random hybrid composite, which is believed
to facilitate the penetration of the electrolyte to the surface of the active materials,
resulting in superior rate capability and enhanced reversible capacity in comparison
with the LiFePO4. [141] A schematic drawing of this is shown in Figure 4.5.
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Figure 4.4 FESEM and TEM images of LiFePO4/C/graphene composite: (a) FESEM
secondary electron image of large area, with the inset of FESEM of LiFePO4/C, (b)
TEM image of LiFePO4 particle wrapped in graphene nanosheets, (c) HRTEM image
of LiFePO4/C/graphene composite, (d) HRTEM image of the area indicated by the
rectangle marked with white dashed lines in Figure 4.3(b), with the inset
diffractogram indicating the graphene (002) and LiFePO4 (020) lattice planes.
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Figure 4.5 Schematic diagram of the bridging graphene nanosheet/ LiFePO4 structure,
which could be responsible for the superior properties of the LiFePO4/C/graphene
composite.

The electrochemical performance of LiFePO4/C and LiFePO4/C/graphene
composites was evaluated by cyclic voltammetry (CV) and galvanostatic
charge/discharge cycling using CR 2032 coin cells.
Figure

4.6

shows

the

cyclic

voltammograms

of

LiFePO4/C

and

LiFePO4/C/graphene for the first five cycles. Both the LiFePO4/C and the LiFePO4/C
/graphene electrodes show a pair of redox peaks at about 3.57 V/3.27 V, consistent
with a two-phase redox reaction of LiFePO4 → FePO4 + Li+ + e. Careful comparison
of the redox peaks shows that the peak separation exhibited by the
LiFePO4/C/graphene electrode is about 86 mV smaller than that exhibited by the
LiFePO4/C electrode. This result suggests that the LiFePO4/C/graphene electrode has
better kinetic properties, and we think that this phenomenon is mainly due to the
graphene. A continuous increase in the cathodic peak current from the CV curves can
be observed in the first five scans, as well as in the corresponding peak area. A
similar observation has been reported in previous research, which has been ascribed
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to an activation effect during the initial cycling of the LiFePO4 and carbon material
composites. [184]
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Figure 4.6 Cyclic voltammograms for the first five cycles of (a) LiFePO4/C at a scan
rate of 0.1mV/s, (b) LiFePO4/C/graphene at a scan rate of 0.1mV/s.
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Figure 4.7 shows the charge/discharge profiles of the LiFePO4/C and
LiFePO4/C/graphene composites in the first cycle. The corresponding potential
capacity diagram for the first cycle shows a typical flat potential plateau at 3.4 V
versus Li/Li+. The LiFePO4/C/graphene electrode delivered a discharge capacity of
165 mAh g-1 (specific capacity is based on LiFePO4 only) at the 0.1 C rate (10 hours
charge and 10 hours discharge), which is very close to the theoretical capacity of
LiFePO4 (170 mAh g-1), while the discharge capacity of LiFePO4/C under the same
conditions is only 125 mAhg-1. Furthermore, the discharge curve of the
LiFePO4/C/graphene composite is more flattened than that of the LiFePO4/C. The
polarization between the charge and discharge plateaus is reduced from 158 mV to
98 mV for the LiFePO4/C/graphene composite, indicating that the kinetics of the
LiFePO4/C is indeed improved by graphene addition. This is considered to be
because the graphene nanosheets act as conducting routes between the LiFePO4
nanoparticles, resulting in significantly reduced contact resistance.
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Figure 4.7(a) The first discharge and charge profile of the LiFePO4/C and
LiFePO4/C/graphene composites at the current density of 0.1 C between the voltage
limits of 2 and 4.2 V in EC/DMC solution containing 1M LiPF6. (b) Magnification of
the charge/discharge plateau in Figure 4.7(a).

Comparisons of the rate performance of the LiFePO4/C and LiFePO4/C/
graphene composites are shown in Figure 4.8. After the cells had been cycled for 10
cycles at a rate of C/10, the current densities were increased stepwise to 10 C. The
LiFePO4/C/graphene composites exhibit obviously improved electrochemical
performance. A highly stable reversible capacity of 88 mAh g−1 was obtained at the
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highest current density of 10 C, while there was only a value of 50 mAh g−1 for
LiFePO4/C. After 40 cycles under various conditions, the LiFePO4/C/graphene cell
delivers about 99% of the initial capacity. Figure 4.8(b) shows the specific capacity
as a function of rate for lithium cells containing LiFePO4/C and LiFePO4/C
/graphene. As shown in Figure 8(b), the capacity of LiFePO4/C/graphene decreases
much more slowly with increasing discharge rates than that of LiFePO4/C/graphene.
The cycling performance is comparable to those of reported LiFePO4/graphene
composites [119, 139, 141, 181, 184] and even better than those of LiFePO4/C
composites. [139, 164] The rate performance and cycling stability of the
LiFePO4/C/graphene could be attributed to the nanosize particles with very high
surface area and improved conductivity through a superior graphene conductor.
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Figure 4.8 (a) Rate performance of LiFePO4/C and LiFePO4/C/graphene composites
cycled in EC/DMC solution containing 1M LiPF6. (b) Capacity versus discharge rate
for the LiFePO4/C and LiFePO4/C/graphene composites.

Figure 4.9 shows Nyquist plots of both samples in the discharged state and the
equivalent circuit that was used for interpretation (inset). EIS spectra of the
LiFePO4/C and LiFePO4/C/graphene composites electrodes were collected after
charge–discharge for five cycles at the potential of 3.4 V. The Nyquist plots (Figure
4.9) show one compressed semicircle in the high to medium frequency range, which
describes the charge transfer resistance (Rct) for both electrodes, and an
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approximately 45° inclined line in the low-frequency range, which could be
considered as Warburg impedance (ZW), which is associated with the lithium-ion
diffusion in the bulk of the active material. An equivalent circuit with
uncompensated resistance (Ru), charge transfer resistance (Rct), double-layer
capacitance (Cdl), and Warburg impedance is shown in the inset of Figure 9. While
the high-frequency intercept of the semicircle is related to the uncompensated
resistance (Ru), the diameter of the semicircle is related to the charge transfer
resistance (Rct). [164] From comparing the diameters of the semicircles, the
impedance of the LiFePO4/C electrode is significantly larger than that of the
LiFePO4/C/graphene electrode. The values of Rct for the LiFePO4/C and
LiFePO4/C/graphene electrodes were calculated to be 513 Ω and 201 Ω, respectively.
Obviously, the Rct of the LiFePO4/C/graphene electrode is much smaller than that of
the LiFePO4/C electrode, indicating the enhanced ionic conductivity of the
LiFePO4/C /graphene composite.
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Figure 4.9 Nyquist plots of LiFePO4/C and LiFePO4/C /graphene composite
electrodes with equivalent circuit (inset).
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4.4 Conclusions
In conclusion, a highly ordered LiFePO4/C/graphene nanocomposite has been
developed by a rapid, facile microwave-hydrothermal route, in which LiFePO4/C
nanoparticles are embedded in conductive and interconnected graphene networks.
This nano-architecture ensures not only intimate contact between the liquid
electrolyte and the active LiFePO4/C nanoparticles, but also high electronic
conductivity for both facile mass transfer and facile charge transfer. The results
clearly demonstrate that the LiFePO4/C/graphene electrode has highly desirable
properties: a specific capacity approaching the theoretical value, stable cycle life, and
exceptional rate capability. Such a combination does not exist in common LiFePO 4
cathode materials or even in LiFePO4/C. Therefore, LiFePO4/C/graphene electrode is
a promising candidate for the development of high-performance, low-cost, advanced
lithium batteries directed to the electric and hybrid electric vehicle markets.[94]
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CHAPTER 5. IN-SITU HYDROTHERMAL SYNTHESIS OF GRAPHENE
WOVEN VO2 NANORIBBONS WITH IMPROVED CYCLING
PERFORMANCE
5.1

Introduction
Over the decades, vanadium oxides have attracted special interest because of

their outstanding structural flexibility combined with their interesting chemical and
physical properties for catalytic and electrochemical applications. [149, 150] It is
well known that vanadium exists in a wide range of oxidation states from +2 to +5.
[151] Among the various known vanadium oxides, metastable oxides such as VO2,
H2V3O8, V2O5-δ, V2O5, and LiV3O8 have been found to show interesting cathode
properties in lithium cells. [149, 150, 152, 154, 185] As an important functional
metal oxide, vanadium dioxide with a layered structure possesses excellent physical
and chemical properties. The crystal structure of VO2 consists of sheets of edgesharing VO6 octahedra linked by corner sharing to adjacent sheets along the cdirection of the unit cell. [156] This corner-sharing structure is related to the
structural stability and the consequent resistance to lattice shearing during cycling in
the lithium ion battery. [157] VO2 was found to show better performance compared
to the well-known V2O5. This was attributed to (i) higher electronic conductivity
arising from a mixed-valence V3+/5+ and (ii) structural stability arising from increased
edge sharing and the consequent resistance to lattice shearing during cycling. [158]
In addition, the lower cell potential of these oxides compared to V2O5 has been
considered to be an advantage for minimizing electrolyte oxidation. [159] Various
VO2 forms have been synthesized and tested for use in lithium ion batteries, however,
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their poor cycling lifetime greatly limits practical applications. The capacity fading
of nanoscale VO2 is probably due to the fact that nanosized VO2(B) forms have large
specific surface areas and high surface energies, making it easier to agglomerate
during cycling, thus increasing the charge transfer resistance. [186] Recently,
material scientists have shown that three dimensional (3D), hierarchical, micro/nano-structures, such as VO2(B) microflowers [187] and VO2(B) hollow
microspheres, [186] exhibit improved electrochemical properties because they not
only inherit the properties of the nano-units, but also have collective properties from
the self-assembly of nano-units into microscale structures. From this point of view,
microscale structures composed of nano-units could be the best choice of material,
rather than single nano-units. Graphene, as a two-dimensional macromolecular sheet
of carbon atoms with a honeycomb structure, has excellent electronic conductivity
and mechanical properties, and may be the ideal conductive additive for hybrid
nanostructured electrodes. Other advantages of graphene include high surface area
(theoretical value of 2630 m2/g) for improved interfacial contact and the potential for
low manufacturing costs. [68, 94, 138, 141] The graphene wrapping process greatly
improves electronic interparticle connection and prevents agglomeration during
cycling.
The hydrothermal route for synthesizing graphene composites is particularly
successful in terms of controlling the chemical composition, particle shape, and
crystallite size in a simple and inexpensive way. [94, 100, 188] The in-situ
hydrothermal method can produce an in-situ coating of VO2 nanoribbons on
wrinkled graphene and also simplify the synthesis method to reduce the cost and
energy consumption.

113

Chapter 5 In-situ Hydrothermal Synthesis of Graphene Woven VO2 Nanoribbons with Improved
Cycling Performance

Inspired by these concepts, VO2/graphene composite has been synthesized by an
in-situ hydrothermal process directly from graphene oxide and V2O5. Furthermore,
the electrochemical measurements demonstrate that the VO2/graphene composite can
be used as an alternative material in lithium ion batteries with high capacity and good
cycling stability.

5.2
5.2.1

Experimental
Synthesis of VO2/Graphene Composite
First, graphene oxide (GO) was prepared according to the method reported by

Hummers from graphite powder (Aldrich, powder, < 20 μm, synthetic) [189]. The
VO2/graphene nanosheet composite precursor was prepared by an in-situ
hydrothermal process. In a typical synthesis, a suitable amount of GO, 0.365 g of
V2O5 powder (purissima, Riedel-de Haen), 10 mL of n-butanol (> 99.0%, Sigma–
Aldrich), and 30 mL of de-ionized H2O were mixed together for 4 h using an
ultrasonic probe, which was followed by vigorous magnetic stirring at room
temperature for 4 h. An orange suspension was then obtained. The resultant mixture
was then transferred to a 40 mL autoclave and kept in an oven at 180 ◦C for 48 h
under a vacuum pressure of 0.1 MPa. The product was washed with anhydrous
ethanol and cyclohexane several times. The resultant VO2/graphene composite
precursor was dried at 80 ◦C in a vacuum oven for 12 h. The crystalline
VO2/graphene composite was obtained by annealing the precursor at 250 ◦C for 10 h
under argon atmosphere. For a comparison study, VO2 nanoribbons were also
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prepared using the same procedure without GO and graphene was also prepared
using the same procedure without V2O5 powder.

5.2.2

Material Characterization
X-Ray diffraction (XRD; GBC MMA) data were collected from powder

samples at a scanning rate of 2° min-1 for 2θ in the range of 10–60°. TracesTM
software in combination with the Joint Committee on Powder Diffraction Standards
(JCPDS) powder diffraction files was used to identify the phases present. Raman
analysis was performed using a Raman spectrometer (Jobin Yvon HR800)
employing a 10 mW helium/neon laser at 632.8 nm. The amount of graphene in the
samples

was

estimated

using

a

Mettler-Toledo

thermogravimetric

analysis/differential scanning calorimetry (TGA/DSC) 1 Stare System from 50–
800 °C at 5°C min-1 in air flux. The morphologies of the samples were investigated
by field emission scanning electron microscopy (FE-SEM; JEOL JSM-7500FA).
Atomic force microscope (AFM) investigations were performed using an Asylum
Research MFP-3D on the Monocrystalline silicon substrate. To test the
electrochemical performance, sample powders were mixed with carbon black and
poly (vinylidene fluoride) (PVDF) in a weight ratio of 80: 10: 10, pasted on copper
foil, and then dried in a vacuum oven at 80 °C for 8 h. 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 LiPF6 in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1: 1 by volume, provided by
MERCK KGaA, Germany). The cells were galvanostatically charged and discharged
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in the range of 0-3 V using a computer-controlled charging system manufactured by
Land Battery Testers. Cyclic voltammetry (CV) was conducted by using a Biologic
VMP3 electrochemistry workstation at a scanning rate of 0.1 mV s−1 between 0 and 3
V. Electrochemical impedance spectroscopy (EIS) was performed on the electrodes
using a Biologic VMP3 electrochemical workstation. The AC amplitude was 5 mV,
and the frequency range applied was 0.01 Hz to 100 kHz.

5.3

Results and Discussion
VO2/graphene composite has been synthesized by an in-situ hydrothermal

process directly from graphene oxide and V2O5. The n-butanol used in the synthesis
process could not only provide the pressure for the reaction, but also reduce the
graphene oxide and the V2O5 at the same time. Simplifying the raw materials can cut
down the cost and avoid impurities.
X-ray diffraction (XRD) patterns for the pure VO2 and the VO2/graphene
composite are presented in Figure 5.1, in which the majority of diffraction lines can
be indexed to the monoclinic structure of VO2 with lattice constants a = 12.03Å, b =
3.693 Å, and c = 6.42 Å, and β = 106.6o (JCPDS No: 31-1438). Compared with the
standard data, the relative intensities of the (0 0 1), (0 0 2) and (0 0 3) peaks for the
VO2 sample are stronger than those of the other peaks to an extraordinary degree,
indicating that the as-obtained VO2 may have a special morphology and that the (0 0
l) planes are most probably the preferred growth direction of the VO2 nanoribbons.
[190, 191] No peaks of any other phases or impurities were observed, demonstrating
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that VO2 nanoribbons with high purity could be obtained using the present synthetic
process, where n-butanol served as the reducing agent. [149]

Figure 5.1 XRD patterns of the pure VO2 and the VO2/graphene composite.

Further information on the structure of the graphene, VO2/graphene composite,
graphene oxide and VO2 was obtained from the associated Raman spectra (Figure 5.2
a) and FT-IR spectroscopy was used to indicate the degree of removing the oxygen
groups (Figure 5.2 b). The bands in the range of 1200-1460 cm-1 and 1470-1730 cm-1
are attributed to the D-band (K-point phonons of A1g symmetry) and G-band (E2g
phonons of Csp2 atoms), respectively. The broadening of the D and G bands with a
strong D line indicates localized in-plane sp2 domains and disordered graphitic
crystal stacking of the graphene nanosheets. The ID/IG value (the peak intensity ratio
between the 1325 and 1588 cm-1 peaks) generally provides a useful index for
comparing the degree of crystallinity of various carbon materials, i.e., the smaller the
ID/IG ratio, the higher the degree of ordering in the carbon material. The ID/IG values
of graphene, VO2/graphene composite, graphene oxide are 1.27, 1.18 and 0.950
respectively. The VO2/graphene composite shows a similar ID/IG value to
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graphene.Therefore, the Raman results are consistent with the formation of
VO2/graphene composite. [141] Figure 5.2 b shows the FT-IR transmittance spectra
(KBr) of graphene and VO2/graphene composite. The spectra are shifted downward
for easy viewing. The spectrum of VO2/graphene composite illustrates O-H (ν
(carboxyl)) at ~1400 cm-1, while the band at ca. 3400 cm-1 could be due to the O-H
stretching mode of intercalated water, C-O (ν(epoxy or alkoxy))at ~1060 cm-1, and
C=C at ~1650cm-1 assigns to skeletal vibrations of graphite or contribution from the
stretching deformation vibration of intercalated water. While in the spectrum of
graphene the adsorption bands of oxygen functionalities disappear (carboxyl groups
are considerably decreased) and only the peak at 1650 cm-1 remains, demonstrating
high purity of graphene can be achieved.
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Figure 5.2 (a) Raman spectra of the pure VO2 ,graphene oxide, graphene and the
VO2/graphene composite; (b) FT-IR transmittance spectra (KBr) of graphene and
VO2/graphene composite.

To estimate the amount of graphene in the VO2/graphene composite,
thermogravimetric analysis (TGA) was carried out in air flux (Figure 5.3). The result
shows a typical TGA curve of the VO2/graphene composite sample along with those
of samples of VO2 and graphene. The difference in weight between VO2 and
VO2/graphene after the oxidation could be directly translated into the amount of
graphene in the VO2/graphene composite. With this method, the amount of graphene
in the composite microstructure was estimated approximately 11 wt. %.
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Figure 5.3 TGA curves of graphene, the pure VO2 and the VO2/graphene composite.

Figure 5.4 displays FE-SEM (Figure 5.4 (a-c,e,f)) and AFM images (Figure
5.4(d)) obtained from the VO2 and the VO2/graphene composite. As shown in Figure
5.4(a-c), both samples exhibit a nanoribbons-like morphology, where the
nanoribbons have a smooth surface, a typical length of 300–500 nm, width of 100
nm, and thickness of 10 nm. Figure 5.4(b) reveals that the VO2 nanoribbons are
wrapped up in crumpled micrometer-size graphene sheets. Figure 5.4(c)
demonstrates that the VO2 nanoribbons are interwoven with the soft graphene
nanosheets. The graphene acts as a joint filled with electrolyte and joins the VO2
nanoribbons together, resulting in increased electronic conductivity. According to
Figure 5.4(d), the thickness of the graphene is 1.3 nm, which means the number of
stacked graphene layers is less than 5. The morphology change of VO2/graphene
before and after cycling has been studied by using the FESEM (Figure 5.4 e and f).
After 20 cycles, VO2/graphene composite still keep its nanoribbon shapes. No obvious
agglomerate of VO2 could be observed which could be attributed to the graphene.

120

Chapter 5 In-situ Hydrothermal Synthesis of Graphene Woven VO2 Nanoribbons with Improved
Cycling Performance

Figure 5.4 FE-SEM images of the pure VO2 and the VO2/graphene composite: (a)
low magnification image of the large bundles of VO2 nanoribbons;(b) high
magnification image of an individual nanorod wrapped in graphene; (c) crosssectional image of VO2 nanoribbons and graphene; (d) AFM image of graphene;(e)
FESEM image of the electrode of the VO2/graphene composite before cycling; and (f)
FESEM image of the electrode of the VO2/graphene composite after 20 cycles.
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The CV curves of the pure VO2 and theVO2/graphene composite for the first
five cycles are shown in Figure 5.5, in the potential range of 0-3 V at a scan rate of
0.1 mV s−1. The main feature of the CV curves is a pair of redox peaks for each cycle.
The cathodic peak located at around 2.5 V for both electrodes corresponds to the
voltage platform of the discharge process, in which Li+ ions are inserted into the VO2
and VO2/graphene electrodes, whereas the anodic peak located at around 2.7 V for
both electrodes corresponds to the voltage platform of the charge process, in which
Li+ ions are extracted from the lithiated VO2 and VO2/graphene electrodes,
respectively. [149] In Figure 5.5(a), during the first anodic scan (Li+ ion extraction),
the CV curve shows a low intensity peak at 2.28 V. The weak peak may be due to the
oxidation of low-valence vanadium oxides existing in a small amount, which is
reduced by excess n-butanol. [150, 151] Careful comparison of the redox peaks
shows that the peak separation exhibited by the VO2/graphene electrode is about 32
mV, smaller than that of the pure VO2 electrode. In addition, the first five CV curves
of the VO2/graphene electrode overlap much better, indicating that the VO2/graphene
electrode has better stability and reversibility for the insertion and extraction of
lithium ions. These results suggest that the VO2/graphene electrode has better kinetic
properties, and it is considered that this phenomenon is mainly due to the graphene in
the composite. The positive shift and change in shape of the oxidation/reduction
potential peak may be attributed to structural change and polarization in the electrode.
On the other hand, the graphene wrapping greatly improves the electronic
interparticle connection and prevents agglomeration during cycling.
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Figure 5.5 Cyclic voltammograms for the first five cycles at a scan rate of 0.1mV/s:
(a) the pure VO2 and (b) the VO2/graphene composite.

Figure 5.6 shows the first discharge and charge profiles and the cycling
performances of the VO2 and the VO2/graphene composite. The cathodic/anodic
peaks in the cyclic voltammograms (Figure 5.5) are in good agreement with the
plateaus observed in the voltage–capacity profiles, including the plateaus caused by
the oxidation of low-valence vanadium oxides. In Figure 5.6(b) the VO2 electrode
shows an initial discharge capacity of 460 mAhg−1, but it drops rapidly to 200 mAh
g−1 at the 10th cycle, confirming the poor cycling stability of the VO2 electrode. On
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the contrary, the VO2/graphene electrode features a slightly low initial discharge
capacity (380 mAh g−1), but a capacity retention of 99% after 50 cycles. This result
shows that there has been significant improvement to the cycling performance and
capacity, beyond those of previously reported VO2 [150, 159, 161] or VO2/carbon
[149, 151, 157] composites, which could be attributed to the graphene. Thus,
graphene with excellent electronic conductivity and high surface area plays an
important role in preventing agglomeration of VO2 during cycling.

Figure 5.6 (a) Discharge and charge profiles in the first cycle and (b) cycling
performance of the pure VO2 and the VO2/graphene composite electrodes at the
current density of 0.1 mA between the voltage limits of 0 and 3 V
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Figure 5.7 shows the Nyquist plots (electrochemical impedance spectra) of the
pure VO2 and VO2/graphene composite electrodes after 5 cycles in the discharged
state. It presents one compressed semicircle in the high to medium frequency range,
which describes the charge transfer resistance (Rct) for both electrodes, and a line in
the low-frequency range, which could be considered as Warburg impedance (ZW),
which is associated with the lithium ion diffusion in the bulk of the active material.
The high-frequency intercept of the semicircle is related to the uncompensated
resistance (Ru), and the diameter of the semicircle is related to the charge transfer
resistance (Rct). [164] From comparing the diameters of the semicircles, the
impedance of the VO2 electrode is significantly larger than that of the VO2/graphene
electrode. The values of Rct for the VO2 and VO2/graphene composite electrodes
were calculated to be 281 Ω and 191 Ω, respectively. The Rct of the VO2/graphene
electrode is only 67% of that of the VO2 electrode, confirming that graphene in the
composite reduces the charge transfer resistance and enhances the electronic
conductivity of the VO2/graphene composite.

Figure 5.7 Nyquist plots of the pure VO2 and the VO2/graphene composite.
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The electrochemical performance of the VO2/graphene composite confirms, as
has been proposed in the literature, that carbon (graphene) dispersed in electrode
materials can provide pathways for electron transport, resulting in improvement of
the electronic conductivity. [151] In addition, as a two-dimensional macromolecular
sheet form of carbon, graphene could wrap the VO2 nanoribbons to prevent
agglomeration of VO2 and combine the nanoribbons together to form a porous
network in the random hybrid composite, which can be filled with electrolyte, so as
to facilitate the penetration of the electrolyte to the surface of the active materials,
resulting in enhanced reversible capacity in comparison with the pure VO2. [141]

4. Conclusion
Novel VO2/graphene composite has been synthesized directly from graphene
oxide and V2O5 by an in-situ hydrothermal process. The VO2/graphene composite
exhibits excellent cycling performance compared to the pure VO2. Thus, this work
provides a facile route to synthesize VO2/graphene with excellent electrochemical
performance as a potential material for lithium ion battery.[155]
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CHAPTER 6. RAPID SYNTHESIS OF LI4TI5O12/GRAPHENE COMPOSITE
WITH SUPERIOR RATE CAPABILITY BY A MICROWAVE-ASSISTED
HYDROTHERMAL METHOD
6.1

Introduction:
Recently, there has been a great interest in developing lithium ion batteries

(LIBs) for applications in automobiles and stationary power storage[192] to address
increasing global energy consumption as well as the critical issue of climate
change.[193] Although LIBs have gained commercial success and conquered the
portable market, their implementation in electric transportation keeps being
postponed due to low power, high cost, and safety issues.[194] The commercial
anode material, graphite has a small lithium diffusion coefficient and experiences
large volume variation of 9% during the lithium intercalation/de-intercalation process.
In addition, it has severe safety issues of dendritic lithium growth, due to its low
potential (only about 0.2 V versus Li+/Li). Especially at high rates, polarization
would considerably lower its potential further, causing the birth of lithium dendrites
and the consequent safety issues. Furthermore, the thick solid electrolyte interphase
(SEI) layer on its surface could also introduce kinetic problems for fast charge and
discharge.[62] Among the various anode materials such as MoO2,[195] LiV3O4[193]
and V2O3[196] for LIBs, spinel lithium titanate (Li4Ti5O12) is considered one
appealing candidate. Li4Ti5O12 has been found to change its structure negligibly
during the discharge/charge process, and possesses good lithium ion mobility and a
long and stable voltage plateau, together with low cost, environmental friendliness,
and enhanced safety.[62] In addition, as the high equilibrium potential of the
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Ti4+/Ti3+ redox couple is above the reduction potential of common electrolyte
solvents, an SEI film caused by solvent reduction does not form during the charge
and discharge process. All of these merits make Li4Ti5O12 more competitive as a safe
anode material for high power LIBs. As Li4Ti5O12 is an insulator,[197] its low
electrical conductivity becomes a major drawback, which is especially unfavorable to
high rate capability.[198, 199] As nanosized particles can reduce the lithium-ion
diffusion path, particle size reduction or special nanostructure design is effective in
improving its rate capability,[200, 201] and a particular concern with the polarization
of the electrode becomes serious when charged/discharged at a higher current density.
Until now, various wet-chemical methods have been developed and used for the
production of pure-phase nanosized Li4Ti5O12 particles, but agglomeration is usually
inevitable during drying. Substituting an aliovalent metal into the Ti4+ or Li+ sites is
another important strategy for conductivity improvement. This is expected to
produce a high reversible capacity, as well as maintaining high rate performance.
Various other approaches have been used, such as surface coatings with conductive
material [198, 202] and doping with aliovalent metal ions.[198, 203]
Graphene, as a two-dimensional macromolecular sheet of carbon atoms with a
honeycomb structure, has excellent electronic conductivity and mechanical
properties, and may be the ideal conductive additive for hybrid nanostructured
electrodes.[204, 205] Other advantages of graphene include high surface area
(theoretical value of 2630 m2 g-1) for improved interfacial contact and the potential
for low manufacturing costs.[68, 94, 138, 155, 206] The graphene wrapping process
provides interconnected open pores that favor electrolyte absorption and reduce the
diffusion paths of the lithium ions.[69, 155, 181-183, 193, 207-209]
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The synthesis method for materials used in commercial electric vehicles and
hybrid electric vehicles (EVs and HEVs) should combine the advantages of
simplicity, rapid synthesis, safety, and low cost. The hydrothermal route for
synthesizing Li4Ti5O12 composites (including Li4Ti5O12/graphene composite) is
particularly successful in terms of controlling the chemical composition, particle
shape, and crystallite size in a simple and inexpensive way,[198, 210, 211] whereas
the conventional hydrothermal process involves a very complicated reaction route
including 8 hours of refluxing and the following seperating, washing and drying, as
well as long hydrothermal process (5–12 h) and produces larger submicron size
particles with a wider distribution of particle size. Microwave-assisted synthesis
processes are appealing, as they can rapidly synthesize materials in 15 mins with a
high degree of control of particle size and morphology at low cost.[164, 200, 209,
212] Therefore, this method is more favorable for industrial manufacturing compared
with the conventional hydrothermal synthesis.
This chapter reports an advanced microwave-hydrothermal (MW-HT) method
for the preparation of Li4Ti5O12 microspheres composed of nanoflakes wrapped in
graphene nanosheets. The structure, morphology, and electrochemical properties of
the Li4Ti5O12/graphene composite are also presented.

6.2
6.2.1

Experimental
Materials Synthesis
Graphene oxide (GO) was prepared according to the method reported by

Hummers from graphite powder (Aldrich, powder, < 20 μm, synthetic).
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Li4Ti5O12/graphene composite was prepared by an MW-HT synthesis process. The
microwave-assisted hydrothermal procedure is adapted from a previously reported
hydrothermal method.[200] For synthesizing Li4Ti5O12, first, 8 mmol LiOH▪H2O was
dissolved in 20 mL deionized water, 1 mL 30% H2O2 was then added to the solution,
and finally, 2 mmol titanium isopropoxide (TP) was added to the solution and stirred
for 20 min. The as-prepared solution was transferred to a polytetrafluoroethylene
(PTFE)-lined autoclave, which was sealed for microwave irradiation. The autoclave
was put under microwave-assisted hydrothermal treatment at 150 oC for 15 min to
yield the as-prepared lithium titanium oxide precursor. The as-prepared lithium
titanium oxide precursor was collected and dissolved in 100 mL deionized water
with 0.25 ml 70% hydrazine hydrate and 0.1 g GO after ultrasonic dispersion for 2 h.
After being further stirred for 30 min, the mixture was refluxed at 95 °C for 24 h.
The grey powder was filtrated and washed three times with deionized water and
acetone, then dried at 80 °C for 4 h in a vacuum oven, with a following sintering at
500 °C for 2 h under Ar atmosphere to yield the Li4Ti5O12/graphene composite
(denoted as LTO/G). LTO with 6% of graphene is prepared in the same way with
reduced amount of graphene oxide. As a reference, Li4Ti5O12 (denoted as LTO) was
also prepared following the typical microwave-hydrothermal method. First, 4 mmol
LiOH was dissolved in 20 mL deionized water, and 2 mmol titanium isopropoxide
(TP) was added to the solution and stirred for 20 min. The as-prepared solution was
put under microwave-assisted hydrothermal treatment at 180 oC for 15 min followed
by sintering at 700 °C for 2 h under air atmosphere.
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6.2.2

Material Characterization:
X-Ray diffraction (XRD) (GBC MMA) data was collected from powder

samples at a scanning rate of 2° min-1 for 2θ in the range of 10–70°. TracesTM
software in combination with the Joint Committee on Powder Diffraction Standards
(JCPDS) powder diffraction files was used to identify the phases present. Raman
analysis was performed using a Raman spectrometer (JobinYvon HR800) employing
a 10 mW helium/neon laser at 632.8 nm. The amount of graphene in the samples was
estimated using a Mettler-Toledo thermogravimetric analysis/differential scanning
calorimetry (TGA/DSC) 1 Stare System from 50–800 °C at 5 °C min-1 in air flux.
The morphologies of the samples were investigated by field emission scanning
electron microscopy (FE-SEM; JEOL JSM-7500FA). Transmission electron
microscopy (TEM) investigations were performed using a 200 kV JEOL 2011.
Samples for TEM measurement were prepared by depositing particles onto holey
carbon support films with care to ensure that selected area electron diffraction
(SAED) and high resolution TEM contrast were obtained only from sample regions
located over holes in the holey carbon support films. For fair comparison, the amount
of conductive additions (graphene and carbon black) is the same. To test the
electrochemical performance, electrodes were prepared by pasting a mixture of the
Li4Ti5O12 or Li4Ti5O12/graphene anode material, carbon black (+graphene), and
sodium carboxymethyl cellulose (CMC) in a weight ratio of 68: 22: 10 on copper foil,
followed by drying in a vacuum oven at 150 °C for 2 h. CR 2032 coin-type cells
were assembled in an Ar-filled glove box (Mbraun, Unilab, Germany) using lithium
metal foil as the counter electrode and 1 M LiPF6 solution in ethylene
carbonate/diethyl carbonate as the electrolyte (1: 1 by volume, provided by MERCK
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KGaA, Germany). The cells were galvanostatically charged and discharged in the
range of 1-3 V at different rates using a computer-controlled charger system
manufactured by Land Battery Testers. Electrochemical impedance spectroscopy
(EIS) was performed on the electrodes using a Biologic VMP3 electrochemistry
workstation. The AC amplitude was 5 mV, and the frequency range applied was 100
kHz to 0.01 Hz.

6.3

Results and Discussion
Figure 6.1 shows the X-ray diffraction (XRD) patterns for the prepared

Li4Ti5O12 and Li4Ti5O12/graphene composite, in which the majority of diffraction
lines can be indexed to lithium titanium oxide hydrate (cubic, Fd3m space group C,
JCPDS card No. 72-0426, a=b=c=8.355×Å). Diffraction peaks which might appear
for graphene carbon are absent, most likely because they are below the limits of
detection by XRD. The absence of a reflection peak at approximately 11 o indicates
that the GO cannot be distinguished, consistent with full or partial reduction to
graphene. The low intensity of the peaks of the Li4Ti5O12/graphene composite may
be caused by the presence of graphene during the synthesis and the low annealing
temperature. The Raman spectrum of the Li4Ti5O12/graphene sample shows five
peaks in the range of 200-1000 cm-1, which are similar to those of the previously
reported Li4Ti5O12. The five Raman peaks are a feature of the spinel structure (A1g +
Eg + 3F2u). In lithium titanate, the frequencies in the 700-550 cm-1 region are
assigned to Ti-O stretching vibrations in “TiO6” octahedral. In the oxide lithium is
located in “LiO6” octahedral, and the frequencies of the Li-O stretching vibrations
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are known to lie within the 250-400 cm-1 region. Whereas in “LiO4” tetrahedral, the
frequencies of the Li-O stretches are known to lie within the 400-550 cm-1 range.
Lithium only takes an octahedral position in Li4Ti5O12. However, in Li2TiO3 lithium
occupies both octahedral and tetrahedral positions. The bands in the range of 12001460 cm-1 and 1470-1730 cm-1 are attributed to the D-band (K-point phonons of A1g
symmetry) and G-band (E2g phonons of C sp2 atoms) of graphene.[200] Therefore,
the Raman spectrum [Figure 6.1(b)] indicates the presence of Li4Ti5O12 and graphene
in the composite and the absence of Li2TiO3.

Figure 6.1 a) XRD patterns of Li4Ti5O12 and Li4Ti5O12/graphene composites, and b)
Raman spectrum of Li4Ti5O12/graphene composite.
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The amount of graphene in the samples was estimated using a Mettler-Toledo
thermogravimetric analysis/differential scanning calorimetry (TGA/DSC) instrument.
The TGA curve of the Li4Ti5O12/graphene composite sample along with that of a
graphene sample is shown in Figure 6.2. Li4Ti5O12 remains stable during the heating,
while graphene should be burned out above 700 oC, leading to a decrease in the total
weight of the composite. The weight loss of the Li4Ti5O12/graphene after the
oxidation could be translated into the amount of graphene in the Li4Ti5O12/graphene
composite. By this method, the amount of graphene in the Li4Ti5O12/graphene was
estimated to be approximately 11.8 wt. %.
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Figure 6.2 TGA curves of graphene, Li4Ti5O12 and Li4Ti5O12/graphene.

Figure 6.3 shows FE-SEM [Figure 6.3(a)] and TEM [Figure 6.3 (b, c, d,e)]
micrographs obtained from the Li4Ti5O12/graphene composite. The composite
exhibits a unique morphology, which includes separated flakes and also
microspheres composed of nanoflakes distributed on the graphene nanosheets. The
average size of the spheres is a few hundred nanometers, and the size of the graphene
sheets could be several micrometers according to the FE-SEM and TEM micrograph
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[Figure 6.3(a, b)]. Figure 6.3 (c) displays a high resolution TEM (HRTEM)
micrograph of a single microsphere loaded on a large piece of graphene nanosheet.
The high magnification micrographs [Figure 6.3 (d, e)] confirm that the graphene
sheets are fully covered by not only the flakes (> 100 nm in size) but also
nanoparticles (around 10 nm in size). The microspheres are also composed of not
only the flakes but also the nanoparticles. The nanoparticles and flakes covering the
graphene nanosheets could greatly reduce the restacking of graphene sheets and form
a porous network between the Li4Ti5O12 and graphene, which is believed to facilitate
the penetration of the electrolyte to the surface of the active materials. Furthermore,
the loose structure of the submicron-sized spheres and the small size of the
nanoparticles could favor a high rate of lithium ion insertion and high efficiency of
use of the graphene surface area. Therefore, in this kind of structure, the bridging
graphene nanosheets can form an effective conducting network resulting in superior
rate capability and enhanced reversible capacity. This unique morphology may be
caused by the special in-situ synthesis steps and the low annealing temperature,
which tend to reduce agglomeration. A schematic illustration of this morphology is
shown in Figure 6.4.
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Figure 6.3 Electron micrographs of Li4Ti5O12/graphene composite with inset FESEM
of pure Li4Ti5O12: (a) FE-SEM secondary electron micrograph of a large area of
Li4Ti5O12/graphene; (b) and (c) TEM micrograph of Li4Ti5O12/graphene; (d) and (e)
TEM micrographs of the area indicated by the rectangle marked with red lines in (c).

Figure 6.4 Schematic diagrams of the formation and the structure of the hydrous
titanium oxide (light blue particles and spheres) and the graphene nanosheets
bridging the precursors of Li4Ti5O12/graphene, which could be responsible for the
superior properties of the Li4Ti5O12/graphene composite.
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The Nyquist plots (EIS spectra in Figure 6.5 (a)) show a compressed semicircle
in the high to medium frequency range of each spectrum, which describes the charge
transfer resistance (Rct) for these electrodes, and an approximately 45o inclined line
in the low-frequency range, which could be considered as Warburg impedance (ZW),
which is associated with the lithium-ion diffusion in the bulk of the active material.
The high-frequency intercept of the semicircle is related to the uncompensated
resistance (Ru), while the diameter of the compressed semicircle is related to the
charge transfer resistance (Rct).[164] After simulating the compressed semicircle for
both samples, the values of Rct for the Li4Ti5O12 and Li4Ti5O12/graphene electrodes
after 5 cycles were calculated to be 126 and 61 Ω, respectively, indicating a
decreased charge transfer resistance for the Li4Ti5O12/graphene composite.
The lithium diffusion coefficient can also be calculated by using the following
equation:
D = R2T2/2A2n4F4C2σ2

(6.1)

where R is the gas constant, T is the absolute temperature, A is the surface area
of the anode (1 cm2), n is the number of electrons transferred in the half-reaction for
the redox couple, F is the Faraday constant, C is the concentration of Li ions in the
solid (4.37*10-3 mol cm-3), D is the diffusion coefficient (cm2 s-1), and σ is the
Warburg factor, which is relative to Zre. From the slope of the lines in the inset of
Figure 6.5 (b) σ can be obtained.[200]
Zre = RD + RL + σω-1/2

(6.2)

According to the linear fitting, the slope of the real part of the complex
impedance versus ω-1/2 at the potential of 1.55 V (vs. Li/Li+) for the Li4Ti5O12 and
Li4Ti5O12/graphene electrodes after 5 cycles is 30.37 and 18.99, respectively. The

137

Chapter 6 Rapid Synthesis of Li4Ti5O12/Graphene Composite with Superior Rate Capability by a
Microwave-assisted Hydrothermal Method

lithium diffusion coefficients at 25 oC were calculated to be 2.01 × 10-12 and 5.14 ×
10-12 cm2 s-1 for the Li4Ti5O12 and Li4Ti5O12/graphene composite, respectively. These
results show that the Li4Ti5O12/graphene presents smaller charge transfer resistance
and higher lithium diffusion coefficient, which are favorable for rapid charge and
discharge.

Figure 6.5 (a) Nyquist plots of Li4Ti5O12 and Li4Ti5O12/graphene composite after 5
cycles with equivalent circuit; (b) the real parts of the complex impedance versusω-1/2
at an anodic potential of 1.55 V (vs Li+/Li).

The

electrochemical

performance

of

the

virginal

Li4Ti5O12

and

Li4Ti5O12/graphene composite is shown in Figure 6.6. The Li4Ti5O12/graphene
composite exhibits an obviously much improved performance over the Li4Ti5O12.
One of the most important advantages of Li4Ti5O12 is that its discharge plateau is
higher than the potential of the SEI film formation. Further discharge
Li4Ti5O12/graphene composite may cause the higher irreversible capacity at the first
cycle and a second slope at the discharge curve because of the formation of SEI film.
The long and stable plateau of Li4Ti5O12 will be meaningless. Therefore the cutoff
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voltage of Li4Ti5O12/graphene is set as 1V. It delivers a high charge capacity (168
mAh g-1 based on the Li4Ti5O12, graphene delivers a very low capacity above 1V)
close to the theoretical capacity at a low current density of 0.2 C. The gentle slope in
the charge/discharge curves of the Li4Ti5O12/graphene composite may be attributed
to the graphene as well as the low crystallinity. The low temperature of annealing,
the existence of graphene and nanocrystallization of particles may cause the low
crystalline of Li4Ti5O12. Besides the discharge profile of graphene is a quite gentle
slope. It may attribute to the slope of the discharge profile of the composite. This
unique curve at the beginning and the end during the charge and the discharge
processes can be easily used to indicate the start and the end of the charging and
discharging processes for the assembled lithium ion batteries. In the case of the
virginal Li4Ti5O12, the plateau for the charge and discharge process is very flat, and it
is not convenient to identify the remained capacity from the voltage. When the
charge and discharge rates increase from 0.2 C to 0.4 C, 1 C, 2 C, 4 C, 10 C, 20 C
and 40C, the reversible capacities for the Li4Ti5O12/graphene composite are
decreased, which are 168, 161, 153, 147, 143, 132, 119 and 106 mAh g-1,
respectively. They are evidently higher than those for the virginal Li4Ti5O12 at the
corresponding rates, which are 162, 157, 145, 132, 118, 101, 81 and 59 mAh g-1,
respectively. The rate capability of the composite declined a bit after reducing half of
the percentage of the graphene in the composite. At the high rate of 40 C, the
reversible capacity of the composite is more than twice of that for the virginal
Li4Ti5O12. It is consistent with the above mentioned EIS data since the charge
transfer resistance of the composite and the lithium diffusion coefficient is much
better than that for the virginal Li4Ti5O12. For the virginal Li4Ti5O12 and the
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composite, when the charge and discharge rate is recovered back to 0.2 C and
charge/discharge for 30 cycles, only 1% capacity is lost, showing the good stability
of the virginal Li4Ti5O12 and Li4Ti5O12/graphene composite. These results are
comparable to or even better than those for the reported Li4Ti5O12/graphene
composites,[69, 198, 210, 213, 214] which could be attributable to the special
morphology.
Figure 6.6 (c) shows the typical cyclic voltammograms of Li4Ti5O12 and
Li4Ti5O12/graphene composite. Both the Li4Ti5O12 and Li4Ti5O12/graphene electrodes
show a pair of redox peaks at around 1.55V. The peaks of Li4Ti5O12/graphene
electrodes are much broader and lower than those of the Li4Ti5O12 graphene
electrode, which are in good agreement with the plateaus observed in the voltage–
capacity profiles.
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Figure 6.6 Electrochemical performance of the Li4Ti5O12 and Li4Ti5O12/graphene
composite: (a) typical discharge and charge profiles at 0.2 C;(b) rate performance
and cycling performance of the Li4Ti5O12 and Li4Ti5O12/graphene composite with
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11.8% graphene and 6% graphene: 1 C is 170 mA g-1; (c) Cyclic voltammograms for
the Li4Ti5O12 and Li4Ti5O12/graphene composite with 11.8% graphene.

The capacity decay may be caused by the high surface area. The nanoparticles
may agglomerate during the charge/discharge process, which can be proved by the
FESEM image of cycled samples (Figure 6.7 in supporting information). Surface
modification or coating of Li4Ti5O12 may be needed to further depressing the decay.

Figure 6.7 FESEM image of the cycled electrode of the Li4Ti5O12/graphene
composite.

6.4 Conclusions
In conclusion, a highly ordered Li4Ti5O12/graphene nanocomposite has been
developed by a rapid, facile microwave- assisted hydrothermal route. The resultant
composite reveals a unique morphology, in which the flakes and submicron-sized
spheres are loaded on graphene nanosheets. This kind of loose structure could avoid
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the restacking of graphene sheets and offer rapid lithium ion diffusion paths. The
results clearly demonstrate that the Li4Ti5O12/graphene electrode has highly desirable
properties: a specific capacity approaching the theoretical value, stable cycling, and
exceptional rate capability. The composite also can be a good indicator of the
remained charge and discharge capacity since it presents a curved charge and
discharge line instead of a stable plateau. Therefore, Li4Ti5O12/graphene electrode is
a promising candidate for the development of high-performance, low-cost, advanced
lithium batteries directed to the electric and hybrid electric vehicle markets.[213]
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CHAPTER 7. THE MECHANISM OF ONE-POT ONE-STEP SYNTHESIS OF
HOLLOW STRUCTURED LI3VO4 AS ANODE FOR LITHIUM ION
BATTERIES
7.1

Introduction
Developing a sustainable and renewable energy future has been one of the most

important tasks for worldwide scientists, to address increasing global energy
consumption as well as the critical issue of climate change. [215] Efficient energy
storage systems are needed for the electricity generated from intermittent, renewable
sources.[215-218] Rechargeable lithium-ion batteries (LIBs) have long been
commercially successful energy storage devices.[55, 219] The major challenges in
designing next-generation lithium ion batteries include the need to increase their
energy density, cycling life, and charge/discharge rate capability. To resolve the
rapid capacity fading of most anode materials over extended cycling, many studies
have focused on electrodes comprised of hollow nanostructures. The large void space
of these structures has been speculated to enhance their capacity retention by
reversibly

accommodating

large

volume

changes

(i.e.,

by

enhancing

‘‘breathability’’).[220-222]
Recently, Zhou’s group reported a new kind of intercalation anode material,
Li3VO4. [58] As an intercalation electrode, it is successful because of the small
structural and volume changes and the fast movement of Li+ ions. Compared with
other intercalation electrodes, it intercalates Li ions at a voltage mainly between 0.5 –
1.0 V vs. Li+/Li, lower than that of Li4Ti5O12 and higher (safer) than that of graphite.
The theoretical capacity is calculated to be 394 mAh g−1, in accordance with x = 2 in

144

Chapter 7 The Mechanism of One-pot One-step Synthesis of Hollow Structured Li3VO4 as Anode
for Lithium Ion Batteries

Li3+ xVO4. Due to its low and safe operating voltage, large specific capacity, and low
cost, Li3VO4 might play a promising role as a new intercalation anode for LIBs.[58]
Despite these advantages, there are still some barriers to the practical use of this
material. Li3VO4 requires further modifications to overcome limitations such as its
rather low electronic conductivity compared to its ionic conductivity, which may
cause large resistance polarization and poor rate capability. Besides, the lattice
strain/stress during the charge/discharge process could cause the cracking and
crushing of its crystals, enhancing the resistance. Thus, synthesis of hollow
structured Li3VO4 is an ideal way to solve these problems and enhance its
electrochemical performance. [58, 193, 223] In this study, we systematically discuss
the formation mechanisms of hollow structured Li3VO4.[193]
In recent years, the controlled synthesis of inorganic micro- and nanostructures
with hollow interiors has attracted considerable attention because of their widespread
potential applications. Generally, the hollow structures obtained are spherical and
polycrystalline shells consisting of primary particles. [224-226] Since the properties
of inorganic hollow structures may be well tuned by tailoring their morphology and
crystallinity, some recent efforts have been focused on the synthesis of hollow
structures with non-spherical morphologies.[223, 227-229] The synthesis of hollow
particles with well-defined non-spherical shapes is still a great challenge.[223] This
situation is readily traced back to the fact that the synthetic approaches for spherical
hollow structures are not generally applicable to the synthesis of non-spherical
hollow structures. The problems range from the difficulty in forming a uniform
coating around surfaces with large variation in curvature to the paucity of nonspherical templates available for the synthesis. Because of these difficulties, reports
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on the synthesis of non-spherical hollow structures are relatively few, and there is no
established general method.[223, 230, 231]
Here, this chapter demonstrates a feasible method for synthesizing Li3VO4 by a
one-pot, template-free, solution synthesis of single-crystalline microboxes with welldefined non-spherical morphologies. This study will provide the useful information
to produce other hollow structure materials to the broad readers. The formation of
hollow structure and the influence of raw materials have been well presented. The
thus-synthesized Li3VO4 exhibited significantly improved conductivity, rate
capability, and cycling life compared to commercial graphite, synthesised Li4Ti5O12,
and previously reported results of Li3VO4. [58, 232]

7.2

Experimental
In a typical synthesis, 1.688 g LiOH▪H2O, 0.304 g V2O3 (> 99.0%, Sigma–

Aldrich), and deionized H2O were mixed together for 2 h using an ultrasonic probe,
which was followed by vigorous magnetic stirring at room temperature for 0.5 h. The
resultant mixture was then transferred to an autoclave and kept in an oven at 180 C
for 40 h. The white precipitate was collected and centrifuged with deionized water,
anhydrous ethanol, and acetone, with differential centrifugation carried out four
times, followed by drying at 80 C in a vacuum oven for 4 h. The commercial
graphite powder (about 20 μm, synthetic) was supplied by Aldrich. The Li4Ti5O12
was synthesized by the microwave hydrothermal method followed by a postannealing process in air for 2 hours. For synthesizing Li4Ti5O12, first, 4 mmol
LiOH▪H2O was dissolved in 20 mL deionized water, and finally, 2 mmol titanium
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isopropoxide (TP) was added to the solution and stirred for 20 min. The as-prepared
solution was transferred to a polytetrafluoroethylene (PTFE)-lined autoclave, which
was sealed for microwave irradiation. The autoclave was put under microwaveassisted hydrothermal treatment at 180 oC for 15 min to yield the as-prepared lithium
titanium oxide precursor. The as-prepared lithium titanium oxide precursor was
washed three times in deionized water and three times in acetone, and finally
annealed in a tube furnace in air for 2 hours at 650 oC.
X-ray diffraction (XRD) data were obtained using a GBC MMA instrument
with Cu Kradiation and a graphite monochromator. Data were collected from
powder samples at a scanning rate of 3°min-1 for 2θ in the range of 10–80°. The
morphologies of the samples were investigated by field emission scanning electron
microscopy (FE-SEM; JEOL JSM-7500FA) and transmission electron microscopy
(TEM; JEOL 2011 high resolution instrument). The mounted sectioned SEM
samples were prepared by hot mounting of the powder in carbon-containing phenolic
resin, followed by grinding with 15 mm and 9 mm diamond disks, followed by
polishing with 3 mm and 1 mm diamond disks. Samples were then coated by a gold
layer by sputtering prior to the FE-SEM measurement. TEM samples were prepared
by dispersing on holey carbon support films. To test the electrochemical performance,
sample powders were mixed with carbon black and sodium carboxymethyl cellulose
(CMC) in a weight ratio of 75: 20: 5, pasted on copper foil, and then dried in a
vacuum oven at 150 °C for 2 h. CR 2032 coin-type cells were assembled in an Arfilled glove box (Mbraun, Unilab, Germany), using lithium metal foil as the counter
electrode. The electrolyte was 1 M LiPF6 in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DEC) (1: 1 by volume, provided by MERCK KGaA,
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Germany). The cells were galvanostatically charged and discharged in the range of
0.2 - 3 V using a computer-controlled charging system manufactured by Land
Battery Testers. Cyclic voltammetry (CV) was conducted by using a Biologic VMP3
electrochemistry workstation at a scanning rate of 0.1 mV s−1 between 0.2 and 3 V.
Electrochemical impedance spectroscopy (EIS) was performed on the electrodes
using a Biologic VMP3 electrochemical workstation. The AC amplitude was 5 mV,
and the frequency range applied was 0.01 Hz to 100 kHz.

7.3

Results and Discussion
To shed light on the formation mechanism of these novel Li3VO4 microboxes,

their growth process has been followed by examining products harvested at different
intervals of aging time. X-ray diffraction reveals the presence of both Li 3VO4 and
V2O3 structures after 10 h aging, with near complete transformation to Li3VO4 within
30-40 h, as shown in Figure 7.1.
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Figure 7.1 X-ray diffraction patterns (XRD) for the prepared Li3VO4 at different
aging time.

To shed light on the formation mechanism of these novel Li3VO4 microboxes,
their growth process has been followed by examining products obtained at different
reaction time. By calculating the percentage compositions of the different composites
(Figure 7.2, the first column) from the X-ray diffraction patterns (Figure 7.1), the
presence of both Li3VO4 and V2O3 structures was revealed after reaction for 10 h,
with near complete transformation to Li3VO4 within 30 - 40 h.[193] At the same time,
during the reaction process, the small particles have higher surface energy, which
makes them easy to dissolve. Therefore, the smaller particles in the sample will keep
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dissolving, and the bigger particles will keep growing. The defects of the surface will
also be corrected due to the same process. The micrographs of Figure 7.2 (g-j) were
collected from the polished samples. Due to the crushing caused by mechanical
polishing, there may be numerous flakes on the surface of the crystal. The
micrographs clearly display the change in the cross-section of a single crystal during
the reaction. As shown in Figure 7.2 (k), the commercial as-received V2O3 has the
morphology of irregularly shaped particles, around 20 m in average diameter, with
short nanowire or spike-like projections on the particle surfaces. Because of the
unusual morphology, the oxygen in the different areas will not react with the V2O3 at
the same rate, which may cause the big particles to be broken and also promote
pitting on the surface. After hydrothermal treatment for 5 h [Figure 7.2 (g) and (i)],
the particles decomposed into slightly more facetted particles with different sizes,
having high interior and exterior porosity. Both the amount of facets and the sizes of
the interior/exterior pores increase with increasing reaction time to 10 h [Figure 7.2
(h) and (m)]. The surface of the particles becomes rough. This change in structure
accompanies the evolution of particle shape into what can be described as an
irregular, partially hollow microbox with additional large surface holes. The structure
is believed to be due to the evacuation process from the interior and the precipitation
on the surface, as described below.
Upon gradual evacuation of the interior, the product described as rough
microboxes is produced when the reaction time is below 20 h [Figure 7.2 (i) and (n)].
It needs to be pointed out, however, that the small particles in this sample become
even smaller than those in the sample (10 h &5 h), and on extending the reaction
time, those small particle gradually disappear [red circles in Figure 7.2 (m-o) and (r)].
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Extending the reaction time [Figure 7.2 (j), (o), and (r)] results in a more uniform
box-like morphology, with particle sizes around 2 m after the reaction for 40 h. The
TEM micrograph and corresponding selected area electron diffraction (SAED)
pattern of Figure 7.2 (p) and (q), respectively, confirm the hollow structure and the
phase of this microbox. Considering the differences in the evacuation rate of the
cubic interior, as well as the Ostwald ripening during the growth of the crystal, the
thickness of these microboxes could not be uniform. The SAED patterns correspond
to the orthorhombic Li3VO4 phase.
Based on the examination of the time-dependent formation of Li3VO4
microboxes, we propose that the microboxes are formed by the hollowing of the
initial microrods by an oxygen-engaged oxidation process, as well as by Ostwald
ripening [Figure 7.2 (a-f)]. The trace oxygen dissolved in the solution may gradually
oxidize V2O3 into VO43-. Li3VO4 precipitated on the surface could ensure that the
surfaces of the V2O3 cubes are effectively covered, which could make the surface of
a V2O3 cube less reactive than the freshly exposed interior, once the pitting process
has started.[233] According to the Ostwald ripening, the smaller particles have
higher Gibbs free energy, which makes them easy to dissolve into the solution. The
bigger particles could absorb the surrounding supersaturated solution and keep
growing larger. Their defect could be corrected during the reaction due to the high
surface energy (as indicated by the red circles in Figure7.2 ( a-f)).
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Figure 7.2 Formation of microboxes: (a-f) schematic illustration summarizing all the
major morphological changes during the synthesis of Li3VO4 microboxes by
corrosive etching after different reaction times: (a) commercial V2O3 microrod with
nanowires on the surface (see Fig (k)); (b) pitting at several specific sites on the
surface of a microrod, where the O2 was dissolved in the solvent and oxidized the
V2O3 after reaction for 5 h; (c) cross-section of hollow structures after further etching
of the interior rod and its covering with Li3VO4 precipitate after reaction for 10 h; (d
and e) subsequent hollowing of the rods after reaction for 20 and 30 h, respectively;
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(f) formation of a completely enclosed Li3VO4 microbox after 40 h reaction. (g-o and
r) FE-SEM secondary electron micrographs of Li3VO4 products obtained after
different reaction time: (g-j) FESEM micrographs showing cross-sections of the
polished samples after different reaction times; (k-o) FE-SEM micrographs showing
the commercial V2O3 and the samples collected after different reaction times; (p)
TEM micrograph of a Li3VO4 microbox, and (q) SAED pattern of Li3VO4. The red
circles indicate areas of high surface energy. (Note that all the scale bars are 1 m).

According to the previous analysis, this reaction involves oxygen, LiOH and
V2O3. The oxygen and V2O3 form the special hollow morphology, but the main
factor deciding the size and shape of the microboxes still needs to be clarified. The
concentration of the O2 in the system is constant, so the influence of different
concentrations of LiOH and V2O3 was studied by FE-SEM and XRD, as shown in
Figure 7.3. The three FE-SEM micrographs of Figure 7.3 are all at the same
magnification. It is evident that with the decrease in the concentrations of LiOH and
V2O3, the particle size significantly increases. After careful comparison of Figure 7.3
(b) with (a) and (c), a low proportion of vanadium could be responsible for the
elongation of the particles. Furthermore, the peak intensity of the XRD pattern of the
Li3VO4 synthesized from the low ratio of vanadium obviously shows an
enhancement in the (200) plane and a decline in the (002) plane. This phenomenon
may be explained by the different structures of these two planes. The diameters of
the vanadium and lithium ions are very close, while the diameter of the oxygen ions
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is approximately twice large. Therefore, the vanadium cations replace oxygen at
some sites, and the influence of oxygen would be very important. Four oxygen
anions and one vanadium cation form a tetrahedron, and the V cation occupies the
center of this cage. The (200) plane forms a side of this cage, and the V cations and
O anions do not overlap, while the (002) plane is the top of this cage, and the V
cations and O anions do overlap. The (200) planes are most probably perpendicular
to the preferred growth direction of the V cations. Therefore, lack of V cations could
tend to increase the intensity of the (200) plane and a decrease of the concentration of
LiOH could reduce the particle length.

154

Chapter 7 The Mechanism of One-pot One-step Synthesis of Hollow Structured Li3VO4 as Anode
for Lithium Ion Batteries

Figure 7.3 (a-c) FE-SEM micrographs of Li3VO4 synthesized from different ratios of
Li to V at the same magnification: a) m(V) = 0.002 mol, and m(LiOH) = 0.02 mol,
(m(V):m(LiOH) = 0.5:5)；b) m(V) = 0.002 mol, and m(LiOH) = 0.04 mol,
(m(V):m(LiOH) = 0.5:10)； c) m(V) = 0.004 mol, and m(LiOH) = 0.04 mol,
(m(V):m(LiOH) = 1:10)；(d) XRD patterns of Li3VO4 synthesized from different
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ratios of Li and V; e) structure of the orthorhombic Li3VO4 viewed from the (100)
plane; and f) structure of the orthorhombic Li3VO4 viewed from the (001) plane.

The structure of Li3VO4 is composed of corner-sharing VO4 and LiO4 tetrahedra.
Lithium ions are expected to reversibly intercalate into empty sites in the structure.
Although further oxidation to V5+ in Li3VO4 is hard to achieve, its reduction to V4+
by the intercalation of lithium into the structure is possible during the charging
process.[232] The intercalation of Li+ into Li3VO4 can be interpreted as an initial
solid-solution step and then a two-phase mechanism.[58, 232] The theoretical
capacity (0.2-3V) is calculated to be 394 mAh g−1, in accordance with x = 2 in
Li3+xVO4.[58, 232] The electrochemical performance of the Li3VO4 electrode is
compared with the most popular intercalation anode materials, such as commercial
graphite and Li4Ti5O12 synthesized by the hydrothermal method, in Figure 7.4. The
Li3VO4 electrode delivered a discharge capacity of 323 mAh g-1, close to that of
commercial graphite and much higher than for Li4Ti5O12. In addition, the Li3VO4
also shows a discharge platform below 0.2 V, which makes the whole charge
capacity reach as high as 458 mAh g-1, much higher than that of the commercial
graphite. Considering that anode material intercalates Li at a low potential close to
that of the Li-plating, which results in a risk due to high surface Li-plating (Li
dendrites, a potential cause of short circuits), the cut-off potential of Li3VO4 was set
as 0.2 V. Therefore it combines a safer voltage and higher capacity. The Li3VO4 can
also retain a reversible capacity of 83 mAh g-1 at 20 C [Figure 7.4 (b)]. In contrast,
the capacity of graphite and Li4Ti5O12 were only 22 mAh g-1. Furthermore, the
Li3VO4 also exhibits an extremely long and stable cycling at high rates, as shown in
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the Figure 7.4 (c). These results are also superior to those for the previously reported
vanadium-based anode materials,[58, 193, 232] and superior to those for graphite.
To further confirm the enhanced cycling performance, the properties of the
Li3VO4 electrodes after cycling have been investigated by electrochemical
impedance spectroscopy (EIS) [Figure 7.4 (d)]. The EIS spectra of the Li3VO4
electrodes were collected after charge–discharge for 5 cycles or 30 cycles at the
potential of 0.75 V. The Nyquist plots [Figure 7.4 (d)] show a compressed semicircle
in the high to medium frequency range of each spectrum and an approximately 45°
inclined line in the low-frequency range, which could be considered as Warburg
impedance (ZW), which is associated with the Li+ ion diffusion in the bulk of the
active material. The diameter of the semicircle is related to the charge transfer
resistance (Rct) of the electrode.[164] After simulating the whole circle of the
compressed semicircle for both samples, the value of Rct for the Li3VO4 composite
electrodes after 5 cycles and after 30 cycles was calculated to be 333 and 195 Ω,
respectively. The resistance of the Li3VO4 decreased after 30 cycles, which could be
caused by the slow permeation of electrolyte into the hollow structure.
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Figure 7.4(a) Typical charge/discharge profiles of the most popular intercalation
anode materials: graphite, Li4Ti5O12, and Li3VO4; (b) rate capability of graphite,
Li4Ti5O12, and Li3VO4; (c) long-term cycling performance of graphite, Li4Ti5O12, and
Li3VO4 at 10 C; and (d) Nyquist plots of the Li3VO4 electrodes after 5 cycles and 30
cycles at an anode potential of 0.75 V (vs. Li+/Li).

The improvement of the electrochemical performance brought about by
employing hollow micro-/nanostructures can in reality be explained in terms of
multiple factors. First, the cavities in the hollow structure may provide extra space
for the storage of lithium ions, which is beneficial for enhancing the specific capacity
of the battery like in amorphous carbon.[234] Second, the hollow structure is often
associated with larger surface area and reduced effective diffusion distance for
lithium ions, leading to better rate capabilities.[220-222] Third, the void space in the
hollow structures buffers the local volume changes during lithium intercalation–
deintercalation and is able to alleviate the problem of pulverization and aggregation
of the electrode material, hence improving the cycling performance.[230, 235, 236]
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7.4

Conclusion
In summary, hollow structured Li3VO4 microboxes have been synthesized by a

rapid, one-step, in-situ hydrothermal method. The formation mechanism of hollow
structured Li3VO4 microboxes is fully studies and discussed. The influences of
different raw material sources were investigated. The resultant material reveals a
unique morphology, as well as a superior electrochemical performance. Therefore,
the Li3VO4 is a promising anode candidate for the development of high-performance,
low-cost, and advanced lithium ion batteries.[193, 237]
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CHAPTER 8. HOLLOW STRUCTURED LI3VO4 WRAPPED WITH
GRAPHENE NANOSHEETS IN-SITU PREPARED BY ONE-POT
TEMPLATE-FREE METHOD AS ANODE FOR LITHIUM-ION
BATTERIES

8.1

Introduction
Developing a sustainable and renewable energy future has been one of the most

important tasks for worldwide scientists to address increasing global energy
consumption as well as the critical issue of climate change. Efficient energy storage
systems are needed for the electricity generated from intermittent, renewable
sources.[215] Rechargeable lithium ion batteries have been commercially successful
energy storage devices since 1991.[55] So far, there are three main anode materials:
the alloy-type anodes materials such as Si- and Sn-based alloys and their composites,
[56] the conversion reaction type ones such as transition metal oxides, [57, 238] and
the intercalation/de-intercalation type one such as graphite, Ti-based oxides,6 and
layered V-based oxides.[54, 59] Although work on the alternatives to intercalation
type anode materials has made important progress, graphite still remains the
dominant commercial anode material. However, graphite has a small lithium
diffusion coefficient and experiences large volume variation of 9% during the lithium
intercalation/de-intercalation process. In addition, it has severe safety issues of
dendritic lithium growth, due to its low potential (only about 0.2 V versus Li+/Li).
Especially at high rates, polarization would considerably lower its potential further,
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causing the birth of lithium dendrites and the consequent safety issues. Furthermore,
the thick solid electrolyte interphase (SEI) layer on its surface could also introduce
kinetic problems for fast charge and discharge. [62] Li4Ti5O12 has been found to
change its structure negligibly during the discharge/charge process, and possesses
good lithium ion mobility and a long and stable voltage plateau, together with low
cost, environmental friendliness, and enhanced safety.[62, 63, 239] Nevertheless, its
potential is still relatively higher, about 1.6 V (versus Li+/Li), thus halving the
overall cell voltage and negating the benefits. The estimated energy density of
lithium ion batteries based on Li4Ti5O12 anode (regarding both potential and capacity)
does not exceed one third of that on graphite if they are coupled with a typical 4 V
cathode. [238] It was recently reported that Li can be intercalated into the layered
transition metal oxide LiVO2, [59] but its major difficulty for application as an anode
lies in the fast deterioration of the material.[232, 240, 241] So, it would be of great
interest to find a new intercalation anode with large capacity and appropriate
intercalation potential.[238]
Recently, it was reported that Li3VO4 intercalates Li ions mainly in the voltage
range between 0.5 ̶ 1.0 V vs. Li/Li+, lower than the potential of Li4Ti5O12 and higher
than that of graphite. Its theoretical capacity is 394 mAh g−1, in accordance with x =
2 in Li3+xVO4. Combined with the low and safe voltage, Li3VO4 features a large
specific capacity and low cost. It might act as a new intercalation anode for the
lithium ion battery.[238] Despite these advantages, the practical use of this material
still faces some barriers. Li3VO4 requires further modifications to overcome certain
limitations, such as low electronic conductivity, which is quite lower compared to its
ionic conductivity, and this may cause large resistance polarization and poor rate
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capability. Thus, reducing the particle size and hybridization with electronically
conductive materials are necessary for this material to be suitable for future use.[238]
The properties of inorganic hollow structures can be well tuned by tailoring
their morphology and crystallinity.[223, 228, 229] However, it is a great challenge to
develop feasible methods for the one-pot, template-free, solution synthesis of singlecrystalline particles with well-defined non-spherical morphologies.

17

Here, we

reported the preparation of a composite of hollow Li3VO4 microboxes with a wall
thickness of about 40 nm wrapped by graphene nanosheets (LVO/G). When the
LVO/G composite is used as anode material for lithium ion batteries, it offers
significant improvements in capacity, rate capability and cycling life compared to the
reported vanadium-based anode materials. [232, 238]

8.2

Experimental
First, graphene oxide (GO) was prepared according to the method reported by

Hummers from graphite powder (Aldrich, powder, < 20 μm, synthetic).[189] The
LVO/G was prepared by an in-situ one-step hydrothermal process. In a typical
synthesis, a suitable amount of GO, hydrazine hydrate,1.688g LiOH, and 0.304g
V2O3 (> 99.0%, Sigma–Aldrich), and de-ionized H2O were mixed together for 2 h
using an ultrasonic probe, which was followed by vigorous magnetic stirring at room
temperature for 0.5 h. The resultant mixture was then transferred to an autoclave and
kept in an oven at 180 ◦C for 40 h under a vacuum pressure of 0.1 MPa. The product
was washed with de-ionized water, anhydrous ethanol and acetone several times and
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dried at 80 ◦C in a vacuum oven for 4 h. For a comparison study, LVO was also
prepared using the same procedure without graphene oxide and hydrazine hydrate.
X-Ray diffraction (XRD) data was obtained using a GBC MMA instrument
with Cu Kradiation and graphite monochromator. Data were collected from
powder samples at a scanning rate of 3° min-1 for 2θ in the range of 10–80°.
TracesTM software in combination with the Joint Committee on Powder Diffraction
Standards (JCPDS) powder diffraction files was used to identify the phases present.
Raman analysis was performed using a Raman spectrometer (Jobin Yvon HR800)
employing a 10 mW helium/neon laser at 632.8 nm. The amount of graphene in the
samples

was

estimated

using

a

Mettler-Toledo

thermogravimetric

analysis/differential scanning calorimetry (TGA/DSC) 1 Stare System from 50–
800 °C at 5°C min-1 in air flux. The morphologies of the samples were investigated
by field emission scanning electron microscopy (FE-SEM; JEOL JSM-7500FA) and
transmission electron microscopy (JEOL 2011 high resolution instrument). TEM
samples were prepared by dispersion of powder samples on holey carbon support
films To test the electrochemical performance, sample powders were mixed with
carbon black and Sodium carboxymethyl cellulose (CMC) in a weight ratio of 75: 20:
5, pasted on copper foil, and then dried in a vacuum oven at 150 °C for 2 h. 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 LiPF6 in a
mixture of ethylene carbonate (EC) and Diethyl carbonate (DEC) (1: 1 by volume,
provided by MERCK KGaA, Germany). The cells were galvanostatically charged
and discharged in the range of 0.2-3 V using a computer-controlled charging system
manufactured by Land Battery Testers. Cyclic voltammetry (CV) was conducted by
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using a Biologic VMP3 electrochemistry workstation at a scanning rate of 0.1 mV
s−1 between 0.2 and 3 V.

Electrochemical impedance spectroscopy (EIS) was

performed on the electrodes using a Biologic VMP3 electrochemical workstation.
The AC amplitude was 5 mV, and the frequency range applied was 0.01 Hz to 100
kHz.
8.3

Results and Discussion
As to the detailed formation mechanism of the microboxes (Figure 8.1), the

supporting information (Figures 7.1 and 7.2) can be referred. The main action is due
to the hollowing of the initial microrods by an oxygen-engaged oxidation process
from V2O3 into VO43-, [223] and the precipitating of the soluble VO43- anions on the
surface of the V2O3 cubes as Li3VO4. [233]

graphen

Figure 8.1 Schematic illustration summarizing all the major morphological changes
involved in the synthesis of LVO/G by corrosive etching: (a) commercial V2O3
microrod; (b) pitting at several specific sites on the surface of such a microrod,
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where the O2 dissolved in the solvent and the functional groups of graphene oxide
have oxidized the V2O3; (c) cross-section of hollow structure after further etching of
the interior of the rod and its covering with Li3VO4 precipitate; (d) subsequent
hollowing of the rod; (e) formation of a completely enclosed Li3VO4 microbox
wrapped with graphene nanosheets.

Electronic micrographs (Figure 8.2) of the LVO/G composite indicates that the
sample comprises of Li3VO4 microboxes and graphene nanosheets. The average size
of the Li3VO4 microboxes is around 2 μm in length, 800 nm in width and 500 nm in
height. Its wall thickness is around 40 nm (Figure 8.2 (f)). The hollow structure of
the Li3VO4 microboxes and holes between the graphene nanosheets can easily be
filled with electrolyte, which is expected to offer rapid routes for both Li+ ion and
electron transportation. The surface of the hollow LVO microboxes is wrapped with
graphene nanosheets of about 6 layers in thickness (Figures 8.2 (d) and (e)). It should
be emphasized that even after a long period of sonication during the preparation of
the FESEM and TEM specimens, the graphene nanosheets are still anchored on the
surface of the Li3VO4 microboxes, suggesting that their interaction is strong. [24]
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Figure 8.2 Electronic micrographs of LVO/G composite measured by a field
emission scanning electron microscopy: (a) FESEM secondary electron micrograph
of large area of LVO/G; (b) FESEM micrograph of the area indicated by the
rectangle marked with red lines in Figure 8.2(a); (c) FESEM micrograph of LVO/G;
(d) TEM micrograph of hollow LVO/G; (e) graphene region attached to Li3VO4
(lower right) with the inset of HRTEM micrograph of edge of graphene, revealing
contrast from C-type fringes, and (f) FESEM micrograph of LVO with the inset
showing a broken Li3VO4 microbox.

X-ray diffraction (XRD) patterns for the Li3VO4 microboxes and the LVO/G
composite (Figure 8.3 (a)) show that most diffraction lines can be indexed to the
orthorhombic Li3VO4 phase (JCPDS No. 38-1247) with the lattice parameters a =
5.447 Å, b = 6.327 Å, c = 4.948 Å, and α = β = γ = 90o . Diffraction peaks which
might appear for graphene are absent, most likely because they are below the limits
of detection by XRD, or the graphene (002) peak is eclipsed by the Li3VO4 (111) one.
Another reason is that the layers of graphene sheets are too few, about 6 as the above
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mentioned, and their diffraction intensity is very weak. Raman spectra (Figure 8.3(b))
indicate the existence of Li3VO4 and graphene in the composite. The bands in the
range of 1200-1460 cm-1 and 1470-1730 cm-1 are attributed to the D-band (K-point
phonons of A1g symmetry) and G-band (E2g phonons of C sp2 atoms) of graphene.
The broadening of the D and G bands with a strong D line indicates localized inplane sp2 domains and disordered graphitic crystal stacking of the graphene
nanosheets. The peak intensity ratio between the 1333 and 1592 cm-1 peaks (ID/IG)
generally provides a useful index about the degree of crystallinity of various carbon
materials, i.e., the smaller the ID/IG ratio, the higher the degree of ordering in the
carbon material. [242] The ID/IG values of the graphene and the LVO/G composite
are 1.633 and 1.638, respectively, indicating that the graphene nanosheets are well
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Figure 8.3(a) XRD patterns of the prepared Li3VO4 microboxes and the LVO/G
composite; and (b) Raman spectra of the graphene, the Li3VO4 microboxes, and the
LVO/G composite.

The results show a typical TGA curve of the Li3VO4/graphene composite
sample along with those of samples of Li3VO4 and graphene. The difference in
weight between the Li3VO4 and the Li3VO4/graphene after the oxidation could be
translated into the amount of graphene in the Li3VO4/graphene composite. The
amount of graphene in the LVO/G composite was estimated to be approximately
10.5 wt. % from the thermogravimetric analysis (Figure 8.4).
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Figure 8.4 TGA curves of grapehen, the Li3VO4 and the LVO/G composite.

The electrochemical performance of the Li3VO4 microboxes and the LVO/G
composite is shown in Figure 8.5. The gentle slope in the charge/discharge curves of
the LVO/G composite may be attributed to the graphene. The reaction equations of
Li ion intercalation and deintercalation should be Li3VO4 + xLi ↔ Li3+xVO4 (1 ≤ x ≤2)
in the voltage range between 0.2 and 3 V. Both of them show a great overlapping
above 0.2 V in the charge/discharge curves (Figure 8.5 (a)). The charge (reversible)
capacity of the LVO/G composite is 511 mAh g-1 (based on the weight of the
composite) between 0 and 3.0 V, 44 mAh g-1 higher than that of the Li3VO4
microboxes. These data are much higher than those of the reported. [232, 238]
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Figure 8.5 (a) typical discharge and charge profiles at the current density of 20 mA g1

between the voltage limits of 0 and 3 V; (b) Nyquist plots of the anodes after 5
cycles with the real parts of the complex impedance versus ω-1/2 at an anodic

potential of 0.75 V (vs Li+/Li) (inset); (c) cycling performance at the current density
of 20 mA g-1 between the voltage limits of 0.2 and 3 V with long life cycling
performance at the current density of 10C(@4A g-1)(inset); and (d) rate performance
between the voltage limits of 0.2 and 3 V.

The main capacity is situated at about 1 V, which is consistent with their cyclic
voltammograms (Figure 8.6). The cyclic voltammograms (CVs) of the Li3VO4 and
the LVO/G composite for the first five cycles are shown in Figure 8.6. The structure
of Li3VO4 is composed of corner-sharing VO4 and LiO4 tetrahedra. Lithium ions are
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expected to reversibly insert into empty sites in the structure.[232] Although further
oxidation of V5+ in Li3VO4 is hard to achieve, reduction to V4+ by the insertion of
lithium into the structure is possible through the charging process. The insertion of
Li+ into Li3VO4 can be interpreted by an initial solid-solution step and then a twophase mechanism.[58] The theoretical capacity is calculated to be 394 mAh g−1, in
accordance with x = 2 in Li3+xVO4.[58] This irreversible behavior in the initial CV
cycles of the LVO/G composite is consistent with the results of the charge and
discharge tests, and this might be related to the form of the SEI films and the
insertion instability in the initial stage. Comparing the LVO/G composite with the
bare Li3VO4, it shows that the composite exhibits higher current density and better
overlapping. These results suggest that the Li3VO4/graphene electrodes have better
kinetic properties, and it is considered that this phenomenon is mainly due to the
graphene in the composite.
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Figure 8.6 Cyclic voltammograms in the first five cycles at a scan rate of 0.1 mV s-1
of (a) the Li3VO4 and the LVO/G composite.
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In addition, the Li3VO4 also shows a discharge platform below 0.2 V, which
makes the whole charge capacity reach 467 mAh g-1, much higher than that of the
commercial graphite. A comparison of the discharge/charge profiles for different
voltage ranges is shown in Figure 8.7. Considering that the percentage of graphene is
10%, comparison between (a) and (b) in Figure 8.7 indicates that the contribution of
graphene to the capacity is not small, approximately 440 mAh g-1 for the graphene
nanosheets.

24

The voltage range for all the electrical performance in the manuscript

and Supporting Information is 0.2-3 V. This voltage range is similar to that in
Reference [58], so it is easy to compare them. Shrinking the voltage range would
slightly reduce the capacity and enhance the polarization between the charge and
discharge plateaus.
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Figure 8.7 (a) Typical discharge and charge profiles of LVO/G at the current density
of 20 mA g-1 for different voltage ranges; (b) typical discharge and charge profiles of
Li3VO4 at the current density of 20 mA g-1 for different voltage ranges

The Nyquist plots (EIS spectra) show two compressed semicircles in the high to
medium frequency range of each spectrum, which describe the charge transfer
resistance (Rct) for these electrodes, and an approximately 45o inclined line in the
low-frequency range, which could be considered as Warburg impedance (ZW), which
is associated with the lithium-ion diffusion in the bulk of the active material. The
first compressed semicircle is related to the SEI film, and the high-frequency
intercept of the second semicircle is related to the uncompensated resistance (Ru),
while the diameter of the second semicircle is related to the charge transfer resistance
(Rct). [164] After simulating the second compressed semicircle for both samples, the
values of Rct for the Li3VO4 and LVO/G electrodes after 5 cycles were calculated to
be 211 and 80 Ω, respectively. The lithium diffusion coefficient can also be
calculated by using the following equation:
D = R2T2/2A2n4F4C2σ2

(8.1)
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where R is the gas constant, T is the absolute temperature, A is the surface area
of the anode (1 cm2), n is the number of electrons transferred in the half-reaction for
the redox couple, F is the Faraday constant, C is the concentration of Li ions in the
solid ((2.94 × 10-2 mol cm-3)), D is the diffusion coefficient (cm2 s-1), and σ is the
Warburg factor, which is relative to Zre. From the slope of the lines in the inset of
Figure 8.8 (b) σ can be obtained.[165]
Zre = RD + RL + σω-1/2

(8.2)

According to the linear fitting, the slope of the real part of the complex impedance
versus ω-1/2 at the potential of 0.75 V (vs. Li/Li+) for the Li3VO4 and LVO/G
electrodes after 5 cycles is 39.3 and 20.1, respectively. The lithium diffusion
coefficients at 25 oC were calculated to be 2.63 × 10-14 and 1.02 × 10-13 cm2 s-1 for
the Li3VO4 and the LVO/G composite, respectively. These results show that the
LVO/G composite presents smaller charge transfer resistance and higher lithium
diffusion coefficient, which are favourable for rapid charge and discharge.
After the first few cycles, the electrode reactions show high reversibility (Figure
8.5(c)). The charge capacity of the third cycle of the Li3VO4 between the voltage
limits of 0.2 and 3 V is 345 mAh g-1, and it keeps very stable after 50 cycles. The
cycling performance is superior to that of another newly reported vanadium-based
insertion anode material, LiVO2, whose capacity dropped from 350 mAh g-1 to 100
mAh g-1 after 10 cycles,[59, 240, 241] and that of the reported Li3VO4, [232, 238]
whose capacity faded from the crack of crystal. In the case of the Li3VO4/graphene
composite, it shows an even higher capacity. The charge capacity of the LVO/G
composite in the third cycle is 378 mAh g-1 and does not fade evidently after 50
cycles, which is very near to its theoretical capacity, 394 mAh g-1. It also exhibits an
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extremely long and stable cycle life at a high rate, as shown in the Figure 8.5 (c) inset.
The good retention of capacity can also be proved by the stable EIS spectra and tact
SEM micrographs after cycling (Figure 8.8).
The EIS spectra can also be used to calculate the lithium diffusion coefficient
according to the equations (8.1 and 2).
According to the linear fitting, the slope of the real part of the complex
impedance versus ω-1/2 at various temperatures at an anodic potential of 0.75 V (vs.
Li+/Li) for the Li3VO4 and the LVO/G composite electrodes after 5 cycles is 39.3 and
20.1, respectively. The lithium diffusion coefficients are calculated to be 2.63 × 10-14
and 1.02 × 10-13 cm2 s-1 for the Li3VO4 and the LVO/G composite, respectively, at 25
o

C.
After 30 cycles, the slope of the real part of the complex impedance of the

Li3VO4 and the LVO/G composite at the anode potential of 0.75 V (vs. Li+/Li) is
29.1 and 11.4, respectively. The lithium diffusion coefficients are calculated to be
4.80 × 10-14 and 3.13 × 10-13 cm2 s-1 for the Li3VO4 and the LVO/G composite,
respectively, at 25 oC. The lithium diffusion coefficients of the Li3VO4 and the
LVO/G composite have increased after 30 cycles, which could also be caused by the
slow permeation of the electrolyte into the hollow structure.
A large particle size is unfavourable for the relaxation of such structural stress,
and thus the large Li3VO4 particles may crack into several small particles after the
insertion/deinsertion of Li+. A similar observation has been reported in previous
research.[58] The cracking may cause the increasing resistance. According to the
SEM micrograph, neither electrodes shows obvious cracks, which may be attributed
to the hollow structure, which reduces the lattice pressure during charge/discharge.
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Figure 8.8 Some characteristics of the Li3VO4 and the LVO/G composite after
cycling: (a) Nyquist plots of the Li3VO4 and the LVO/G composite after 5 cycles at
an anode potential of 0.75 V (vs Li+/Li) (inset); (b) Nyquist plots (EIS spectra) of the
Li3VO4 and the LVO/G composite after 30 cycles at an anode potential of 0.75 V (vs
Li+/Li) (inset); (c) SEM micrograph of the Li3VO4 after 30 cycles with the inset
showing two Li3VO4 microboxes; (d) SEM micrograph of the LVO/G composite
after 30 cycles with the inset showing a single Li3VO4 microbox wrapped with
graphene.

To compare the rate capability, the C rate is based only on the Li3VO4 and 1C is
400 mA g-1. The Li3VO4 can retain a reversible capacity of 87 mAh g-1 at 20C. In
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contrast, the LVO/G composite exhibits an obviously much improved performance
over the Li3VO4 (Figure 8.5 (d)). A high charge capacity of 223 mAh g-1 was
obtained for the LVO/G composite at the current density of 20 C, which is 136 mAh
g-1 higher than that of the LVO.[232, 238] These results are also superior to the
reported vanadium-based anode materials, and also superior to those of graphite.

The improvement in the electrochemical performance of the Li3VO4 over the
reported vanadium-based anode materials can be due to several factors. First, the
cavities or holes in the hollow structure may provide extra space for the storage of
lithium ions like in carbons, [234] which is beneficial for enhancing the specific
capacity, and this is the main reason the reversible capacities of the Li3VO4
microboxes and the LVO/G composite are higher than the theoretic value of Li 3VO4.
Second, the hollow structure is often associated with larger surface area, which
provides more sites for lithium insertion–desertion, leading to good charge and
discharge performance at large current densities.

25

Third, the nanometer (40 nm)

wall effectively reduces the diffusion distance for lithium ions, leading to better rate
capabilities. Fourth, the void space in the hollow structures buffers the local volume
change during lithium insertion–desertion and is able to alleviate the problem of
pulverization and aggregation of the electrode material, hence keeping structural
stability during cycling.[230, 235]
In the case of the LVO/G composite, its superior electrochemical performance
is ascribed to the wrapped graphene nanosheets. First, it provides higher electronic
conductivity leading to the reduced charge transference resistance.[58, 141] Second,
[243, 244] the high chemical diffusivity of Li on a graphene plane favors the
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transportation of lithium ions.[68, 70, 94, 141, 245-248] Third, the grapene
nanosheets have the open and flexible porous structure favoring the emission the
strain/stress and the retaining good structural stability during cycling.[70, 247]

8.4 Conclusion
In summary, a composite of Li3VO4/graphene has been synthesized by a novel
rapid one-step in-situ hydrothermal method. The resultant composite reveals a unique
morphology, in which homogeneous hollow structured Li3VO4 microboxes of 40 nm
wall thickness are wrapped with porous graphene nanoosheets. The hollow structure
could relax the stress/strain of Li+ insertion/de-insertion, increase the surface area of
the materials, provide extra space for the storage of lithium ions, and reduce the
effective diffusion distance for lithium ions. As a result, improved capacity, rate
capability and cycling performance have been achieved for the Li3VO4 microboxes.
Furthermore, this graphene-wrapped nano-architecture provides high electronic
conductivity for both facile mass transfer and facile charge transfer, and good
structural stability for the Li3VO4 microboxes. The Li3VO4/graphene composite has
superior electrochemical performance such as high capacity, stable cycling life, and
exceptional good rate capability. Therefore, the Li3VO4/graphene nanosheets
composite is a promising anode candidate for the development of high-performance,
low-cost, and advanced lithium batteries. [193]
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CHAPTER 9. CONCLUSIONS AND RECOMMENDATIONS
9.1

General Conclusions
In this doctoral work, a series of graphene composites have been synthesized,

including LiFePO4/C/graphene, VO2/graphene, Li4Ti5O12/graphene, and Li3VO4 and
its graphene composites. The preparation, characterization, and electrochemical
performance of various nanostructured electrode materials are discussed.
For electrode materials, the morphology, specific surface area, crystal size,
crystalline phase, etc. are key factors which affect the electrochemical performance
because they could influence the lithium absorption sites and the lithium diffusion
pathways and time.
Graphene, as a two-dimensional macromolecular sheet of carbon atoms with a
honeycomb structure, has excellent electronic conductivity and mechanical
properties, and may be the ideal conductive additive for hybrid nanostructured
electrodes. Other advantages of graphene include high surface area (theoretical value
of 2630 m2/g) for improved interfacial contact and the potential for low
manufacturing costs. Its excellent conductivity could enhance the kinetic properties
and rate performance of electrode materials. Meanwhile, the unique two-dimensional
structure of the graphene can anchor, wrap, and weave the nanomaterials, forming a
hybrid random 3D structure. This kind of loose structure could buffer the volume
expansion and avoid agglomeration during the cycling. Furthermore it may absorb
the electrolyte, offering the special channels for the ions between the different
nanoparticles to further improve its conductivity.
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To reduce the reaction time, electrical energy consumption, and cost,
LiFePO4/C/graphene has been synthesized by a rapid, one-pot, hydrothermal
autoclave microwave method within 15 min. The carbon-coated LiFePO4/C
nanoparticles, around 200 nm in size, are thoroughly wrapped up in crumpled
micrometer-size graphene sheets. In this kind of structure, the bridging graphene
nanosheets can form an effective conducting network and provide interconnected
open pores that favour electrolyte absorption and reduce the diffusion paths of the
lithium ions. The cyclic voltammograms, charge/discharge profiles, and AC
impedance measurements indicate that the kinetics of the LiFePO4/C/graphene is
better than that of LiFePO4/C alone. LiFePO4/C/graphene composite exhibits a
discharge capacity of 165 mAh g−1 at 0.1 C and 88 mAh g−1 at 10 C, respectively.
To overcome the problems of vanadium dissolution and the higher charge
transfer resistance that results from it, VO2/graphene composites have been
synthesized by an in-situ hydrothermal process directly from graphene oxide and
V2O5. Carbon dispersed in the electrode material can provide a pathway for electron
transport, resulting in improvement of the electronic conductivity. Graphene-woven
VO2 nanoribbons avoid the agglomeration of VO2 nanoribbons, while graphene and
the VO2 nanoribbons together form a porous network in the random hybrid
composite that can be filled with electrolyte, resulting in superior performance and
enhanced reversible capacity in comparison with the pure VO2. Electrochemical tests
show that the VO2/graphene composite features high discharge capacity (380 mAh g1

) and 99% capacity retention after 50 cycles. The electrochemical impedance spectra

indicate that the VO2/graphene composite electrode has very low resistance, only
67% of that of pure VO2, indicating the enhancement of electronic conductivity.
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Li4Ti5O12 microspheres composed of nanoflakes wrapped in graphene
nanosheets have been synthesized by an advanced microwave-hydrothermal (MWHT) method, with the preparation followed by an annealing step. The resultant
composite reveals a unique loose structure, which could avoid the restacking of
graphene sheets and offer rapid lithium ion diffusion paths. Therefore the
Li4Ti5O12/graphene electrode has highly desirable properties: a specific capacity
approaching the theoretical value, stable cycling, and exceptional rate capability. The
composite also can be a good indicator of the remaining charge and discharge
capacity, since it presents curved charge and discharge profiles instead of a stable
plateau.
A feasible method has been reported for synthesizing Li3VO4 by a templatefree, solution synthesis of single-crystalline microboxes with well-defined nonspherical morphologies. This study will provide useful information to produce other
hollow structured materials for a broad audience. The formation of the hollow
structures and the influence of the raw materials have been presented. The thussynthesized Li3VO4 exhibited significantly improved conductivity, rate capability,
and cycling life compared to commercial graphite, synthesised Li4Ti5O12, and
previously reported results on Li3VO4.
Li3VO4/graphene composites have been synthesized by a novel, rapid, one-step,
in-situ hydrothermal method. They reveal a unique morphology in which
homogeneous hollow structured Li3VO4 nanocubes are anchored in porous graphene
microsheets. The hollow structure could relax the stress of Li+ insertion/desertion;
increase the surface area of the materials, provide extra space for the storage of
lithium ions, and reduce their effective diffusion distance, which results in enhanced
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capacity, rate capability, and cycling performance. Furthermore this graphenewrapped nano-architecture ensures not only intimate contact between the liquid
electrolyte and the active Li3VO4 nanoparticles, but also high electronic conductivity
for both facile mass transfer and facile charge transfer. Li3VO4/graphene exhibits a
discharge capacity of 403 mAh g-1 after 50 cycles, which is 117 mAh g-1 higher than
that of Li3VO4. In addition, it shows an outstanding rate performance. A high
capacity of 317 mAh g-1 was obtained at the highest current density of 2 C, which is
144 mAh g-1 higher than that of Li3VO4. Furthermore, the EIS testing indicated that
Li3VO4/graphene shows much better charge transfer resistance and lithium diffusion
coefficient than the bare Li3VO4.

9.2

Recommendations and Outlook

The hydrothermal route to synthesizing graphene composite is particularly successful
in controlling the chemical composition, particle shape, and crystallite size in a
simple and inexpensive way. The conventional hydrothermal process involves a
longer reaction time than the microwave-assisted process, however, 5–12 h, and
produces larger submicron size particles with a wider distribution of particle size.
Synthesis in a microwave autoclave is a novel synthesis strategy that combines the
advantages of high efficiency, high productivity, low temperature, low risk, and
environmental friendliness, as well as energy saving, and is thus very promising for
industry. Therefore, this technique could definitely be used to synthesize VO2 and
Li3VO4.
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By using MW-HT synthesized LiFePO4/C/graphene and Li4Ti5O12/graphene
electrode, a novel hybrid lithium battery/supercapacitor electrochemical system can
be assembled that is characterised by the advantages of both the lithium-ion battery
and the supercapacitor. In the one unit hybrid lithium battery/capacitor
electrochemical device, the LiFePO4/C/graphene in the composite will act as the
cathode for the rechargeable battery and the supercapacitor, respectively, and the
Li4Ti5O12 /graphene will act as the anode for both the battery and the supercapacitor.
As for the physical characterization methods, XRD, Raman spectroscopy, AFM,
FESEM, TEM, BET, EDS, and TGA have all been performed on the various samples,
while it was also worthwhile to apply some in-situ characterization tools, such as insitu Raman and in-situ XRD, as well as in-situ TEM, in order to understand the
surface kinetics, intermediates, chemical bonding, and the corresponding structural
and compositional changes during the electrochemical cycling.
The mechanisms can been fully studied by in-situ XRD, in-situ Raman
spectroscopy, and different kinds of electrochemical testing, comprising the different
electrochemical performances of the two platforms on the discharge curve of Li3VO4,
and the intermediate states and reactions during the charge/discharge processes. The
influences of different ratios of raw materials can be systematically investigated. The
way in which the pH value enhances/reduces the intensity of certain peaks in XRD
patterns and changes the morphology of samples still needs further investigation. The
electrochemical performance of samples with different preferred planes can also be
studied, especially the rate capability.
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List of Symbols

Symbol

Name

Unit

°C

Degree Celsius

2

Angle of incident beam and diffraction beam

°

Å

Angstrom

-

cm

Centimetre

-

D

Diffusion coefficient

m s-1

E0

Standard electrode potential

V

F

Faraday’s constant

C mol-1

g

Gram

-

h

Hour

-

I

Current

a

mAh g-1

Milliampere hour per gram

-
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min

Minute

-

nm

Nanometre

-

P

Pressure

Pa

Q

Capacity

ah

R

Resistance



Rct

Charge transfer resistance



T

Absolute temperature

K

t

Time

s

v

Molar volume

L mol-1

Voc

Open-circuit voltage

V

wt.%

Weight percent

-

e

Coulombic efficiency

-



Wavelength

Å
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Abbreviation

Full Name

2D

Two-dimensional

3D

three dimensional

AFM

Atomic force microscope

AIIM

Australian Institute of Innovative Materials

BET

Brunauer-Emmett-Teller

CMC

Carboxymethyl cellulose

CV

Cyclic voltammetry

CVD

Chemical vapour deposition

DEC

Diethyl carbonate

DMC

Dimethyl carbonate

EC

Ethylene carbonate

EDS

Energy-dispersive X-ray spectroscopy

EIS

Electrochemical impedance spectroscopy
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EV

Electric vehicle

FESEM

Field emission scanning electron microscopy

FTIR

Fourier transform infrared spectroscopy

GNS

Graphene nanosheets

GO

Graphene oxide

HEV

Hybrid electric vehicle

ISEM

Institute for Superconducting and Electronic Materials

LFP

LiFePO4

LIB

Lithium ion battery

LTO

Li4Ti5O12

LVO

Li3VO4

NMP

N-methyl-2-pyrrolidinone

PVDF

Polyvinylidene difluoride

SAED

Selected area electron diffraction

SEI

Solid electrolyte interphase
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SEM

Scanning electron microscopy

TEM

Transmission electron microscopy

TGA

Thermogravimetric analysis

TP

Titanium isopropoxide

XRD

X-ray diffraction
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