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Abstract 

Lithium-ion batteries are essential to modern life as power sources for a wide 

spectrum of devices ranging from portable electronic devices to electric automobiles. 

There is currently an enormous ongoing research effort aimed at developing ultra-

thin, flexible, and soft batteries to cater for the bendable modern devices. Although 

there is a high demand for flexible lithium-ion batteries, these must satisfy stringent 

requirements, including larger reversible capacity, smaller size, lighter weight, 

mechanical stability, and long cycle life. Advanced nanotechnology of materials 

provides the main solutions to these issues. Improved battery performance depends 

on the development of materials for the various battery components, with the key 

aspect of improving the performance of the active materials used to fabricate the 

anode and cathode. The use of nanostructured and conductive composite materials is 

designed to enhance both ion transport and electron transport by shortening the 

diffusion lengths of ions and increasing the conductivity within the whole electrode. 

In this doctoral study, several nanostructured and conductive composite materials 

were examined and characterized for possible application as electrodes for flexible 

lithium-ion batteries. With these aims, nanocrystalline SnO2-coated multiwall carbon 

nanotubes, free-standing SnO2 − single wall carbon nanotubes, polypyrrole-coated 

V2O5 nanowires, and stacked graphene with MoO3 nanobelts were investigated. 

SnO2-coated multiwall carbon nanotube (MWCNT) nanocomposites were 

synthesized by a facile hydrothermal method. Field emission scanning electron 

microscope (FE-SEM) images show that deposition of SnO2 onto the surfaces of the 

MWCNTs takes place in some selected sites, while in the composites with higher 

content of SnO2, more SnO2 particles are deposited on the surfaces of MWCNTs. 
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The SnO2/MWCNT  composites, when combined with carboxymethyl cellulose 

(CMC) as a binder, show excellent cyclic retention, with the high specific capacity of 

473 mAh g-1 beyond 100  cycles, much greater than that of the bare SnO2 which was 

also prepared by the hydrothermal method in the absence of MWCNTs. The 

enhanced capacity retention could be mainly attributed to good dispersion of the tin 

dioxide particles in the matrix of MWCNTs, which protected the particles from 

agglomeration during the cycling process. Furthermore, the usage of CMC as a 

binder is responsible for the low cost and environmental friendliness of the whole 

electrode fabrication process. 

Free-standing single-walled carbon nanotube/SnO2 (SWCNT/SnO2) anode 

paper was prepared by vacuum filtration of SWCNT/SnO2 hybrid material which 

was synthesized by the polyol method. From FE-SEM and transmission electron 

microscope (TEM) images, the CNTs form a three-dimensional nanoporous network, 

with the ultra-fine SnO2 nanoparticles, which had crystallite sizes of less than 5 nm, 

distributed predominately as groups of nanoparticles on the surfaces of single walled 

CNT bundles. Electrochemical measurements demonstrated that the anode paper 

with 34 wt.% SnO2 had excellent cyclic retention, with the high specific capacity of 

454 mAh g-1 beyond 100 cycles at a current density of 25 mA g-1, much higher than 

that of the corresponding pristine CNT paper. The SWCNTs could act as a flexible 

mechanical support for strain release, as well as offering an efficient electrically 

conducting channel, while the nanosized SnO2 provides the high capacity. The 

SWCNT/SnO2 flexible electrodes can be bent to extremely small radii of curvature 

and still function well, despite a marginal decrease in the conductivity of the cell. 

The electrochemical response is maintained in the initial and subsequent cycling. 



xii 

 

Such capabilities demonstrate that this model holds great promise for applications 

requiring flexible and bendable Li-ion batteries.  

Highly flexible, paper-like, free-standing V2O5 and V2O5-polypyrrole (PPy) 

films were prepared via the vacuum filtration method.  The films are soft, 

lightweight, and mechanically robust. FE-SEM images of the pristine V2O5 film 

show straight nanowires ~80-120 nm in diameter and several microns in length, 

resulting in an aspect ratio of ~102-103. On the other hand, the V2O5-PPy film shows 

similar morphology to the V2O5 film, with the PPy uniformly deposited throughout 

entire lengths of nanowires in irregular or spherical shapes. The electrochemical 

performance of the free-standing pure V2O5 electrode was improved by incorporating 

conducting polypyrrole. A bendable cell with a novel design was fabricated, 

consisting of a free-standing V2O5-PPy cathode film, gel electrolyte, and a lithium 

foil anode. The cell was tested under repeated bending conditions for several cycles. 

The results show that the battery performance of the repeatedly bent cell was similar 

to that of a comparable conventional cell.  

Highly flexible, binder-free, MoO3 nanobelt/graphene film electrode was 

prepared by a two-step microwave hydrothermal method. Graphene is first prepared 

by an ultra-fast microwave hydrothermal method and then mixed with MoO3 solution 

to synthesize the MoO3 nanobelt/graphene composite, which exhibits the 

combination of stacked graphene sheets and uniform MoO3 nanobelts with widths of 

200-500 nm and lengths of 5-10 µm. In the charge-discharge measurements, the as-

synthesized MoO3/graphene hybrid materials demonstrated excellent rate capability, 

large capacity, and good cycling stability compared to the pure MoO3 film. An initial 
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discharge capacity of 291 mAh g-1 can be obtained at 100 mA g-1, with a capacity of 

172  mAh g-1 retained after 100 cycles. The results show that the MoO3/graphene 

designed in this study can be used as a free-standing cathode material in rechargeable 

and bendable lithium batteries.  
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Chapter 1 

Introduction 

 

1.1 General  background 

In the new era of green technology, clean and renewable energy resources have 

become the most important issue for industrialized countries and multinational 

corporations, as well as being a focus for research and development. Fossil fuels 

have been and still are the major energy resources for transportation in societies 

around the world. Fossil fuels have created a looming problem, however, because 

they are responsible for emissions of greenhouse gases and pollutants such as 

nitrogen oxides, sulphur dioxide, and particulate materials [1-2]. Research with the 

aim of reducing the usage of fossil fuels as energy sources was been started many 

years ago. Energy storage technologies are expected to offer improved high energy 

and power densities for sustainable energy resources. The lithium ion battery is one 

of the most promising candidates for energy storage and has been one of the major 

energy storage technologies for small electronic devices since the last century. 

Recently, the global automotive manufacturers have applied lithium ion batteries as 

the power train for full electric and hybrid electric vehicles. The current commercial 

lithium ion batteries are not good enough, however, to completely satisfy the public 

need. At present, the capacity of the state-of-the-art lithium ion battery is limited by 

the positive electrode, which can store only 150 mAh/g of charge compared with 

about 300 mAh/g for the graphite anode. The effort to design better electrodes will 

likely improve the energy density, but at best, by no more than a factor of two. An 
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interesting approach in this sense is offered by the lithium-air battery (LAB), also 

called the lithium-oxygen (Li/O2) battery, which belongs to the family of metal/air 

devices. A typical cell design is constituted by a lithium metal anode, a porous 

carbon cathode, and an electrolyte (comprising a dissolved lithium salt). Theoretical 

values of 3505 Wh kg-1 and 3582 Wh kg-1 have been recently quoted for non-

aqueous and aqueous electrolytes, respectively [3-4].  These high values make LABs 

particularly appealing for the automotive applications. A real breakthrough still 

needs to be made in this field, however, to make rechargeable Li/air batteries ready 

for the market. Several serious problems must be solved to assure proper cycleability 

and therefore rechargeability, including decomposition of the organic electrolyte at 

the cathode, protection of the  cathode from CO2 and H2O by means of a proper O2-

permeable membrane, and lowering of the Li2O2 oxidation overpotential on charge 

[5]. 

Meanwhile, rapid advances in electronic technology, leading to wearable and 

roll-up devices, have given more support to the goal of achieving lithium ion 

batteries with higher power density, improved cycling stability, and better safety. 

There is currently an enormous ongoing research effort aimed at developing ultra-

thin, flexible, and soft batteries to cater for the bendable modern devices. The 

objective is improved rate capability without a penalty in charge/discharge capacity 

and sufficient electrochemical cycling stability [6]. Flexible batteries are not only 

needed for current applications, e.g. for roll-up displays, active radio-frequency 

identification tags, integrated circuit smart cards, and implantable medical devices, 

but there is also the intention to place large flexible batteries in hollow spaces of the 

auto body of future hybrid and electric vehicles. It is needless to stress that high 
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power density and energy density are expected. Of course, the battery performance is 

closely related to the structural and electrochemical properties of the electrodes. 

Hence, the development of flexible electroactive thin film materials has become 

important.  

The improved electrochemical performance in the flexible lithium ion battery system 

has to be achieved by developing all key factors related to materials for electrodes, 

separator, electrolytes, and battery assembly. In the case of electrode materials, they 

are the key factor for fundamental advances in energy conversion and storage in the 

lithium ion battery system, as well as being the place where electrochemical 

reactions take place [7]. The separator is also a critical component in liquid 

electrolyte batteries. It is placed between the positive electrode and the negative 

electrode to prevent physical contact of the electrodes, while enabling free ionic 

transport and isolating electronic flow [8]. It mostly is a microporous layer consisting 

of either a polymeric membrane or a non-woven fabric mat. Essentially, it must be 

chemically and electrochemically stable towards the electrolyte and electrode 

materials, and must be mechanically strong to withstand the high tension during the 

battery assembly operation. Structurally, the separator should have sufficient porosity 

to absorb liquid electrolyte to allow high ionic conductivity. The presence of the 

separator adds electrical resistance, however, and takes up limited space inside the 

battery, which adversely affects battery performance. Therefore, selection of an 

appropriate separator is critical to the battery performance, including energy density, 

power density, cycle life, and safety. For high energy and power densities, the 

separator is required to be very thin and highly porous, while still remaining 

mechanically strong. For battery safety, the separator should be able to shut the 
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battery down when overheating occurs, such as the occasional short circuit, so that 

thermal runaway can be avoided. The shutdown function can be obtained through a 

multilayer design of the separator, in which at least one layer melts to close the pores 

below the thermal runaway temperature and the other layer provides mechanical 

strength to prevent physical contact of the electrodes. In this doctoral study, 

separators were used in non-aqueous liquid electrolyte for conventional battery 

assembly, but for flexible lithium battery assembly, the function of the separator was 

replaced by a polymeric membrane. The advantages of using such a polymeric 

membrane as the electrolyte component in a lithium cell are as follows: 

(i) Suppression of dendrite growth. Although conventional separators serve well as 

the ionic conducting media in rechargeable lithium cells, they unfortunately possess 

many sufficiently large, electrolyte-containing, interconnected pores such that 

continuous pathways can develop between the cathode and the anode, and thereby 

encourage the formation and growth of lithium dendrites during charging periods [9]. 

These dendrites lower the cycling efficiency and, ultimately, cause internal short-

circuiting of the cells [10]. The use of continuous or non-porous polymeric 

membranes which provide few or no continuous free paths for the electrolyte 

solution in which lithium dendrites propagate has been one of several successful 

approaches to suppressing the problem of dendrite growth [11-12]. 

(ii) Enhanced endurance to varying electrode volume during cycling. Polymer 

electrolytes are more compliant than conventional inorganic glass or ceramic 

electrolytes. This feature enables the construction of solid-state rechargeable 

batteries in which the polymer conforms to the volume changes of both electrodes 

that occur during charge–discharge cycling. 
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(iii) Reduced reactivity with liquid electrolytes. It is generally accepted that no 

solvent is thermodynamically stable towards lithium [10] or even carbonaceous 

anodes. Polymer electrolytes, due to their solid-like nature and much lower liquid 

content, are expected to be less reactive than their liquid electrolyte counterparts. 

(iv) Improved safety. Solid-state construction of a polymer electrolyte battery is more 

tolerant to shock, vibration, and mechanical deformation. In addition, since there is 

little or no liquid content within the electrolyte, cells can be packaged in an 

evacuated flat `plastic bag', rather than a rigid metal container which is prone to 

corrosion. This unique characteristic prevents build-up of internal pressure [13] and, 

hence, removes the possibility of explosion. 

(v) Better shape flexibility and manufacturing integrity. Due to the need for smaller 

and lighter batteries, the battery shape factor has become one of the major design 

issues. A rectangular battery is often preferable to a conventional cylindrical battery, 

since it occupies space more efficiently in consumer electronics such as cellular 

phones and laptop computers. A film-like, polymer electrolyte battery is quite 

promising from this aspect [14]. Another feature associated with polymer electrolyte 

batteries is the manufacturing integrity; all elements, both the electrolyte and the 

electrodes of a cell, can be laminated automatically via well-developed coating 

technology [15]. 

To achieve these goals, considerable efforts have been devoted to synthesizing 

nanostructured materials and fabricating flexible cells to provide the best place for 

the intercalation behaviour of lithium ions to take place. Effective and detailed 

information regarding experimental procedures and electrochemical performance is 

also provided in this thesis to enable further research in the future. 
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1.2 Statement of problem and solution approaches 

The lithium ion battery, like other battery systems, consists of three main 

components: the anode, the cathode, and the electrolyte, where electrical energy is 

generated by conversion of chemical energy via redox reactions at the anode and 

cathode [16]. As reactions at the anode usually take place at lower electrode 

potentials than at the cathode, the terms negative and positive electrode (indicated as 

minus and plus poles) are used. Lithium-ion batteries are closed systems, with the 

anode and cathode being the charge-transfer medium and taking an active role in the 

redox reactions as active masses. Advanced battery technology has been based on the 

development of different techniques and materials for the electrodes and electrolyte, 

and thus, on different electrochemical reactions [17].  

Usually, the electronic conductivity of an electrode material is very low in the 

lithium ion battery system, so it is necessary to add a conductive layer into the active 

materials. Although the commercial lithium ion battery has been successful on the 

global market as the energy source for small and medium electronic devices, in the 

case of electric vehicles or hybrid vehicles, the performance of the lithium ion 

battery is not good enough for current applications which require high energy and 

power densities. To meet these demands, the development of rechargeable lithium 

ion batteries has been the focus of considerable research, and active research is still 

continuing on all aspects of lithium ion batteries, i.e., anodes, cathodes, electrolytes, 

and cell construction. In this doctoral work, anode and cathode materials have been 

the central focus of the study; in addition some work on gel electrolyte and cell 

construction for flexible batteries is reported in detail.  
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1.2.1 Anode materials 

Among all the possible anode material reported, one-dimensional carbon-based 

materials (in particular carbon nanotubes) have been suggested as a viable option for 

flexible electrodes due to their one-dimensional structure with high length to 

diameter ratios, along with their high porosity and large surface area [18-20]. Many 

researchers and enthusiasts have claimed that carbon nanotubes (CNTs) will 

radically improve the performance of batteries because of their unique structure, 

which could especially enhance the kinetic properties of the electrodes and could 

result in extremely high specific charge compared with the theoretical limits of 

graphitic carbon [21-22].  It has been reported in the literature that multi-wall carbon 

nanotube (MWCNT) based electrodes have exhibited reversible charge storage 

capacity in the range of 100-600 mAh g-1, depending on the CNT preparation 

method, CNT structure, and cycling procedure [23-27]. On the other hand, single-

wall carbon nanotubes (SWCNTs) have been reported as having the potential to 

accommodate up to one lithium per every three carbons on charging, and even 

possibly more [28-29]. The lithium storage capacities of SWCNTs have been 

determined experimentally to be significantly higher than that of intercalated 

graphite, namely > 1000 mAh g-1 [30-34]. The critical challenge for the CNT 

electrochemical properties, however, is the high irreversible charge capacity in the 

first cycle [35]. Some outstanding non-electrochemical properties of CNTs, such as 

their high theoretical tensile strength and high electrical and thermal conductivity 

[23], also make CNTs potentially useful, preferentially as an additive or matrix for 

composite electrodes in the Li-ion battery system.  



 

8 

 

Carbonaceous materials, usually either graphite or coke, are also well known as 

standard anode materials for the lithium-ion battery [36]. The main advantages of 

choosing these materials are the low cost and the low operational voltage. The 

carbonaceous anode is coupled with a high voltage cathode, e.g. LiCoO2, in order to 

obtain a battery operating in the 4 V range. Moreover, the mechanism of lithium 

intercalation in the anode, i.e. graphite or soft carbon, is well known. The 

intercalation proceeds through well-identified, reversible stages, corresponding to 

progressive intercalation within discrete single layers of carbon (graphene), to reach 

the formation of LiC6, with a maximum theoretical capacity of 372 mAh g-1 [37]. The 

graphite anode has the disadvantages of low energy density, however, as well as 

safety issues related to lithium deposition and a significant irreversible loss in 

capacity after only one cycle [38]. Therefore, new anode materials, including Si 

(3579 mAh g-1), Sn (992 mAh g-1), and transition metal oxides (500-1000 mAh g-1), 

with high theoretical capacity, low cost, enhanced safety, and long cycle life have 

been considered the most promising alternative anode materials. The main challenge 

for the implementation of such anodes, however, is their large volume change during 

lithium insertion and de-insertion. The electrode suffers cracking and crumbling, and 

consequent loss of interparticle contact [38-39], resulting in the loss of capacity.  

1.2.2 Cathode materials 

Cathodes are a requisite and fundamental part of lithium-ion batteries, so great 

research efforts have been devoted to exploring new cathode materials in order to 

decrease costs and improve safety issues [40]. Vanadium pentoxide (V2O5) and 

molybdenum trioxide (MoO3) were two of the earliest studied oxides for cathode 

materials for the lithium ion battery. Vanadium pentoxide has been investigated for 
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30 years [41-42]. It has a layered structure with weak vanadium-oxygen bonds 

between the layers. Due to its layered structure, the insertion of up to ~3 mol Li+ ions 

per formula unit leads to the high theoretical capacity of ~400 mAh g-1 [43-44]. V2O5 

also has the advantages of low cost and abundant resources in the earth’s crust. 

Problems such as severe capacity fading and poor rate capability, however, prevent 

its use in commercial lithium batteries. A variety of molybdenum oxides have been 

noted as possible cathode active materials in secondary lithium batteries [45-48]. 

Among these oxides, molybdenum trioxide (MoO3) has a relatively high discharge 

capacity as cathode, but the cell voltage is not high compared with practical cathode 

active materials such as MnO2 and V2O5 [49-50].  Also, the cell voltage on charging 

and the poor cycling behaviour need to be improved to facilitate the development of 

practical batteries. Among the other candidate cathode materials, compounds with 

three-dimensional structures (LiMn2O4, LiFePO4) and layered structures (LiMO2 

with M = Co, Ni)  are the  most widely studied due to good insertion/de-insertion 

properties [51]. Although LiCoO2 is still being used as a successful cathode material 

in most commercial lithium ion batteries, the raw materials are less available, more 

toxic, and more costly than for other transition metals, such as manganese, nickel, 

and iron. In addition, LiCoO2 is not as stable as other potential electrode materials, 

which can lead to performance degradation or failure when overcharged [52-54]. 

Layered LiNiO2, spinel LiMn2O4, and olivine LiFePO4 have become more attractive, 

since Ni, Mn, and Fe are less expensive and less toxic than Co. Nevertheless, LiNiO2 

suffers from structural changes, thermal runaway, and difficulties in synthesizing it 

as an ordered material with all Ni3+ ions [55-56], while LiMn2O4 suffers from severe 

capacity fade at elevated temperatures, along with other disadvantages such as 
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manganese dissolution, Jahn-Teller distortion, loss of crystallinity, and development 

of microstrain during cycling [57-59]. Moreover, LiMn2O4 has a limited capacity, 

about 120 mAh g-1, which less than that of LiCoO2 (140 mAh g-1). Olivine-like 

LiFePO4 has come to be an interesting positive electrode material for lithium-ion 

batteries because of its low toxicity, low cost, long cycle life, and good cell safety. A 

primary problem of this material, however, which prevents it from being used in 

large-scale industrial applications, is its poor high-rate performance, owing to its low 

electronic conductivity and low ionic diffusion coefficient [60]. 

1.2.3 Electrolyte 

Over the past two decades, commercial lithium batteries have used electrolytes 

containing LiPF6 salt dissolved in a mixed carbonate solvent, even though they are 

unsafe, due to the use of flammable organic electrolyte, poor thermal stability of the 

cathode electrolyte interphase, and the formation of lithium dendrites [61]. LiPF6 is 

believed to be the main cause for poor performance of lithium batteries at high 

temperature. Goodenough and Kim reported [62] that the ideal electrolyte should 

offer retention of the electrode/electrolyte interface during cycling, when the 

electrode particles are changing their volume, conductivity of more than 10-4 S cm-1 

over the temperature range of battery operation, chemical stability over the ambient 

temperature range, low toxicity, and low cost.  

Room-temperature ionic liquids (RTILs) have been considered as alternative 

electrolytes for lithium-ion batteries due to advantages such as high oxidation 

potential (~5.3 V vs. Li+/Li), non-flammability, low vapour pressure, high boiling 

points, and high Li-salt solubility [63-65]. The high viscosity of these ionic liquids, 
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however, reduces the Li-ion conductivity. Solid polymer electrolytes (SPE) are 

considered to have a safety advantage over the organic and inorganic liquid 

electrolytes because of their lower reactivity with lithium and the absence of any 

organic solvent which can cause environmental hazards [66], although the “dry solid 

system” of SPE electrolytes suffers at present from poor ionic conductivity (~10-5 S 

cm-1 at 20 oC). Polymer gels or gel electrolytes are an alternative solution combining 

the advantages of liquid electrolytes and solid electrolytes. Gel electrolytes 

incorporating organic solvents have shown room temperature conductivities as high 

as 10-5 S cm-1. 

1.2.4 Design of flexible cell 

To build fully flexible and robust electrochemical devices, electrodes with specific 

electrochemical and mechanical properties need to be explored to fulfil these 

requirements. The traditional Li-storage material electrodes suffer from serious 

cracking and poor physical properties when they are frequently bent or loaded by 

impact bending, which is mainly due to weak bonding between the materials and the 

current collector. A thin free-standing electrode film with complete mechanical 

flexibility during operation could solve these problems. In order to construct a 

flexible cell, it is necessary to fabricate all the battery components, the anode, a gel 

or solid electrolyte, the cathode, and the current leads into multi-layered films by 

suitable techniques. Nanostructured electrode materials, particularly one-dimensional 

(1D) nanowires/nanorods/nanobelts [67-70], are considered to be the most promising 

avenue towards fabricating free-standing film electrodes. The 1D nanowire, nanorod, 

or nanobelt morphology not only has a large electrode−electrolyte contact area and 

facile strain relaxation, but also efficient 1D electron transport pathways [67-68]. 
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Usually, thin free-standing electrodes (both anode and cathode) are fabricated by the 

vacuum filtration method or electrochemical deposition [35, 71-74]. In some cases, 

chemical vapour deposition (CVD) and pulsed-laser deposition (PLD) are used [75-

77]. For practical cells, a carbon based anode and metal-oxide-based cathode have 

been selected, as they can provide maximum specific energy, sufficient specific 

power, and long cycle life. The moisture and air trapped in the pouch-type cell are 

other dominant factors during the assembly of flexible cells. By using polymer or gel 

electrolyte, some flexible batteries less than 5 mm in thickness are already available 

[78]. Obviously, besides the material properties, the fabrication techniques for the 

electrodes and the cell design are also important sources of improvement.  

1.2.5 Approaches for improving electrode performance 

In order to improve the energy storage capacity, cycling stability, and mechanical 

flexibility, for the flexible lithium battery in particular, several strategies have been 

developed to reduce the detrimental effects of large volume variation in electrode 

materials and to alleviate the side reactions with electrolyte. These approaches are 

discussed below:  

Nanoscale structured materials for electrodes 

Nanostructured materials are the heart of fundamental advances in efficient energy 

storage and/or conversion, where surface processes and transport kinetics play 

important roles. Nanoscale materials are endowed with unusual mechanical, 

electrical, and optical properties by confining the dimensions of such materials, and 

the overall behaviour of nanostructured materials exhibits combinations of bulk and 

surface properties [79]. The lithium ion battery field is one of a number that have 
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benefited from the introduction of nanotechnology: the application of nanostructured 

materials has significantly improved and enhanced the lithium ion intercalation 

capability, e.g. storage capacity, intercalation rate, and cycling stability [80]. 

Considering the liquid-solid interface reaction characteristic of lithium ion 

intercalation, followed by diffusion into the electrode bulk, it is reasonable to expect 

that a large surface area and short lithium ion diffusion path can ensure complete 

Faradaic reaction at the interface and facilitate the diffusion into the bulk. Thus 

nanoscale electrodes which meet these requirements are highly favourable as 

intercalation hosts instead of bulk electrodes consisting of micrometer sized particles. 

Carbon-based composites 

Carbon-based materials are a major component of electrodes, due to their high 

electronic conductivity and robustness, and the rich functional surface chemistry of 

carbon. Great research interest has been dedicated to the development of electrodes 

with advanced architectures using nanostructured carbon materials (carbon 

nanotubes or nanofibers, ordered mesoporous materials, etc.), in contrast to the 

‘classical’ carbon materials based on graphite, glassy carbon, and carbon black [81]. 

The beneficial effects of carbon addition or a carbon coating also have been widely 

observed in many studies. The improved cycling performance of carbon-based 

composites could be attributed to the improved electric conductivity and the 

buffering effect of carbon [82-84]. Carbon additives also have the advantages of 

good ionic conductivity, low volume expansion, tolerance to mechanical stress, and 

Li-storage capability [84-85]. It has also been reported that a carbon coating exerts a 

compressive stress on the active particles, which acts as an opposing force against 
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particle volume expansion during lithiation and thus limits the pulverization of the 

particles [86].  

One or two-dimensional nanostructured materials 

One of the most promising approaches is to design one or two-dimensional (1 or 2D) 

nanostructured materials with sufficient surface area to accommodate the large 

volume expansion during Li insertion and extraction [87-89]. 1D nanostructured 

materials have many advantages for use in electrodes for lithium-ion batteries [90], 

such as the large surface area, which provides a large contact area between the active 

materials and the electrolyte, the continuous network, which is expected to improve 

the electrical conductivity, a large surface area that can buffer the large volume 

changes caused by disintegration of the structure, and suitable 1D  structures that 

may block the re-aggregation of the superfine particles. As a result, these materials 

can show improved reversible capacity, enhanced cycling performance, and elevated 

rate capability.  

Conductive polymer coating 

Conducting polymers, such as polyacetylene, polyaniline, and polypyrrole (PPy), 

have been studied as electrode materials for rechargeable batteries because they are 

electrochemically active and permit penetration of the electrolyte into the polymer 

mass. These polymers can be charged and discharged by a redox reaction involving 

lithium ions or counter anions of the electrolyte [91-92]. Among the conducting 

polymers, PPy is one of the most popular for use in a cathode; it has an open circuit 

voltage (VOC) versus Li+/Li of 2 < VOC < 4 V, with a specific energy ranging from 80 

to 390 Wh kg–1 [92]. Thus, research efforts were essentially concentrated on the 
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utilization of PPy as a conducting agent for the positive electrode (cathode) in 

lithium batteries.  

1.3 Significance of the study 

The past two decades have shown that the exploration of the properties of 

nanomaterials can lead not only to substantially new insights regarding fundamental 

issues, but also to novel technological perspectives. So, it is now believed that the 

combination of hybrid materials science and nanotechnology could be the best way 

to achieve breakthroughs in the energy storage field, especially with respect to the 

lithium-ion battery. In this doctoral work, systematic experimental investigations 

were carried out to improve the performance of electrodes based on hybrid and 

nanostructured materials. Generally, the potential advantages of the use of hybrid and 

nanostructured materials as electrode can be summarized as below: 

1. Nanostructured electrode materials may not only introduce innovative 

reaction mechanisms, but also improve the electrochemical properties over 

those of their bulk counterparts. 

2. Nanostructured electrode materials provide a larger electrolyte contact area, 

which is beneficial to high current rate performance, because Li ion diffusion 

and electron transport are highly dependent on the transport path length and 

accessible sites on the surface of the active materials. On other hand, 

conductive composites can enhance the transfer of electrons.  

3. Nanostructured electrode materials may also deliver good cycling stability. 

The capacity fading of lithium ion batteries upon cycling is usually caused by 

the large volume expansion associated with Li insertion and extraction. 
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Nanostructured electrodes can absorb this large volume change during 

insertion/extraction, preserving the integrity of the electrode, which leads to 

stable cycling performance. Conductive hybrid materials are also beneficial 

for the electrolyte diffusion into the bulk of the electrode, provide fast 

transport channels for the Li ions, and accommodate the volume variation 

more effectively, thus increasing the structural stability of the electrode. 

 

The overall objective is to contribute to a comprehensive insight into the factors 

controlling lithium-ion electrode performance, from the synthesis of nanostructured 

and hybrid materials to the details of phase-related electrochemical behaviour. The 

ultimate goal is to investigate the mechanisms involved during electrochemical 

cycling and to understand how nanostructured and hybrid materials influence the 

electrochemical performance of lithium-ion batteries. Therefore, in this thesis work, 

many different types of electrochemical and structural characterization techniques 

have been adopted, in the hope of accomplishing this objective. 

1.4 Research objectives 

Based on previous work and published papers in international journals by other 

researchers, the author was initially motivated to explore synthesis techniques, 

structural characterization, and electrochemical performance evaluation of different 

types of hybrid and nanostructured materials as potential candidates for use as 

electrode materials in lithium-ion batteries. The following objectives have been 

addressed to achieve the main goals: 
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1. To synthesize novel conductive nanohybrid electrode materials for lithium-

ion batteries. 

2. To synthesize nanostructured materials for electrodes of lithium ion batteries. 

3. To characterize the synthesized materials by numerous techniques in order to 

understand the structural, morphological, physical, and also the 

electrochemical behaviour. 

4. To increase the practical specific capacity of the electrode materials to near 

their theoretical capacity with excellent rate capability and cycling stability. 

5. To contribute to the next technology breakthrough in order to open up a new 

window for the next generation of lithium-ion batteries, especially for flexible 

lithium batteries. 

1.5 Structure of thesis  

The scope of the research which has been carried out in this doctoral work is briefly 

outlined below: 

In this Chapter, a general background and major problems associated with lithium-

ion battery electrodes are presented. Possible approaches for improving electrode 

performance, and the significance and objectives of this study are also discussed. 

Chapter 2 presents a thorough literature review on the current state-of the art lithium 

ion battery, especially with respect to the role of nanostructured and hybrid material 

for electrodes, and their possible synthesis techniques. 

Chapter 3 describes the materials, chemicals, and methods used to synthesize the 

nanostructured and hybrid materials, and the instrumental analysis techniques used to 
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characterize the electrode materials, including X-ray diffraction (XRD), 

thermogravimetric analysis (TGA), scanning electron microscopy (SEM), field 

emission scanning electron microscopy (FESEM), transmission electron microscopy 

(TEM), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), tensile 

testing, charge-discharge testing, cyclic voltammetry (CV), and electrochemical 

impedance spectroscopy (EIS). 

Chapter 4 and 5 present the synthesis techniques and electrochemical performance of 

the potential anode materials that were studied, SnO2/MWCNT and SWCNT/SnO2, 

respectively. 

Chapter 6 and 7 discuss the synthesis techniques and electrochemical performance of 

the potential cathode materials that were studied, V2O5-polypyrrole and  

MoO3/graphene, respectively. 

Chapter 8 summarizes the results of this doctoral work and provides some outlooks 

for further research work related to electrode materials. 
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Chapter 2  

Literature Review 

 

2.1 Introduction 

The industrial revolution of the past few centuries has been powered mainly 

by variations of the combustion reaction, the fire that marked the dawn of humanity, 

resulting in emissions of carbon dioxide [93]. The issue of global climate change has 

driven an energy economy that must be based on a cheap and sustainable energy 

supply. Battery devices can potentially provide a solution, especially as they can be 

used to store energy from sustainable sources such as the wind and solar power. 

Together with the enthusiasm and rapid advances in the electric automotive industry 

towards the development of electric vehicles (EV) and hybrid electric vehicles 

(HEV), these factors have combined to make the development of improved 

rechargeable batteries a worldwide trend. Researchers thus have the responsibility for 

providing the world with better and more efficient batteries. Advancement in battery 

technology has been relying in the development and use of different types of 

nanostructured materials for electrodes and electrolytes, and thus on different 

electrochemical reactions [17, 89]. To compare the different battery types in term of 

their performance, Fig. 2.1 shows the Ragone chart which plots specific energy 

versus specific power (the latter usually represented on a logarithmic axis), where 

one can compare easily the different batteries suitable for use in either battery-

electric vehicles (which foremostly need energy) and hybrid vehicles (which 

foremostly need power) [94]. It should be noted that the areas on the chart each 
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represent an electrochemical couple, but that several design options are possible to 

optimize the battery performance for its application. Obviously, lithium-based 

batteries currently outperform other systems because of their high energy density and 

design flexibility. The current technologies for producing rechargeable lithium ion 

batteries, however, do not completely satisfy all requirements. In recent years, great 

efforts have been devoted to the development of various electrode materials and have 

moved closer towards reaching the requirements. Here, certain kinds of electrode 

materials, especially self-supported electrode for flexible lithium ion batteries, will 

be investigated and discussed in detail in this doctoral work. 

 

 

 

 

 

 

 

 

Figure 2.1 Comparison of the different battery technologies in terms of specific 

energy and specific power [94]. 
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2.2 Historical developments of lithium-ion rechargeable batteries 

For years, battery researchers have been fascinated with the prospect of using 

lithium as the anode material in batteries, because of its light weight (molar mass M 

= 6.94 g mol-1, and density ρ = 0.53 g cm-3) and extremely electropositive character 

(~3.04 V versus standard hydrogen electrode) [61]. The first lithium-based battery 

was developed in the early 1970s and was a room temperature lithium primary or 

non-rechargeable type, which used sulphur oxide (SO2) dissolved in an organic 

solvent (along with a lithium halide electrolyte) as the active positive electrode 

reactant and a lithium metal negative electrode [95]. During the 1970s and 1980s, 

many researchers were involved in programs to develop rechargeable batteries and 

discovered that several inorganic compounds could react with lithium in a reversible 

way. This led to the development of alternative battery systems that utilized layered 

transition metal dichalcogenides. In 1972, Whittingham was the director of a large 

project using TiS2 as the cathode electrode, Li metal as the anode electrode, and 

lithium perchlorate in dioxolane as the electrolyte [96]. TiS2 was the best 

intercalation compound available at the time, having a very favourable layered-type 

structure and was the most promising candidate for the energy electrode due to its 

light weight [97-98]. In spite of the impeccable operation of the positive electrode, 

however, the system was not viable. It soon encountered the shortcomings of a Li 

metal/liquid electrolyte combination − uneven Li growth as the metal was replaced 

during each subsequent discharge-charge cycle, which led to explosion hazards. The 

safety issue, the low potential, and the high production cost of this material caused 

people to start to move to layered oxide materials [99]. Vanadium pentoxide (V2O5) 

and molybdenum trioxide (MoO3) were two of the earliest studied oxides. MoO3 is 
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of little interest due to its low rate capability [100], whereas V2O5 has been 

investigated for the past 30 years [61, 101-102]. It has a layered structure with weak 

vanadium-oxygen bonds between the layers and is now known to react by an 

intercalation mechanism. The multiphase transition and rapid capacity loss on 

cycling, however, makes this material unsuitable for commercial application in 

rechargeable batteries [101-102]. In the 1980s, Goodenough and his co-workers 

discovered the open framework LixMO2 (M = Co, Ni or Mn) family of compounds as 

more suitable positive electrode materials [103-104]. They recognized that LiCoO2 

had a similar structure to layered structures of the dichalcogenides and showed that 

the Li ion could be inserted and extracted electrochemically, thus making LiCoO2 a 

very promising cathode material. On the other hand, the introduction of carbon as an 

anode material in lithium-ion secondary batteries has an interesting history. Lithium 

insertion in graphite host lattices from conventional non-aqueous solvents was 

reported as early as 1976 by Besenhard [105]. Nevertheless, disintegration of the 

graphite host lattice during intercalation/de-intercalation has remained an unresolved 

issue. The search for new solvent-supporting electrolyte systems, including polymer 

electrolytes, to ensure reversible intercalation/de-intercalation would improve the 

cycle life of graphite material [106]. Sony Corporation reported that lithium insertion 

could also be successfully carried out in disordered carbon material [107]. This 

opened up many possibilities in terms of carbon material sources and the choice of 

solvent-supporting electrolyte systems. Following a parallel sequence of 

developments which resulted in the selection of LiCoO2 as the cathode material, 

Sony introduced the first successful disordered-carbon-based[108] Li-ion batteries, 

which were commercialized in 1991. This type of Li-ion battery, having a potential 
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exceeding 3.6 V (three times that of alkaline systems) and gravimetric energy 

densities as high as 120-150 Wh kg-1 (two or three times those of the usual Ni-Cd 

batteries), is found in most high performance portable storage devices that have been 

developed in the past two decades. These lithium ion batteries had a strong impact on 

the battery community all over the world because of their high operating voltage. 

Nevertheless, the safety issue is still a serious problem related to the organic solvent 

used in liquid electrolyte. Reaction between the organic solutions and the electrode 

surface occur when the temperature of the cell increases, particularly if the solid-

electrolyte interphase (SEI) is disrupted. The SEI is the contact surface between the 

electrolyte solution and the electrode material consisting insoluble products 

generated during the battery is charged for first time [109]. This interface becomes 

unstable when the cell temperature rises above 70-100 oC and decomposes 

exothermically. The rise in temperature is generated by irreversible heat linked with 

the internal resistance and reversible heat related to the reduction reaction that take 

place in the positive electrode and the heat generated at the negative electrode [110]. 

Thermal runaway of lithium-ion batteries has been described in three-stage process 

[111]: 

(i) Anodic reactions start at about 90 oC. This is the rate-limiting step. As 

temperature rises above 120 oC, decomposition of the solid electrolyte 

(SEI) layer follows, leading to reduction of the electrolyte at the lithiated 

negative electrode.  

(ii) In a second step of the thermal runaway mechanism, exothermic reactions 

at the positive electrode start as the temperature rises over 140 oC. 

Oxygen rapidly evolves at this stage. 
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(iii) The positive electrode decomposes and the electrolyte gets oxidised at 

temperature above 180 oC. This is a high-rate exothermic process with a 

temperature rise as high as 100 oC per min.  

To circumvent the safety issues surrounding the use of organic solvent in the 

liquid electrolyte, several alternative approaches and strategies were pursued. The 

best potential approach involved replacing the liquid electrolyte by a dry polymer 

electrolyte, in batteries denoted as Li solid polymer electrolyte (Li-SPE) batteries 

[112], although this technology is limited to large systems (electric stationary or 

backup power systems) and is not suitable for portable devices due to their high 

temperature operation (up to 80 oC). To benefit from the advantages of polymer 

electrolyte technology without the hazards associated with the use of Li metal, some 

researchers tried to develop a Li hybrid polymer electrolyte (Li-HPE) battery [113]. 

This type of electrolyte consists of three components: a polymer matrix, which is 

swollen with liquid solvent, and a Li salt. However, HPE systems have never been 

commercialized on an industrial scale due to serious safety issues related to the 

growth of Li-metal dendrites. With the goal of combining the recent commercial 

success enjoyed by liquid Li-ion batteries with the manufacturing advantages 

presented by the polymer technology, Tarascon and co-workers  [114] introduced 

polymer electrolytes into a liquid Li-ion system. They developed the first reliable and 

practical rechargeable Li-ion HPE battery, called the plastic Li-ion (PLiON) battery, 

which differs considerably from the usual coin, cylindrical or prismatic-type cell 

configurations (Fig. 2.2). Such thin-film battery technology, which offers shape 

versatility, flexibility, and lightness, has been under commercial development since 

1999 and has many potential advantages in the continuing trend towards electronic 
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miniaturization. The next generation of integrated liquid-electrolyte Li-ion cells, 

derived from the plastic Li-ion concept, are finally beginning to enter the market 

place. These new cells use a gel-coated, microporous polyolefin separator laminated 

to the electrodes, rather than use the poly(vinylidenefluoride-co-

hexafluoropropylene) (PVDF-HFP)-based membrane used in the plastic Li-ion cells. 

 

 

 

 

 

 

 

 

 

Figure 2.2 Schematic drawings of various types of Li-ion cell constructions: (a) 

cylindrical; (b) coin; (c) prismatic; and (d) flexible [61]. 

 

2.3 Fundamentals of electrochemistry 

Electrochemistry includes the study of chemical properties and reactions 

involving ions either in solution or in solids. In order to study these properties, 

electrochemical cells are generally constructed. A typical cell consists of two solid 

electrodes, the cathode and the anode, in contact with an ionic conducting electrolyte. 

A galvanic cell is an electrochemical cell that is capable of converting chemical 
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energy into electrical energy. It generates electricity as a result of the  spontaneous 

electrode reaction inside it. 

2.3.1 Principle of reaction mechanism of lithium-ion battery 

A typical lithium-ion battery is comprised of a positive electrode (cathode) 

formed normally from a layered structure, such as lithium transition metal (M) 

oxides e.g. LiCoO2, a non-aqueous electrolyte (e.g. LiPF6 in ethylene 

carbonate/dimethyl carbonate (EC/DMC)) with a separator and a negative electrode 

(anode) based on graphitic layered carbon materials, such as natural graphite and 

other carbonaceous materials. A non-aqueous electrolyte can be substituted by a 

polymer gel or solid polymer electrolyte is placed between the two electrodes for ion 

transfer. A schematic diagram of the charge/discharge process in a rechargeable 

lithium-ion battery is shown in Fig. 2.3. 

 

 

 

 

 

 

 

Figure 2.3 Schematic representation and operating principles of the rechargeable Li-

ion battery [115]. 

The mechanism of the lithium-ion battery can be considered as based on the 

flow of lithium ions inside the battery between anode and cathode and, at the same 
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time, transport of electrons outside the battery (external circuit) between anode and 

cathode.  As the lithium-ions are included in the cathode material, the cells need to 

be charged first to allow lithium ions to be de-intercalated from the cathode and 

spread throughout the electrolyte to be inserted into the negative electrode material. 

During the discharge process, lithium ions are extracted from the anode and are 

inserted into the cathode through the electrolyte. The generation of lithium ions and 

electrons occurs simultaneously from the reaction, Li � Li+ + e-, where the cathode 

electrode is oxidized and the anode electrode is reduced during charge, respectively. 

The reactions involved in the charge and discharge processes are described below 

[116-117]: 

At the positive electrode: 

LiMO2              Li1-xMO2 + xLi+ + xe-      (2.1) 

At the negative electrode: 

6C + xLi+ + xe-             LixC6       (2.2) 

Overall reaction: 

6C + LiMO2            Li1-xMO2 + LixC6      (2.3) 

The electrode must allow for the flow of both lithium ions and electrons, however, 

and thus the electrode must have both good ionic conductivity and good electronic 

conductivity. Simply, the lithium ions move back and forth between the cathode and 

anode upon charging and discharging, which gives rise to a potential difference of 

about 4 V between the two electrodes, while the battery capacity is dependent on the 

amount of lithium ions that can be extracted from the cathode materials. The name 

“lithium ion” for the batteries originates from this simple mechanism, which is the 

transfer of lithium ions between the anode and cathode. 
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During first charge of the Li-ion battery, the electrolyte undergoes reduction 

at the negatively polarized anode surface. This forms a passive layer comprising 

inorganic and organic electrolyte decomposition products. In an ideal case, this layer 

prevents further electrolyte degradation by blocking the electron transport through it, 

while concomitantly allowing Li-ions to pass through during cycling. This essential 

passive layer has appropriately been named the solid electrolyte interphase 

(SEI) [118]. The onset potential of SEI formation is not a fixed value. The literature 

offers values such as 2 V [119], 1.7 V [120], or 1 V [121], but 0.8 V [122-123] is the 

most widely adopted practical value. SEI formation may also continue up to a few 

cycles. This parameter cannot be normalized, however, because it depends on a 

number of factors, such as the nature and composition of the electrolyte, the nature of 

the additives used in the electrolyte [124], sweep rates [125], etc. It is desirable to 

have complete SEI formation before Li-ion intercalation begins (> 0.3 V [126]). The 

SEI is a very complicated layer comprising inorganic components, which are 

normally salt degradation products, and organic components, which are partial or 

complete reduction products of the solvent in the electrolyte. The thickness of the 

SEI may vary from few Angströms to tens or hundreds of Angströms [127]. It is 

difficult to distinctly measure the SEI thickness, as some of the components are 

partially soluble in the electrolyte [128]. Because formation of a new phase between 

the active material and the electrolyte modifies the interphase resistance, the average 

thickness was estimated using electrochemical impedance spectroscopy (EIS) [129]. 

The picture of a real SEI inside the battery has always been a blur. Models of the SEI 

on graphite were proposed by Peled et al. [130], Aurbach [119, 126], and Edström et 

al. [123]. They all suggest that the SEI is a dense layer of inorganic components 
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close to the carbon, followed by a porous organic or polymeric layer close to the 

electrolyte phase. Crystals of LiF are also sometimes detected [131]. Every 

parameter and property of the SEI significantly affects battery performance. The 

composition, thickness, morphology, and compactness are just a few. Irreversible 

charge “loss” (ICL) in the first cycle occurs due to solvent reduction and SEI 

formation, and is hence a characteristic of the SEI [132]. Detrimental processes 

occurring during storage (self-discharge) also depend on the ability of the SEI to 

passivate the active material surface. Hence, the shelf-life of a battery also depends 

on the SEI [133]. As mentioned above, the SEI may also dissolve and/or evolve 

during cycling. Thus, an effective and stable SEI is mandatory for good cycling life 

of the battery [134]. It becomes even more important during cycling at high rates and 

at deeper depth of discharge [61]. SEI components are highly temperature sensitive. 

Thus, performance of the battery at high/low temperature is dependent on the 

SEI [135]. The most important consequence of the SEI, however, relates to the safety 

of the battery [136]. An ideal SEI should have minimum electronic and maximum 

Li+ conductivity. SEI formation kinetics should be fast, allowing it to form 

completely before the onset of Li+ intercalation. In other words, SEI formation 

potential should be more positive than Li+ intercalation potential. An ideal SEI 

should have uniform morphology and composition. A good SEI should be a compact 

layer adhering well to the carbon. It should be elastic  and flexible [137] to 

accommodate non-uniform electrochemical behaviour and active material breathing. 
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2.3.2 Fundamental properties 

To evaluate the properties of electrodes in a secondary cell, some general 

concepts are introduced below: 

� Active mass: active mass is the material that generates electrical current by 

means of chemical reaction within the battery. 

� Open circuit voltage (OCV): open circuit voltage is the voltage across the 

terminals of a cell or battery when no external current flows. It is usually 

close to the thermodynamic voltage for the system. 

� Potential: the cell potential is determined by the difference between the 

chemical potential of the lithium in the anode and cathode, 

∆G = -EF        (2.4) 

where ∆G = Gibbs free energy 

F = Faraday constant (96485 C) 

E = electrode potential  

For the rechargeable lithium-ion cell, the cathode and anode are defined as 

the higher potential and lower potential electrodes, respectively. Typically, 

the electrochemistry of the total lithium cell reaction can be investigated 

using a half cell with lithium metal as counter and reference electrode, 

denoted as vs. Li+/Li, for convenience in research. Therefore, the active 

materials we will discuss later are all working as cathode materials in the half 

cell, but what they really are is determine by the potential. Normally, the 

cathode materials show a potential vs. Li+/Li higher than 2 V, while the anode 

materials show a potential vs. Li+/Li lower than 2 V. Fig. 2.4 summarizes the 
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electrochemical potential and the typical lithium ion storage capacities of 

both anodic and cathodic materials. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Voltage versus capacity for positive- and negative-electrode materials 

[61].  

 

� Discharging: discharging is the operation in which a battery delivers 

electrical energy to an external load. 

� Charging: charging is the operation in which the battery is restored to its 

original charged condition by reversal of the current flow. 

� Overcharging: attempting to charge a battery beyond its electrical capacity 

can also lead to a battery explosion, leakage, or irreversible damage to the 

battery. It may also cause damage to the charger or device in which the 

overcharged battery is later used. 
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� Short circuiting: a short circuit can lead to a battery fire or explosion. It often 

occurs when a battery is connected to itself, creating two points on a circuit 

with different potentials connected with zero or near-zero resistance. 

� Memory effect: the memory effect is a vague description of a temporary loss 

of capacity for the Ni-Cd battery system. The “memory effect” refers to the 

phenomenon where a nickel/cadmium battery loses the ability to deliver full 

capacity if it is utilized only partially for a prolonged period of time. In 

practice, every kind of temporary capacity loss is often called a “memory 

effect”. 

� Theoretical specific capacity: other than the potential, the specific capacity is 

also an important parameter to evaluate the active materials. The theoretical 

specific capacity (Qtsc) can be calculated from the equation: 

 

where n is the number of moles of electron transfer in the electrochemical 

reaction, F is the Faraday constant (96485 C), and M is the molecular weight 

of the active materials. 

� Specific charge capacity/specific discharge capacity: the specific charge 

capacity (Qc) or specific discharge capacity (Qd) is calculated based on the 

total amount of charge transferred: 

 

where I is the current (mA), t is the time (h), and m is the mass of active 

materials (g). 

The unit of Qc and Qd is mAh g-1. 
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� Energy: it is usually desirable that the amount of energy stored in a given 

mass or volume is as high as possible. The concepts of specific energy (SE, 

Wh kg-1) or energy density (ED, Wh L-1) allow comparison of the energy 

content or energy density. 

 

 

 

where E is the voltage (V) of the cell, Q is the specific capacity (mAh kg-1), 

m is the weight of the cell (kg), and V is the volume of the cell (L). 

� Power: specific power (SP, W kg-1) and power density (PD, W L-1) refer to 

the ability of the cell to deliver power per unit mass and unit volume, 

respectively. 

 

 

where t is the discharge time (h). 

� Rate capability: rate capability is another parameter to evaluate electrode 

performance. The term charge/discharge rate or C-rate is often used to 

describe how fast the cell can be charged or discharged. C denotes either the 

theoretical charge capacity of a cell or battery (mAh) or the nominal capacity 

of a cell or battery, as indicated by the manufacturer.  

� Irreversible capacity loss: it is also important to define how much capacity is 

lost after each cycle. The irreversible capacity can reflect the stability of cells 
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upon cycling. Irreversible capacity loss is therefore explained by the 

following equation: 

For anode materials: 

 

For cathode materials: 

 

where n is the number of cycles for the charge-discharge test, Qd is the 

specific discharge capacity and Qc is the specific charge capacity for each 

cycle.  

� Capacity retention: capacity retention is the ratio of the last cycle to the first 

cycle discharge capacity and is calculated as a percentage, as below: 

 

where C is the discharge capacity, n is the number of the cycle, and C1 is the 

initial discharge capacity. 

� Coulombic efficiency: coulombic efficiency (η) is defined as the ratio of the 

discharge capacity to the charge capacity, expressed as a percentage. 

 

 

2.4 Materials for anodes 

Since the technological breakthrough on anode materials at the end of the 

1980s and in the early 1990s, resulting in the birth and commercialization of the 
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lithium ion battery, research on anode materials has been a focus of attention. To the 

best of our knowledge, however, carbonaceous based materials are the most 

attractive and widely investigated materials for use as anode in lithium-ion batteries 

so far. 

 

2.4.1 Carbon-based materials 

Carbons are used as the anode in most commercial lithium-ion batteries, 

because they function as suitable host structures for lithium intercalation and their 

structures are flexible enough to offer reversibility by allowing effortless insertion 

and de-insertion of lithium. They also exhibit both higher specific charges and more 

negative potentials than most metal oxides, chalcogenides, and polymers. Graphite 

can be obtained in a variety of forms, ranging from a crystalline state to a nearly 

amorphous state. Carbonaceous materials can be classified into three groups: 

graphite, graphitizable carbon, and non-graphitized carbons. 

 

Graphite: 

Graphite is a classic carbonaceous material that consists of hexagonal sheets of 

sp2carbon atoms (called graphene sheets), weakly bonded together by van der Waals 

forces. Lithium ions and other kinds of ions and molecules can be intercalated 

between the graphite sheets, and the resulting complexes are called “graphite 

intercalation compounds” (GIC) [138]. The GICs have an essential characteristic 

property which is called the staging phenomenon, which governs the intercalated 

layers that are randomly organized in the matrix of graphite sheets. Lithium 

intercalation takes place through well-identified, reversible stages, corresponding to 
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progressive intercalation within discrete graphene layers, to finally attain the 

formation of LiC6 with a maximum theoretical capacity of 372 mAh g-1 [139]. This 

process extends to the range of a few mV versus lithium, i.e. well below the 

decomposition limit of the most common electrolytes. Electrolyte decomposition 

results in the formation of a surface protective film, the solid electrolyte interphase 

(SEI), which allows the continuous operation of the carbonaceous anode [140-141]. 

 

Graphitizable carbons: 

Graphitizable carbons are also called soft carbons. They have a structure composed 

of misoriented crystallites formed after heat-treatment at high temperature (2000-

3000oC) [142-143]. Their reversible capacities are normally lower than that of 

graphite because their maximum stoichiometric factor x in LiC6 is typically ~ 0.5 to 

~ 0.8 (for graphite, x = 1). The quality of sites capable of lithium accommodation 

strongly depends on the crytallinity, the microstructure, and the micromorphology of 

the carbonaceous material [85, 144]. Thus, this kind of carbon determines the 

current/potential characteristic of the electrochemical intercalation reaction. Their 

relatively low capacity is mainly due to the lower number of sites available to 

accommodate lithium in “wrinkled and buckled” defect structural segments. 

 

 

Non-graphitized carbons: 

Non-graphitized carbons are derived from low temperature treatment of organic 

compounds. Typically, these carbons have a highly disordered structure, a large 

amount of micro- or nano-porosity, and heteroatoms remaining from the precursors 
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[145-146]. They deliver much higher capacities than graphite (e.g. 1000 mAh g-1 for 

a coke-type material) [147], but have very high irreversible capacities in the first 

cycle, with a large hysteresis in the potential profile. 

In addition to structural modification of elements, carbon has many different 

forms or allotropes. The oldest carbon allotropes are amorphous carbon, graphite, 

and diamond. Later, scientists synthesized new allotropes, including carbon 

nanotubes (CNTs), fullerenes, and graphene, all of which have had a significant 

scientific and technological impact. Carbonaceous nanomaterials share the same 

bonding configuration as macroscopic carbon structures, however, their properties 

and morphology are controlled by the stability of particular resonance structures 

rather than  their crystalline forms in the bulk [148]. 

 

 

 

. 

 

 

Figure 2.5 Carbon allotropes [148]. 

 

 Graphite nanosheets are as thermodynamically stable as three-dimensional structures 

on the nanoscale. The curvature of this planar graphite will generate strain energy, 

which is compensated by the reduction of unfavourable dangling bonds [149]. 

Therefore, fullerenes and nanotubes share many of the properties of graphite, but 

exhibit a distinct and tunable set of properties due to quantum effects on the 
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nanoscale, enhanced sp3 character of the bonds, and quantum confinement of wave 

functions in one or more dimensions [150]. Novoselov et al. [151] discovered the 

allotrope of carbon which was called graphene in 2004. They used adhesive tape to 

detach a single layer of atoms from graphite to produce the new allotrope. Graphene 

consists of a single layer of graphite (Fig. 2.5) with a thickness of one atom and is a 

good electrical and thermal conductor. Due to the high quality of its sp2 carbon 

lattice, electrons were found to move ballistically in a graphene layer, even at 

ambient temperature [152]. Owing to its large surface-volume ratio and highly 

conductive nature, graphene may have properties that make it suitable for reversible 

lithium storage in lithium-ion batteries. This is because lithium ions could be bound 

on both sides of graphene sheets, as well as on the edges and covalent sites in the 

graphene. Therefore, it is expected that graphene can overtake its graphite 

counterpart for enhanced lithium storage. It has been proposed that lithium ions can 

be absorbed on both side of a graphene sheet, leading to two layers of lithium for 

each graphene sheet, with theoretical capacity of 744 mAh g-1 through the formation 

of Li2C6 [153-154]. Nevertheless, large irreversibility, the absence of a voltage 

plateau during discharge, and large hysteresis in voltage between charge and 

discharge currently limit the usage of graphene-based anode materials. 

 

2.4.2 Lithium alloys 

The replacement of metallic lithium by lithium alloys has been under 

investigation since Dey [155] demonstrated the feasibility of the electrochemical 

formation of lithium alloys in liquid organic electrolytes in 1971. The reaction 



 

39 

 

usually proceeds reversibly according to the general scheme shown in the equation 

below: 

LixM          x Li+ + x e- + M          (2.15) 

With only a few exceptions (such as hard metals, M = Ti, Ni, Mo, Nb), Li alloys are 

formed at ambient temperature by polarizing the metal M sufficiently negatively in a 

Li+ containing electrolyte. In most cases, even the binary Li-M systems are very 

complex. Sequences of stoichiometric intermetallic compounds and LixM phases 

with considerable phase ranges are usually formed during lithiation of the metal M, 

which is characterized by several steps and slopes in the charge-discharge curves. 

The formation of Li-M phases is in many cases reversible, so that subsequent steps 

and slopes can also be observed during discharge. Lithium alloys are of great 

interest, however, due to their high theoretical capacities and also their similar 

potential range to graphite materials, but unfortunately, the main problem 

encountered with these alloys is the huge volume change when lithium is either 

incorporated or removed [156]. As a result, mechanical stress and cracks occur 

during cycling, which leads to electrochemically inactive particles and thus quite 

poor cycling stabilities. 

 Today, the use of lithium alloys as anodic materials in lithium-ion batteries is 

an interesting field of research, on account of the promising results provided by 

silicon-based and tin-based compounds. Among all the anode materials, silicon is the 

most promising candidate, owing to its high natural abundance, low discharge 

potential, and high theoretical capacity (3579 mAh g-1) [157-158]. The large volume 

changes (up to 270% for the Li3.75Si phase), however, and the loss of electrical 

contact during lithium insertion and extraction results in capacity fading [159]. In 
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recent years, several methods have been examined to attempt to achieve Si anodes 

with higher reversible capacity with respect to graphite and better capacity retention 

for practical commercial applications. Reducing the Si particle size to the nanoscale 

[160-161] or dispersing the electroactive particles in a carbon matrix are the most 

promising approaches [162-163]. It is believed that carbon based materials buffer the 

volume changes and improve the electronic and ionic conductivities. However, the 

initial coulombic efficiency (< 80%) and the capacity retention are still quite low, 

which hinders commercial application in lithium-ion batteries. 

 On the other hand, Sn-based materials with high theoretical specific capacity 

(992 mAh g-1) have been proposed as another type of promising candidate, due to 

their high theoretical capacity, high packing density, and safe thermodynamic 

potentials compared to carbonaceous materials for lithium secondary batteries [164-

165]. They usually undergo severe structural and volume change, however, during 

the process of Li uptake and removal, which results in mechanical disintegration of 

the electrode and consequent capacity fade, greatly limiting the potential for 

commercialization [165-167]. Much research work has been focused on alleviating 

the volumetric changes in alloy composite anodes, including the use of intermetallic 

alloys containing an active or inactive host matrix, such as SnNi [168-169] and SnCu 

[170-171]. The active metal element can provide the high capacity, while the inactive 

element is able to buffer the volume change, release the mechanical stress, and thus 

increase the cycling stability of the electrode. On the other hand, surface-

coated/composite SnO2 has shown better electrochemical performance than the bare 

material due to the improved solid electrolyte interphase (SEI) layer and/or buffered 

volume change. Among the buffer materials, carbon has to be considered as the best 
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choice because of its cheap, light, and conductive nature. To date, carbon coated onto 

or added into the SnO2 has been prepared by spray pyrolysis, polymer coating, and 

afterwards, carbonization and hydrothermal/solvothermal methods. Although the 

electrochemical performance of these Sn-based alloy composites has been 

significantly improved, the relatively low cycling stability and the high fabrication 

cost still make them inadequate for practical use [171-173]. 

2.4.3 Transition Metal Oxides 

Recently, Poizot et al. [174] reported that nanosized 3d transition metal 

oxides (MxOy, where M is Fe, Co, Ni, Cu, or Mn) which are inactive towards Li 

could be a new class of anode materials for lithium ion batteries. These transition-

metal oxides have demonstrated electrochemical capacities over 700 mAh g-1 and 

excellent cycling performances. These oxides with the rock-salt structure have no 

sites for insertion/de-insertion of Li ions. There is a new mechanism which can be 

written as: 

 

MxOy + 2yLi          yLi2O + xM         (2.16) 

 

During the discharge, the MxOy particle is completely disintegrated into highly 

dispersed metallic nanoparticles (< 10 nm) and a Li2O matrix, but the global shape of 

the starting particle is preserved. During the subsequent charge, the Li2O matrix 

decomposes, and the M nanoparticles are converted back to MxOy nanograins. The 

existence of this thermodynamically infeasible reaction is attributed to the highly 

active metallic nanoparticles [61]. An SEI will also be formed during the discharge 

process, but it can be partially decomposed during the subsequent charge process, 
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which is attributed to the catalytic activity of metallic nanoparticles [175]. The 

partially reversible formation/decomposition of the SEI will lead to extra capacity.  

2.5 Materials for the cathode 

The choice of the cathode material depends on whether we are dealing with 

rechargeable Li-metal or Li-ion batteries. For rechargeable Li batteries, owing to the 

use of metallic Li as the anode, the cathode does not need to be lithiated before cell 

assembly. In contrast, for Li-ion batteries, because the carbon anode is empty (no Li), 

the cathode must be the source of Li, thus requiring use of air-stable Li based 

intercalation compounds to facilitate the cell assembly [99]. There is a wide range of 

materials that can be used as positive electrodes.  The best ones are those with little 

or no structural modification during cycling. Typical insertion or intercalation 

compounds are therefore preferred candidates. The key criteria for screening  

potential cathode materials are as follows [176]: 

� High free energy of reaction with lithium 

� Wide range of amount of lithium ion insertion 

� Little structural change upon reaction 

� Highly reversible reaction 

� Rapid diffusion of lithium within the host lattice 

� Good electronic conductivity 

� No solubility in electrolyte 

� Readily available or easily synthesized from low cost reactants 

Here, an overview is provided on selected developments in the area of cathode 

electrode materials for both Li-ion and Li batteries in the past decade, and 
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particularly in the past few years. Two major structures of cathode materials 

reviewed here are the layered structure oxides and the olivines. 

 

2.5.1  Layered structure oxides 

Vanadium pentoxide (V2O5), one of the most 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) [38]. Recently, V2O5 nanostructures, including nanofibers 

[177], nanotubes [178-180], nanobelts [70, 181-182], nanorods [183], and nanowires 

[184-186], has been extensively investigated to improve its electrochemical 

properties. The aim is to simultaneously reduce the diffusion length for Li+, enhance 

the contact surface area between the active materials and the electrolyte, and improve 

flexibility to accommodate volume change caused by Li+ insertion/extraction [89]. 

Limited cycling stability is the major problem in most reports, however, due to the 

decomposition of electrolyte due to the dissolution of active materials during the 

charge-discharge cycling process. Although some doping studies have shown 

improved cycling stability, this will decrease the capacity [187].  

 Among the known cathode materials for Li battery applications, 

molybdenum trioxide (MoO3) is one of the most important energy storage 

candidates, with high discharge capacity around 300 mAh g-1 [188-192]. MoO3 is 

also a promising material in gas sensors [193] and as a catalyst for selective partial 

oxidation in modern industry [194-195]. MoO3 has three basic polymorphs, i.e., 

orthorhombic MoO3, monoclinic MoO3, and hexagonal MoO3. As cathode for the Li 
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battery, orthorhombic MoO3 has been selected as a strong candidate because this 

phase is thermodynamically stable [190, 196].  

 

 

 

 

 

 

 

 

 

 

Figure 2.6 3D structure model of MoO3 in the orthorhombic phase [197]. 

 

The orthorhombic MoO3 phase possesses a unique layered structure: each layer is 

composed of two sublayers, which are formed by corner-sharing [MoO6] octahedra 

along the [001] and [100] directions, and the two sublayers are stacked together by 

sharing the edges of the octahedra along the [001] direction (Fig. 2.6). The stacking 

of these layers along the [010] direction by the van der Waals interaction leads to the 

formation of  MoO3 with a two-dimensional structure, which allows guest atoms and 

ions (such as Li+) to be introduced between the layers through intercalation [197]. In 

terms of practical use in the Li battery, MoO3 has poor ionic and electronic 

conductivity [198]. To improve the conductivity of MoO3, carbon nanotubes [199-

Oxygen atom 

Molybdenum atom 
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200], graphene [76], or conducting polymer [201-202] could be the best choices of 

conductive fillers. 

 

2.5.2 Lithium transition-metal oxides 

The layered structure lithium transition metal oxides with the general formula 

LiMO2, with M = V, Co, Mn and Ni, adopt the α-NaFeO2-type structure, which can 

be regarded as a distorted rock salt superstructure [203-206]. In a cubic close-packed 

oxygen array, the lithium and transition-metal atoms are distributed in the octahedral 

interstitial sites, in such a way that MO2 layers are formed, consisting of edge-

sharing [MO6] ocatahedra. In between these layers, lithium resides in ocatahedral 

[LiO6] coordination, leading to alternating (111) planes of the cubic rock salt 

structure. The layered framework provides a two dimensional path, which allows for 

relatively facile extraction and insertion of lithium ions. Fig. 2.7 shows the layered 

structure of LiCoO2, LiNiO2 and LiMnO2. LiCoO2 is the most popular cathode 

materials, owing to the convenience and simplicity of preparation [207]. The 

LixCoO2 (1 > x > 0.5) system has been studied extensively and exhibits excellent 

cyclability at room temperature. The specific capacity of LiCoO2 is limited to the 

range of 137 to 140 mAh g-1, although the theoretical capacity is 273 mAh g-1 [208]. 

Despite the commercial success of LiCoO2, it has several drawbacks than other 

transition metals [52-53].  
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Figure 2.7  Layered structure of LiCoO2, LiNiO2, and LiMnO2, showing the lithium 

ions between the transition-metal oxide sheets [209]. 

 

LiNiO2 was first proposed by Dahn et al.[210] as an alternative to LiCoO2 because of 

its lower cost, higher reversible capacity (~200 mAh g-1), and lower toxicity, but 

LiNiO2 suffers from structural changes, thermal runaway and difficulties in 

synthesizing it [55-56]. From an environmental point of view, layered LiMnO2 is a 

very attractive material for cathode; however, layered LiMnO2 is a metastable phase. 

Therefore, it is not possible to synthesize it via the conventional solid-state method 

used to make its layered Co or Ni analogues. Some research groups [211-212] have 

reported the preparation of layered LiMnO2 via ion exchange, but layered Li0.5MnO2 

is converted into the LiMn2O4 spinel structure during cycling, resulting in poor 

electrochemical properties.  
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2.5.3 Olivines 

Iron-based compounds that contain compact tetrahedral “polyanion” 

structural units, (XO4)n- (X = S, P, As, W, or Mo), have been investigated intensively 

as potential cathode materials for lithium ion batteries. Among the various polyanion 

compounds, the olivine structure has the most extensive interconnections of 

octahedra, with the cations that occupy the M2 site ( Fe site in LiFePO4) forming a 

corner-sharing network of octahedra in the (0 1 0) plane, with the cations on the M1 

(Li) site forming edge-sharing chains of octahedra in the [100] direction (Fig. 2.8) 

[213].  

 

 

 

 

 

 

 

 

 

 

Figure 2.8  Ball-stick model of ordered-olivine structure of LiFePO4 (a); model of 

polyhedral connectivity, depicting the corner-sharing network and edge-sharing 

chains of octahedra (b) [179]. 

 

(a) (b) 
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LiFePO4 has become the object of great interest as an active material for storage 

cathodes in rechargeable lithium batteries because of its high energy density, the low 

cost of its raw materials, its environmental friendliness, its high thermal stability in 

the fully charged state, and its greater safety compared to conventional materials 

[99]. LiFePO4 has a high lithium intercalation voltage (~3.5 V relative to lithium 

metal) 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 of LiCoO2. In 

practice, the full capacity of the material cannot be obtained due to its low electrical 

conductivity (10-9 to 10-10 S cm-1). LiFePO4 electrodes are actually composed of two 

separate phases, LiFePO4 and FePO4, which are both poor electronic conductors 

because they each contain Fe cations with just one oxidation state (2+ or 3+, 

respectively); as a result, this material has been largely ignored. Therefore, in order 

to obtain acceptable energy and power from the lithium cells, it is necessary to use 

small LiFePO4 particles, coated or in intimate contact with electronically conductive 

carbon [60]. This simultaneously reduces the distance for Li+ transport and increases 

the electronic contact between the particles. Procedures of this kind have led to a 

greatly improved electrochemical response, and the full capacity of the material is 

now accessible. The long term cycling stability at high current rate is still a great 

challenge for this material, however, as it is a compulsory requirement for lithium 

ion batteries to have long cycle life for EV/HEV application. Apart from carbon, 

conducting polymer (polypyrrole) was also proposed as a good conductive matrix for 

LiFePO4 particles, and it also showed excellent mechanical properties [214]. Olivine 

LiMnPO4, on other hand, which is isostructural with LiFePO4, has a similar 

theoretical electrochemical capacity (170 mAh g-1) and shows a higher voltage of 4.1 
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vs. Li+/Li[215]. To date, a few promising reports on the electrochemistry of this 

compound have been published. Unfortunately, LiMnPO4 has low intrinsic electronic 

and ionic conductivity and hence a poor discharge rate capability. The 

electrochemical performance is especially poor at high current density, which is 

attributed to the slow lithium diffusion kinetics within the grain and the low intrinsic 

electronic conductivity [216]. Thus far, several researchers have made efforts to 

enhance its electrochemical properties by particle-size reduction [217], cation doping 

[218] and carbon coated LiMnPO4 [219]. 

 

2.6 Polymer-based solid and gel electrolytes 

Polymer electrolytes or ion-conducting polymers have attracted many 

researchers due to their vast applications in the development of ionic devices in the 

solid state. These kinds of materials have useful chemical and mechanical properties 

that allow ease of fabrication in thin film form at desired sizes. They also have the 

ability to form proper electrode-electrolyte contact [220]. Various type of polymer 

films have been developed using various methods, such as casting from a polymer 

solution [221], evaporation methods [222], and in situ plasma polymerization 

techniques [223]. The electrolyte materials must show high ionic conductivity and be 

dimensionally stable, since the electrolyte will also act as the separator in the battery 

system. A polymer electrolyte with a high cationic transport number is also important 

because a concentration gradient caused by the mobility of both cations and anions in 

the electrolyte arises during discharging, which may result in premature battery 

failure [224]. Basically, polymer electrolytes can be classified into the following 

categories [66, 220]. 
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� Solid polymer electrolytes (SPEs) 

In SPEs, the polymer host itself is used as a solid solvent along with an Li salt and 

does not contain any organic liquids. The SPEs suffer from poor ionic conductivities 

(10-5 S cm-1 at 20oC), but are safer due to the absence of any organic solvent which 

can cause environmental hazards. SPE films can be prepared either using the solution 

cast technique [225-227] or the hot-press technique [228-229]. 

 

� Plasticized solid polymer electrolytes 

This polymer is modified from the SPE type by adding plasticizers such as ethylene 

carbonate (EC), propylene carbonate (PC), poly(ethylene glycol) (PEG), and dibutyl 

phthalate (DBP). Such an addition not only decreases the degree of crystallinity, but 

also increases the segmental motion of the polymer chain. Such electrolytes also 

support ion dissociation, resulting in greater numbers of migrating ions for charge 

transport.  

 

� Gel polymer electrolytes (GPEs) 

GPEs are also known as hybrid polymer electrolytes, which are formed by trapping 

liquid electrolytes in a polymer matrix. The advantage of this type of electrolyte is 

that higher ionic conductivity can be obtained as compared with SPEs. The ion 

conduction in these electrolytes takes place through the liquid electrolyte, with the 

host polymer mostly providing the structural support. Unfortunately, a loss of 

mechanical properties is observed in GPEs, and liquid electrolytes tend to provoke 

undesired interfacial reactions of the GPEs with electrodes during cell operation 
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[230-231]. This may induce vigorous proliferation of a resistive layer on the 

electrodes, which hinders ionic transport at the interface of the GPEs and the liquid 

electrolyte.  

 

� Composite polymer electrolytes (CPEs) 

More attention has been focused on CPEs, wherein nanosized fillers are added to the 

SPEs. It has been reported that the addition of nanosize fillers, such as zeolites, 

super-acid sulfonated zirconia, alumina (Al2O3), silica (SiO2), and titania (TiO2), not 

only improve the transport properties, but also the mechanical and electrochemical 

properties of the SPEs [232-233]. 

 

There are numerous polymers that have been developed, such as poly(ethylene 

oxide) (PEO) [234-236], poly(acrylonitrile) (PAN) [237-238], poly(vinylchloride) 

(PVC) [239-240], poly(methyl methacrylate) (PMMA) [241-242], and 

poly(vinylidenedifluoride) (PVDF) [243-244].  

PVDF as a host has drawn the attention of many researchers due to its 

excellent mechanical properties, high chemical resistance, good thermal stability, and 

high piezoelectric and pyroelectric coefficients [245]. PVDF also exhibits high 

anodic stability and a high dielectric constant (εr = 8.4), which promotes greater 

ionization of lithium salts [246], and strongly electron-withdrawing fluorine atoms (-

C-F). Watanabe et al. [247] have reported that PVDF can form homogeneous SPE 

films with a lithium salt, along with EC and/or PC, in the proper compositions. In 

later studies, Chiang et al. [248] revealed that the ionic conductivity of PVDF/LiPF6 

gel polymer electrolyte was enhanced by three orders of magnitude by plasticization 
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with EC/PC solution, when compared with PVDF solid polymer electrolyte. Such an 

improvement in ionic conductivity can be explained by the conduction mechanism in 

PVDF gel polymer electrolyte, which is associated with swollen polymer network 

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

Although PVDF-type polymers are already being used as solid/gel polymer 

electrolytes, their poor electrolyte uptake is still a major problem for practical 

application due to their high crystallinity [114]. The crystallinity of semi-crystalline 

polymers can be readily controlled by varying the type and content of co-monomers. 

The presence of ~12%   hexafluoropropylene (HFP) in PVDF solution increased 

their electrolyte uptake up to 60% , which helps to maintain good mechanical/elastic 

properties and high ionic conductivity [249]. Several PVDF copolymers have been 

identified as possible candidates for solvent casting of self-supporting electrode and 

separator films, thereby bypassing the need for cross-linking agents. 

 

2.7 Flexible lithium ion batteries 

Recently, the trends in modern electronic devices have led them to become 

smaller, thinner, and more flexible. The current liquid-electrolyte Li-ion technology 

is not compatible with these requirements. To ensure a long-lasting success for the 

Li-ion technology, its evolution from liquid to solid/plastic must be achieved [114]. 

Rechargeable polymer Li batteries could provide shape flexibility. Such a thin, 

flexible battery technology, which offers shape versatility, flexibility, and lightness, 

has many potential advantages in the continuing trend towards electronic 

miniaturization [250]. Various techniques to fabricate and prepare flexible lithium 

battery have been developed. A key factor or enabling element in this type of battery 
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is the substrate/matrix used in both the electrodes and the separator. There has been 

extensive research on the physical and electrochemical properties of gel polymer as a 

candidate for the substrate, but comparatively little research on practical polymer 

batteries actually using gel polymer. In 1996, Tarascon and his group in Bellcore 

introduced the first practical flexible/plastic lithium battery [114]. The concept of 

this flexible lithium battery is that polymer/plastic is used as the matrix or substrate 

for both electrodes and as the separator. The flexible/plastic Li-ion cell consists of 

five components: a copper current collector, a carbon-based negative electrode 

laminate, a plastic electrolyte/separator, a positive electrode laminate containing 

LiMn2O4 powders, and an aluminium current collector. Both electrodes and the 

separator were prepared by solvent casting and contain the same copolymer (PVDF-

HFP), plus dibutyl phthalate (DBP) as a constituent. The performance of such a 

flexible battery compares favourably in terms of gravimetric or volumetric energy 

density and cycle life, as well as power rate and self-discharge, with its liquid 

counterparts, while having enhanced safety characteristics, higher shape flexibility, 

and greater scalability. With a view to smart textile application, a flexible and 

stretchable Li-ion battery was analogously produced based on a mixing and drying 

process using a strain-free LiFePO4 cathode, a Li4Ti5O12 anode, and a solid 

polyethylene oxide (PEO) electrolyte as the matrix for both electrodes and as a 

separator layer [251]. Due to solid thermoplastic electrolyte (PEO) as a key enabling 

element, this battery is potentially extrudable or drawable into fibres or thin stripes 

which are directly compatible with the weaving process used in smart textile 

fabrication.  In light of the fact that commercial cathode materials are fabricated at 

high temperature, however, polymers do not offer facile electrode fabrication, since 
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they rapidly degrade at relatively low temperature. Also, poor adhesion with oxide 

materials would be problematic during long-term battery cycling.  

Flexible Li-ion batteries based on nanoporous cellulose paper embedded with 

aligned carbon nanotube electrode as cathode and a thin evaporated Li-metal layer as 

anode, with Al foil on both sides as current collectors [75], could offer an alternative 

approach to the design of flexible lithium batteries where aqueous 1 M LiPF6 in 

ethylene carbonate and dimethyl carbonate (1:1 vol/vol) is used as the electrolyte 

(Fig. 2.9 (a)).  Despite a large irreversible capacity (~430 mAh g-1) in the initial 

charge-discharge cycle, the flexible lithium battery device can be operated with full 

mechanical flexibility and delivers a reversible capacity of 110 mAh g-1. To meet the 

great challenge in the design of flexible storage device, researchers have proposed a 

new structure for a thin and flexible Li-ion battery, using paper as the separator and 

free-standing carbon nanotube thin films for both current collectors [252] (Fig. 

2.9(b)). The current collectors and Li-ion battery materials are integrated onto a 

single sheet of paper through a lamination process. The rechargeable Li-ion paper 

battery, despite being thin (~300 µm), exhibits both robust mechanical flexibility 

(capable of bending down to < 6 mm) and high energy density (108 mWh g-1). It is 

still a great challenge, however, to fabricate flexible/bendable energy storage devices 

due to the lack of reliable electrode materials that combine both superior electronic 

conductivity and mechanical flexibility, but also possess high stability in 

electrochemical environments.  

Flexible Li-ion rechargeable batteries based on free-standing carbon nanotube 

(CNT) composite [77, 253-254] electrode and graphene composite paper [255-256] 

electrode have been proposed.  
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Figure 2.9 Schematic of cell construction and fabrication process for flexible Li-ion 

battery: (a) Three-terminal hybrid energy device with CNTs embedded in cellulose 

paper as separator and solid electrolyte [75]. (b) Lamination process where the free-

standing film is laminated on paper with a rod and the final paper Li-ion battery 

device with both LiCoO2 (LCO)/CNT and Li4Ti5O12 (LTO)/CNT laminated on both 

sides of the paper substrate [252]. (c) Structure of a flexible Li-ion battery composed 

of hierarchical 3D ZnCo2O4 nanowires/carbon cloth/liquid electrolyte/LiCoO2 [257]. 

(d) Flexible Li battery based on graphene paper [76]. 

 

CNTs and graphene paper are functional materials, which do not only act as 

conducting agents, but also as a current collectors, so that CNT or graphene-based 

(c) (d) 

(b) (a) 
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flexible electrode can be applied to both the cathode and the anode. For the anode, 

silicon [77, 256, 258], CuO2 [259], Fe2O3 [260], or ZnCo2O4 [257] (Fig. 2.9(c)) may 

be chosen to be deposited or combined with CNTs or carbon-based flexible 

materials. For the cathode, V2O5 is generally selected as the active material to 

interpenetrate the network structure of CNTs [200, 261] and because it can also be 

deposited onto the surface of graphene paper by employing the pulsed laser 

deposition (PLD) technique [76] (Fig. 2.9(d)). Direct growth of LiMn2O4/CNT [262] 

via the in situ hydrothermal method also has been reported to have good reversible 

capability and cycling stability as a candidate for the flexible cathode material. 

All the reports on CNT and graphene-based flexible electrode very nicely 

show that the use of CNT and graphene composite paper can result in a significant 

improvement on the device level. The energy density of this type of carbon-based 

charge storage system would be of great interest for applications where other devices 

cannot be used, e.g. due to the demands for flexibility, conformability, and 

environmental friendliness. 
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Chapter 3 

Experiment 
3.1 Experimental procedures 

Overall experimental procedures during this PhD research work can be 

classified into three major parts: the first part is the preparation of 

nanostructures/composite materials and their physical characterization using different 

instrumental analysis techniques; the second part is the fabrication of free-standing 

electrode film and assembly techniques for flexible and bendable cells, and the third 

part is electrochemical characterization involving the application of active 

nanostructured/composite materials as electrode for use in lithium-ion batteries. All 

these experimental procedures for the PhD research work are shown in Fig. 3.1. 

3.2 Synthesis of nanostructured/composite materials 

The electrochemically active nanostructure/composite materials used in this 

study were prepared via different methods and techniques. In this section, the 

methods and procedures used in preparing the electrochemically active materials are 

discussed in detail. 

3.2.1  Hydrothermal method 

The hydrothermal method is categorized as a low temperature method and 

includes the various techniques of crystallizing substances from high-temperature 

aqueous solutions at high vapor pressures. Hydrothermal synthesis can be defined as 

a method for synthesis of minerals in hot water under high pressure.  
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Figure 3.1 Overview of experimental procedures. 
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The hydrothermal autoclaves used in this PhD work are 4748 acid digestion bombs 

with 125 ml capacity from the Parr Instrument company as shown in Fig. 3.2. The 

outer parts are made of stainless steel with six cap screws to seal the 

polytetrafluoroethylene (PTFE) cup. An expandable spring disk maintains 

continuous pressure on the seal during the cooling cycle, when the PTFE cup might 

relax and leak. The temperature can reach up to 250oC and the pressure up to 1900 

psi. In a typical experiment, the precursor solution was transferred to the PTFE cup, 

filling it up to 60% of the whole volume, and the autoclave was then kept in a 

conventional oven for the preset time and temperature. This hydrothermal technique 

has been extensively used in crystal growth and nanomaterials synthesis. The factors 

affecting the product in terms of composition, morphology, and crystal structure 

mainly include the volume of the solvent, which is related to the pressure, the 

concentration of the precursor, the temperature, and the use of a surfactant. To 

achieve desired materials with desired morphology and crystal structure, all the 

parameters need to be further investigated. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2  Acid digestion bomb 4748 from Parr Instruments (left) with a cross-

sectional view (right).
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3.2.2  Microwave hydrothermal method 

The fundamental procedures of the microwave hydrothermal method are 

similar to those of the conventional hydrothermal method. In the microwave 

hydrothermal method, however, microwave irradiation is applied as the source of 

heat, while the conventional hydrothermal method uses heat from an electric oven.  

Microwaves act as high frequency electric fields and will generally heat any material 

containing mobile electric charges, such as polar molecules in a solvent or 

conducting ions in a solid [263]. Polar solvents are heated as their component 

molecules are forced to rotate with the field and lose energy in collisions. 

Semiconducting and conducting samples are heated when ions or electrons within 

them form an electric current and energy is lost due to the electrical resistance of the 

material [264]. Microwave heating in the laboratory began to gain wide acceptance 

following the publication of related papers in 1986 [265], although the use of 

microwave heating in chemical modification can be traced back to the 1950s. 

Microwave heating makes it possible to heat the target compounds without heating 

the entire furnace or oil bath, which saves time and energy. It is also able to heat 

sufficiently thin objects throughout their volume (instead of through their outer 

surface), in theory, producing more uniform heating. The microwave oven used in 

this PhD work is a MicroSYNTH microwave system (Milestone) controlled by a 

Labthermal 800 controller. It has a  frequency of 2.45 GHz and the maximum power 

reaches up to 500 Watt, as shown in Fig. 3.3. The microwave oven is equipped with 

a 45 mL PTFE vessel where reactions can take place at temperatures up to 250oC and 

pressures up to 40 bar. The vessel is housed in a safety shield which features built-in-

pressure control through a preloaded spring with a vent and resealing mechanism. In 
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typical procedure, the precursor solution was transferred into the PTFE lined 

digestion vessel and fitted with a pressure and temperature probe. The sealed vessels 

were placed inside the microwave oven at preset power, time, and temperature.  

 

 

 

 

 

 

 

 

 

 

Figure 3.3 MicroSYNTH microwave system (Milestone) with a frequency of 2.45 

GHz controlled by a Labthermal 800 controller. 

 

3.2.3 Polyol-mediated method 

The basis of this method is the precipitation of a solid while heating sufficient 

precursors in a multivalent and high-boiling point alcohol (e.g., diethylene glycol 

(DEG), boiling point ~246 oC) [266]. The alcohol itself acts as a stabilizer, limiting 

particle growth and preventing agglomeration. Due to the high temperatures that can 

be applied (> 150 °C), often highly crystalline oxides are yielded. Moreover, the 

synthesis is easy to perform and can be scaled up accordingly. Beside oxides, a 

variety of materials, including sulfides, phosphates, and elemental metals have been 



 

62 

 

produced under very similar experimental conditions [267]. In a typical procedure 

for the polyol-mediated method, the solution is dissolved in high-boiling point 

alcohol, and the solution is placed in a round-bottomed flask (Fig. 3.4). The solution 

is then heated in an oil bath at > 150 °C for 3-5 h under continuous reflux in air. 

Magnetic stirring is applied throughout the entire synthesis. The reaction can be 

easily followed through its distinctive color changes. During cooling in air, the 

magnetic stirring is stopped. The solution is then diluted with acetone (up to 5 times 

by volume) to remove the excess solvent. The solution is then washed and 

centrifuged in order to recover most of the precipitate. 

 

 

 

 

 

 

 

 

Figure 3.4 Reflux equipment for polyol-mediated process[268]. 

 
 

3.3 Physical and structural characterization of nanostructured/composite 

materials 

Physical and structural investigation of the synthesized 

nanotructured/composite electrode materials was conducted using the techniques 
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described below. The equipment belongs to both our institutes, the Institute for 

Superconducting and Electronic Materials (ISEM) and the Intelligent Polymer 

Research Institute (IPRI) under the Australian Institute for Innovative Materials 

(AIIM). 

 

3.3.1 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive testing method used to 

characterize the crystallographic structure, crystallite size (grain size), and preferred 

orientation in polycrystalline or powdered solid samples. The samples can be reused 

for other tests after XRD measurements. The X-rays are scattered by each set of 

lattice planes at a characteristic angle, and the scattered intensity is a function of the 

arrangement of atoms in the crystal. The scattering from all the different sets of 

planes results in a pattern, which is unique to the crystal structure of a given 

compound. The X-rays are generated in X-ray tubes when the anode material 

(usually copper) is irradiated with a beam of high-energy electrons that are 

accelerated by a high voltage electric field to a very high speed. In addition, photons 

with energies characteristic of the target materials are emitted. A monochromator is 

used that preferentially suppresses photons with other energies from the desired 

characteristic one. The X-rays produced are directed to the sample being studied, and 

X-rays with a wavelength in the range of 10 to 0.01 nanometers, which is on the 

order of the lattice spacing, are elastically diffracted from the atomic planes in the 

crystalline material. Re-emitted X-rays interfere, giving constructive or destructive 

interference. Bragg’s law (Eq. 3.1) describes the diffraction condition from planes 

with spacing, d: 
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nλ = 2d sinθ         (3.1) 

 

where d is the distance between atomic layers in a crystal, λ is the wavelength of the 

incident X-ray beam, n is an integer, and θ is the angle of incidence experienced by 

the X-ray beam reflection from the faces of the crystal. Fig. 3.3 illustrates the 

interference between waves scattered from two adjacent planes of atoms in a crystal. 

In this PhD study, only X-ray powder diffraction was used. The powder sample is 

loaded into a small disc-shaped sample holder with a flattened surface. The sample 

holder is put on one axis of the diffractometer and tilted by an angle θ, while a 

detector rotates around it on an arm at a 2θ angle. This configuration is known under 

the name Bragg-Brentano. Each crystalline solid produces a distinctive diffraction 

pattern. Both the positions (corresponding to lattice spacings) and the relative 

intensities of the lines act to characterize the “fingerprint” for the material. In 

addition to identifying crystalline phases, X-ray diffraction can also be used to 

determine the crystal size. This can be obtained from the broadening of the peaks 

according to the Scherrer formula (Eq. 3.2):  

    

 

 

where L is the crystal size (nm), λ is the X-ray wavelength (Ǻ), K is the shape factor 

of the average crystallite (with a typical shape factor around 0.9), β is the full width 

at half maximum (FWHM) in radians, and θ is the peak position (o). XRD patterns 

(3.2) 
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were collected in a 2θ configuration using a GBC MMA 017 diffractometer (Cu Kα 

radiation, λ =  1.5418 Ǻ). 

 

3.3.2 Thermogravimetric analysis (TGA)  

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a type 

of investigation performed on samples that determines changes in weight in relation 

to changes in temperature. In this doctoral work, TGA was used to determine the 

amount of amorphous carbon and multiwall carbon nanotubes (MWCNTs) in the 

composite materials. A Mettler-Toledo thermogravimetric analysis/differential 

scanning calorimetry (TGA/DSC) 1 stare system was employed. Samples could be 

heated up to 1000 oC in air or high purity argon, with a typical heating rate of 5-10 

oC per min. The container for the sample is made of alumin,a and the loading mass of 

a sample is generally 2-20 mg, depending on the density of the sample. 

 

3.3.3 Raman spectroscopy 

Raman spectroscopy is a spectroscopy technique based on inelastic scattering 

of monochromatic light, usually from a laser source. Inelastic scattering means that 

the frequency of photons in monochromatic light changes upon interaction with a 

sample. Photons of the laser light are absorbed by the sample and then re-emitted. 

The frequency of the re-emitted photons is shifted up or down in comparison with 

the original monochromatic frequency, which is called the Raman effect. This shift 

provides information about vibrational, rotational, and other low frequency 

transitions in molecules. Typically, a Raman system consists of four components, 
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including the excitation source (laser), the sample illumination system and light 

collection optics, the wavelength selector filter (filter or spectrophotometer), and the 

detector, a photodiode array, charge-coupled device (CCD), or photomultiplier tube 

(PMT). A sample is normally illuminated with a laser beam in the ultraviolet (UV), 

visible (Vis), or near infrared (NIR) range. Scattered light is collected with a lens and 

delivered through an interference filter to yield the Raman spectrum of a sample. 

Here, Raman spectra were recorded using a JOBIN Yvon Horiba Raman 

spectrometer model HR 800 from Horiba Ltd, France, employing a 10 mW 

helium/neon laser at 623.8 nm with diode laser excitation on a 300 lines mm-1 

grating, which was filtered by a neutral density filter to reduce the laser intensity, and 

a charge-coupled detector (CCD). This Raman system was provided by the 

Intelligent Polymer Research Institute (IPRI), and spectroscopy was performed with 

the kind collaboration of Chong Zhao, a PhD student from ISEM. 

 

3.3.4 Fourier transform infrared (FTIR) spectroscopy 

Fourier transforms infrared (FTIR) spectroscopy is the preferred method for 

identifying types of chemical bonds in a molecule by producing an infrared (IR) 

absorption spectrum that is like a molecular fingerprint. In FTIR spectroscopy, IR 

radiation is passed through a sample. Some of the infrared radiation is absorbed by 

the sample, and some of it is passed through (transmitted). The resulting spectrum 

represents a pattern of molecular absorption and transmission, which is characteristic 

of the chemical bonds in the sample. By interpreting the infrared absorption, the 

chemical bonds in the molecule can be determined. There are two common forms of 

sample preparation for FTIR measurements. In the first, a fine powder is dispersed in 
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a liquid such as mineral oil (Nujol) to form a paste. In the second, the fine powder is 

mixed with potassium bromide (KBr), transferred to a die that has a barrel and 

pressed. For the second method, the ratio between sample and the KBr should be 

high enough to obtain a good and correct spectrum. In this PhD work, the FTIR 

spectroscopy analysis was carried out using a Shimadzu IRPrestige-21 model.  

3.3.5 Tensile testing 

Tensile testing, also known as tension testing, is a fundamental materials 

science test in which a sample is subjected to uniaxial tension until failure [269]. The 

results from the test are commonly used to select a material for an application, 

for quality control, and to predict how a material will react under other types 

of forces. Properties that are directly measured via a tensile test are ultimate tensile 

strength, maximum elongation, and reduction in area [270]. From these 

measurements the following properties can also be determined: Young's 

modulus, Poisson's ratio, yield strength, and strain-hardening characteristics. The 

mechanical properties of the free-standing films were investigated with a Shimadzu 

EZ-S Universal Testing Machine. Tensile tests were conducted under a fixed 

stretching speed of 1 mm min-1 for all specimens. The specimens were 5 mm in 

width and 30 mm in length. 

 

3.3.6 Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) 

spectroscopy 

Scanning electron microscopy (SEM) is used primarily to observe the 

morphology of powder samples or an electrodes’s surface topography. During the 
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SEM measurements, the sample is bombarded with a scanning beam of electrons. 

The electrons interact with the atoms that make up the sample, producing signals that 

contain information about topography, composition, and other properties of the 

sample surface, such as electrical conductivity. The types of signals produced by 

SEM include those from secondary electrons, back-scattered electrons (BSE), 

characteristic X-rays, specimen currents, and transmitted electrons. Secondary 

electron detectors are common in all SEM systems. The signals result from 

interactions of the electron beam with atoms at or near the surface of the sample. 

Secondary electron imaging (SEI) allows one to observe the surface of a sample. 

Field-emission scanning electron microscopy (FE-SEM, JEOL JSM-7500FA, 15 kV) 

was used to observe the morphology of the materials or electrodes. X-rays, which are 

produced by the interaction of electrons with the sample, can also be detected in an 

SEM equipped with an energy-dispersive X-ray (EDX) spectrometer to obtain the 

elemental composition of a sample. The powder sample was either dispersed in 

ethanol or directly loaded onto an aluminum holder using carbon conductive tape for 

SEM observation. A sample for EDX was loaded onto a piece of indium metal to 

eliminate contamination from the sample holder and the carbon tape. All FE-SEM 

measurements were carried out at ISEM. 

 

3.3.7 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 is passes through. An image is formed from the interaction of the 

electrons transmitted through the specimen; the image is magnified and focused onto 
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an imaging device, such as a fluorescent screen, a layer of photographic film, or a 

sensor such as 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. TEM can be used to observe morphology, crystal structure, 

and electronic structure. Selected area electron diffraction (SAED) is a 

crystallographic experimental technique that can be performed inside a transmission 

electron microscope. A thin crystalline specimen is subjected to a parallel beam of 

high-energy electrons. As the electrons pass through the sample, electrons behave in 

a wave-like, rather than a particle-like manner. Because the wavelength of high-

energy electrons is a fraction of a nanometer and the spacings between atoms in a 

solid are only slightly larger, the atoms act as a diffraction grating for the electrons. 

That is, some fraction of the electrons will be scattered to particular angles, as 

determined by the crystal structure of the sample, while others continue to pass 

through the sample without deflection. As a result, the image on the screen of the 

TEM will be a series of spots, with each spot corresponding to a satisfied diffraction 

condition of the sample’s crystal structure. If the sample is tilted, the same crystal 

will stay under illumination, but different diffraction conditions will be activated and 

different diffraction spots will appear or disappear. TEM investigations were 

performed using a 200 kV JEOL 2011 instrument, with a JEOL-Energy dispersive X-

ray spectroscopy (EDS) detector and a JEOL EDS software analysis system. TEM 

samples were prepared by deposition of ground particles onto holey/lacey carbon 

support films. Most of the TEM measurements in this research work were performed 

with the kind collaboration of Dr. David Wexler from the Faculty of Engineering, 

University of Wollongong. 
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3.4 Electrode preparation and cell assembly technique 

3.4.1 Electrode preparation of powder samples 

The working electrodes for lithium-ion batteries were prepared by mixing 

nanostructured/composite active materials with 10-20 wt.% acetylene black (AB) 

and 5-10 wt.% polyvinylidene fluoride (PVDF) or sodium carboxymethyl cellulose 

(CMC) in a solvent, consisting of either N-methyl-2-pyrrolidone (99.5%, Aldrich) or 

water, respectively. The slurry was uniformly pasted onto pieces of Cu (anode) or Al 

(cathode) foil with an area of 1 cm2. The typical active mass loading of the electrodes 

was 1-3 mg cm-2, depending on the density of the electrochemically active samples. 

Subsequently, the coated electrodes (average thickness of ~ 50 μm) were dried in a 

vacuum oven at 90-120oC for 24 hrs. The electrode was then either pressed under a 

pressure of approximately 3000 kg cm-2 for 10 s to enhance the contact between the 

electrochemically active materials and the conductive carbon black, or used without 

pressing, depending on the materials.  

 

3.4.2 Electrode preparation of film or paper-like samples 

In this PhD work, a modified vacuum filtration technique was adopted [271] 

to make uniform films or papers as working electrodes, in which a 300 ml filter 

funnel (Glasco) was used. The most important factor in this procedure is the 

morphology of the active materials. Nanowire, nanobelt, and nanotube structures 

with a high ratio between diameter or thickness and the length of the nanostructured 

materials are mostly preferred and considered in preparing this type of electrode. In a 

typical procedure, 2 mg/ml of nanostructure material was dispersed into 50 ml of 
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distilled water. Then, the as-prepared suspension was poured into the funnel and 

filtered through a porous polyvinylidene fluoride (PVDF) membrane (Millipore, 0.22 

μm pore size, 47 mm in diameter) by positive pressure from a vacuum pump (Fig. 

3.5). Since the solvent can pass through the pores of membrane, the  nanostructure 

material is trapped on the membrane surface, forming a mat. The resultant mat with 

its PVDF membrane was then dried in an oven for 2 hours and was peeled off from 

the PVDF membrane.   

 

 

 

 

 

 

 

 

Figure 3.5 Vacuum filtration process for fabrication of paper-like electrode. 

 

3.4.3 Coin cell assembly 

The electrochemical cells (CR 2032 coin type cell) contained active materials 

on Cu or Al foil as the working electrode, Li foil as the counter electrode and 

reference electrode, a porous polypropylene film as separator, and 1 M LiPF6 in a 

50:50 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) as 

the electrolyte. The cells were assembled in an Ar-filled glove box (Mbraun, Unilab, 

Germany) with O2 and H2O levels less than 1 ppm.  The specific capacity has been 
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calculated based on the mass of active materials in the electrode. A schematic 

diagram of the coin-type cell used in ISEM is shown in Fig. 3.6. 

 

 

 

 

 

 

 

 

 

Figure 3.6 Schematic diagram of the coin-test cell (CR 2032) structures. 

 

3.4.4 Flexible cell assembly 

  Soft aluminium laminated sheets (provided by DLG Battery Co., Ltd, 

Shanghai, China) were used to fabricate pouch-type cells for testing for flexible and 

bendable batteries. The pouch-type cells were assembled in an Ar-filled glove box 

(Mbraun, Unilab, Germany) by stacking a gel electrolyte between film electrodes and 

a lithium foil counter electrode. The gel electrolyte was prepared  by the liquid–

liquid extraction process [272] and consisted of poly(vinylidenefluoride-co-

hexafluoropropylene) P(VDF-HFP), N-methylpyrrolidinone (NMP), and nanoscale 

Al2O3 powders with an average particle size of 30 nm, with all chemicals obtained 

from Sigma-Aldrich. 1 M LiPF6 solution in ethylene carbonate (EC) – dimethyl 

Li foil  

(-) Negative terminal 

Gasket Working electrode 

Separator 

 (+) Positive terminal 
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carbonate (DMC) was purchased from Merck Co. and used without any treatment. A 

certain amount of P(VDF-HFP) was dissolved in NMP at 50 °C. Then, the nanoscale 

Al2O3 particles were added to the viscous solution and agitated with an ultrasonic 

stirrer. The resulting slurry was cast onto a glass plate or directly onto the surface of 

the film electrode and dried under vacuum at 80 °C for 8 h. After evaporation of the 

NMP, the electrode with gel electrolyte precursor was soaked in a 1 mol/L solution 

of LiPF6/EC–DMC (volume 1:1) for 1 h. The surface of the electrode with gel 

electrolyte was wiped clean with filter paper, and then the electrode with its gel 

electrolyte was fabricated into flexible bendable cells with lithium foil as the counter 

electrode.  Fig. 3.7 contains a schematic diagram of a typical flexible and bendable 

cell for bending-state electrochemical testing.  

 

 

 

 

 

 

 

 

 

Figure 3.7 Schematic diagram of flexible and bendable test cell’s structure. 

3.5 Electrochemical characterization 

When an electrochemical system is subjected to the passage of current 

between the two electrodes, it is then out of equilibrium. Usually we are interested in 
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investigating the electrode process at one electrode, which is the working electrode. 

The other electrode, the counter electrode, is used to complete the external circuit. 

Occasionally a third electrode is employed, the reference electrode. When this is the 

case, the electrode potential is monitored with respect to the reference electrode. 

Electrochemical measurements, including cyclic voltammetry, charge-discharge 

testing, and electrochemical impedance spectroscopy, were used to characterize the 

performance of the electrodes in a lithium-ion battery system. 

 

3.5.1 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is perhaps the most effective and versatile 

electroanalytical technique available for lithium-ion batteries, especially for the 

determination of the thermodynamics and kinetics of electron transfer at the 

electrode-electrolyte interface. It enables the electrode potential to be rapidly scanned 

in search of redox couples. It is used most often as a diagnostic tool for elucidating 

electrode mechanisms. The important parameters are the maximum and minimum 

points of the potential range, which define the potential window. The choice of this 

potential window must take into account the stability range of the chosen electrolyte, 

to thereby avoid its decomposition. The cell is cycled in the potential window, where 

the potential applied on the working electrode is scanned at a constant rate. The 

change in potential as a function of time is called the scan rate. By measuring the 

current change over a whole cycle (cathodic and anodic scan), one can tell that a 

particular electrochemical reaction takes place and is associated with the observation 

of a current peak. A positive sweep rate causes the oxidation of the working 

electrode and the resulting current has a positive sign. With a negative sweep rate, 
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the reduction of the working electrode causes a negative current. Cyclic voltammetry 

(CV) measurements were conducted via a CHI 660 electrochemical workstation (CH 

Instrument, Cordova, TN) at ISEM. 

 

3.5.2 Charge and discharge 

The charge-discharge tests were conducted at a constant current density. The 

capacity (Q) can be calculated based on the charge or discharge time using the 

formula Q = I x t, where I is the current density and t is the time. The instrument used 

here to obtain the data was a Land battery tester (China) at ISEM. 

3.5.3 Electrochemical impedance spectroscopy (EIS) 

AC impedance spectroscopy is a powerful technique to determine the kinetic 

parameters of the electrode process, including those in the electrolyte, passivation 

layers, charge transfer, and Li+ diffusion. Charge-transfer resistance (Rct) is one of 

the most important parameters for quantitatively characterizing the speed of an 

electrode reaction. Normally, a large charge-transfer resistance indicates a slow 

electrochemical reaction. The Rct can be calculated from electrochemical impedance 

spectroscopy (EIS), with the value being equal to the diameter of the compressed 

semicircle in the medium-frequency region, as shown in Fig. 3.8. Typically, the 

impedance curves of a lithium-ion battery show one compressed semicircle in the 

medium-frequency region, which could be assigned to the charge-transfer resistance 

(Rct) and an inclined line at approximately 45o in the low frequency range, which 

could be considered as Warburg impedance. The AC impedance spectroscopy 

measurements were carried out at ISEM using a CHI 660 electrochemical 
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workstation system (CH Instrument, Cordova, TN) by applying a sine wave of 10 

mV amplitude over a frequency range of 100.00 kHz to 0.01 Hz. In addition, this 

technique has been used to determine the ionic conductivity of electrolytes consisting 

of thin films of polymers. The ionic conductivity (σ) of the sample was calculated 

from Equation (3.4) below: 

 

 

where A is the area of film-electrode contact, t is the thickness of the film and Rb is 

the bulk resistance of the film in Ohms obtained from the complex impedance 

measurements. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8  Typical electrochemical impedance curve of lithium ion battery. 
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Rct Rb 
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3.6 Chemicals and materials 

All the chemicals and materials used during the PhD work for synthesis, 

characterization, and electrochemical testing are listed in Table 3.1. The details of 

purity and the suppliers are also provided for reference. 

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

Materials/chemicals Formula Purity (%) Supplier 

1-methyl-2-

pyrrolidinone (NMP) 
C5H9NO 99.5 

Sigma 

Aldrich, 

Australia 

Acetone CH3-CO-CH3 99.9 
Ajax, 

Australia 

Acetylene carbon black C N/A 

Cabot 

Australasia 

Pty. Ltd. 

Aluminum laminated 

pouch cell 
N/A N/A DLG, China 

Aluminum(III) oxide Al2O3 99 

Sigma 

Aldrich, 

Australia 

Citric acid C6H8O7 99.5 

Sigma 

Aldrich, 

Australia 

Copper foil Cu N/A DLG, China 
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Materials/chemicals Formula Purity (%) Supplier 

CR 2032 type coin cells N/A N/A DLG, China 

Diethyl carbonate C5H10O3 > 99 

Sigma 

Aldrich, 

Australia 

Diethylene glycol (HOCH2CH2)2O 99 

Sigma 

Aldrich, 

Australia 

Ethanol C2H5OH reagent 
Ajax, 

Australia 

Ethylene carbonate C3H4O3 99 

Sigma 

Aldrich, 

Australia 

Graphite C  
Fluka, 

Australia 

Hydrazine H4N2·H2O 99 

Sigma 

Aldrich, 

Australia 

Hydrogen peroxide H2O2 35 

Sigma 

Aldrich, 

Australia 

Lithium 

hexafluorophosphate 
LiPF6 

> 99.99 

(battery 

Sigma 

Aldrich, 
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Materials/chemicals Formula Purity (%) Supplier 

grade) Australia 

Lithium hydroxide 

monohydrate 
LiOH.H2O 98 

Sigma 

Aldrich, 

Australia 

Lithium metal Li 99.9 

Sigma 

Aldrich, 

Australia 

Milli-Q water H2O 
5 ppb 

(TOC) 

Millipore, 

USA 

Molybdenum(III) oxide MoO3 98 

Sigma 

Aldrich, 

Australia 

Multiwall carbon 

nanotube 
C > 90 

Sigma 

Aldrich, 

Australia 

Poly(vinylidenefluoride-

co-

hexafluoropropylene) 

(-CH2CF2-)x 

[-CF2CF(CF3)-]y 
N/A 

Sigma 

Aldrich, 

Australia 

Polypropylene separator (C3H6)n 
Celgard 

2500 

Hoechst 

Celanese 

Corporation, 

USA 
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Materials/chemicals Formula Purity (%) Supplier 

Polyvinylidene fluoride 

(PVDF) 
(CH2CF2)n N/A 

Sigma 

Aldrich, 

Australia 

Potassium 

permanganate 
KMnO4 99 

Sigma 

Aldrich, 

Australia 

Pyrrole C4H5N 99 

Sigma 

Aldrich, 

Australia 

Single wall carbon 

nanotube 
C > 90 CNI, USA 

Sodium carboxymethyl 

cellulose 
C28H30Na8O27 N/A 

Sigma 

Aldrich, 

Australia 

Sodium hydroxide NaOH 99 

Sigma 

Aldrich, 

Australia 

Tetrabutylammonium 

hexafluorophosphate 
(CH3CH2CH2CH2)4N(PF6) 99 

Sigma 

Aldrich, 

Australia 

Tin(II) chloride 

dihydrate 
SnCl2·2H2O 98 

Sigma 

Aldrich, 
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Materials/chemicals Formula Purity (%) Supplier 

Australia 

Tin(IV) chloride 

pentahydrate 
SnCl4·5H2O 98 

Sigma 

Aldrich, 

Australia 

Vanadium pentoxide V2O5 99.5 

Riedel-de 

Haën, 

Germany 
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Chapter 4 

 
SnO2-Coated Multiwall Carbon Nanotube Composite Anode 

Materials for Rechargeable Lithium-Ion Batteries 

 

4.1  Introduction 

Recently, there has been great demand for a new generation of electrode 

materials for lithium ion batteries with higher energy density and better rate 

capability for applications such as portable electronic devices and electric vehicles 

[250, 273]. Graphite is currently the commercial anode material, but it has a low 

theoretical capacity of around 372 mAh g-1 [274]. Tin dioxide has been proposed as a 

promising alternative anode material due to its high theoretical capacity (781 mAhg-

1) [275-276] and the environmental friendliness of its raw material processing [277]. 

Nevertheless, the higher magnitude of volume expansion and the agglomeration of 

tin dioxide particles during the alloying and de-alloying cycles with Li+ ions are the 

greatest problems in the cycling process [278]. In order to overcome the volume 

changes and agglomeration, two main methods have been applied. The first method 

is to fabricate SnO2 into specific nanostructures, such as hollow spheres [279-280], 

nanotubes [281-284], nanowires [285-287], nanorods [288-289], and mesoporous 

structures [290]. The second is to prepare nanostructured carbon composites by 

loading nanometer-sized SnO2 particles onto a carbon-based matrix [291-292]. It is 

well known that carbon nanotubes can provide a desirable electronic matrix for 
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anode materials due to their high theoretical electrical conductivity, high aspect ratio, 

remarkable thermal conductivity, and good mechanical properties [293-294]. 

To date, composites of tin dioxide coated onto surfaces of carbon nanotubes 

have been prepared by the chemical solution route [295], the diffusion method [296], 

chemical vapour deposition [297], the supercritical fluid method [298], and the 

hydrothermal/solvothermal method [299]. For example, Xu, Sun, and Gao coated 

MWCNTs with SnO2 by a one-step chemical solution method in which a lengthy 

acid-treatment for MWCNTs was needed [300]. Du et al. synthesized SnO2 

nanotubes on carbon nanotubes by a layer-by-layer technique followed by heat-

treatment [301]. Zhu et al. reported multiwalled carbon nanotube/SnO2 core-shell 

structures produced by a double coating process in a wet chemical route [302]. All 

those techniques, however, are time-consuming, expensive, and only show relatively 

low capacity retention. Therefore, it is still necessary to explore simple synthesis 

techniques for the formation and preparation of SnO2-coated carbon nanocomposite 

materials. 

In this Chapter, SnO2 was coated on multiwall carbon nanotubes (MWCNTs) 

by a simple hydrothermal method involving the use of hydrogen peroxide, but 

without any subsequent heat–treatment of precipitates at high temperatures. In 

addition, carboxymethyl cellulose (CMC), which was used as a binder, is water 

soluble and an inexpensive material compared to the conventional binder, 

polyvinylidene difluoride (PVDF).Therefore, the usage of CMC makes the whole 

fabrication of the electrode low in cost and environmentally friendly. 
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4.2 Experimental  

4.2.1 Preparation of SnO2-coated CNT nanocomposites                     

SnO2/MWCNT nanocomposites were synthesized by dissolving 0.05 M SnCl4·5H2O 

(98%, Sigma-Aldrich) in 30 ml de-ionized water with 5 ml 35% hydrogen peroxide 

and then adding acid-treated MWCNTs (Sigma-Aldrich, carbon > 90%, trace metal 

basis). Two composites were prepared with weight ratios of SnCl4·5H2O to 

MWCNTs of 50 : 50 and  70 : 30, respectively. Each solution was further dispersed 

by ultrasonication for 1 hour and then transferred into a Teflon lined autoclave and 

kept at 150oC for 24 hours. Bare SnO2 nanopowders were prepared by the same 

method in the absence of MWCNTs and hydrogen peroxide. The resulting products 

were washed with deionized water several times and collected by centrifugation. The 

samples were dried at 60oC overnight in a vacuum oven. A schematic diagram of this 

process is presented in Fig. 4.1. 

 

 

 

 

Figure 4.1 Schematic diagram of the synthesis process for SnO2/MWCNT 

nanocomposites. 

4.2.2 Sample characterization 

Phase analysis was carried out by powder X-ray diffraction (XRD) using a 

GBC MMA X-ray generator and diffractometer with Cu K� radiation.  The 
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morphologies of the SnO2/MWCNT nanocomposite powders were investigated by 

field emission scanning electron microscopy (FE-SEM, JEOL 7500) and 

transmission electron microscopy (TEM, JEOL EM 2010), as well as by 

thermogravimetric analysis (TGA) (Mettler Toledo TGA/DSC 1) for determination 

of the MWCNT content. 

4.2.3 Electrochemical measurements 

To test the electrochemical performance, MWCNTs, bare SnO2, and the 

nanocomposite samples designated 50SnO2/50CNT and 70SnO2/30CNT from the 

corresponding weight ratios were respectively mixed with acetylene black (AB) and 

a binder, carboxymethyl cellulose (CMC, average Mw: ~250,000, Aldrich) in a 

weight ratio of 70:20:10 in a solvent consisting of . The slurry was 

uniformly pasted onto pieces of Cu foil with an area of 1 cm2. These prepared 

electrode sheets were dried at 100��C in a vacuum oven overnight and pressed under 

a pressure of approximately 3000 kg cm-2 for 10 s. Electrochemical measurements, 

including charge-discharge in the voltage range of 0.05 - 2 V at constant current 

density of 100 mA g-1 and cyclic voltammetry (CV) at a scan rate of 0.1 mV s-1, were 

performed using a Neware battery tester and a CHI 660b electrochemistry 

workstation, respectively. The electrochemical cells (CR 2032 coin-type cells), 

which contained the active materials on Cu foil as the working electrode, Li foil as 

the counter and reference electrode, and a porous polypropylene film as the 

separator, were assembled in an argon gas-filled glove box (Mbraun, Germany). The 

electrolyte was 1 M LiPF6 in a 1:2 (v/v) mixture of ethylene carbonate (EC) and 

diethyl carbonate (DEC). 
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4.3 Results and discussion 

The diffraction peaks of the XRD patterns for the bare SnO2 nanopowders 

could be indexed as tin dioxide, with all peaks corresponding well to standard 

crystallographic data (JCPDS No. 41-1445), which belongs to space group (SG) 

P42/mnm, as shown in Fig. 4.2(a). The crystal structure is tetragonal with lattice 

parameters a = 4.72 (Å) and c = 3.17 (Å). The X-ray diffraction peaks for both 

SnO2/MWCNT nanocomposite powders at 26.7o, 33.9o, 38.0o, and 39o correspond to 

peaks of SnO2 nanopowders, while the peaks at 26o are for the MWCNTs. All peaks 

of the bare SnO2 and SnO2/MWCNT nanocomposite samples are broad, indicating 

their nanocrystalline nature. It was found that the average crystal size of the SnO2 

powders was 15 nm by using the Debye-Scherrer formula for the (1 1 0) peak.  

 

 

 

 

 

Figure 4.2 XRD patterns (a) and TGA curves (b) of the MWCNTs, bare SnO2, and 

50SnO2/50CNT and 70SnO2/30CNT nanocomposite powders. 

The weight percentage of MWCNTs was obtained by means of 

thermogravimetric analysis (TGA), as shown in Fig. 4.2(b). The TGA was carried 

out from 30 to 900 oC, with a heating rate of 10 oC min-1 in an air environment. Due 

to the thermal stability of SnO2, the bare SnO2 remains stable during the heating 
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process. The main weight loss, which resulted from the decomposition of MWCNT-

based materials, was obtained from 80 to 700 oC. The MWCNT contents of 

50SnO2/50CNT and 70SnO2/30CNT can be estimated to be approximately 47 % and 

31 %. 

 

 

 

 

 

 

 

 

 

Figure 4.3 FE-SEM images of (a) bare SnO2, (b) MWCNTs, and nanocomposite 

powders: (c) 50SnO2/50CNT, and (d) 70SnO2/30CNT. 

In Fig. 4.3, SEM images provide general information on the SnO2/MWCNT 

nanocomposites compared with the MWCNT and bare SnO2 powders. The bare 

SnO2 powders with particle size of about 10 nm are mostly in agglomerated form, as 

shown in Fig. 4.3(a). Fig 4.3(b) shows the smooth outer surface of the MWCNTs, 

which have diameters around 10 – 15 nm and are several micrometres in length. The 

SEM image of 50SnO2/50CNT presented in Fig. 4.3(c) shows that deposition of 

(a) (b) 

(d) (c) 
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SnO2 particles onto the surfaces of MWCNTs takes place in some selected sites, 

while in the 70SnO2/30CNT sample, more SnO2 particles are deposited on the 

surfaces of MWCNTs, as shown in Fig. 4.3(d).  For further investigation of the 

morphology and distribution of SnO2 particles on the surfaces of MWCNTs, Fig. 4.4 

shows TEM images of the 70SnO2/30CNT sample. In the lower magnification image 

in Fig. 4.4(a), the SnO2 nanoparticles are well dispersed on the CNT bundle. The 

SnO2 nanoparticles are highly crystalline, and the particles are between 4 and 5 nm in 

diameter. It is also observed that SnO2 nanoparticles are attached onto the surfaces of 

the MWCNTs, appearing as defects of the MWCNTs. The aligned lattice fringes of 

the nanoparticles and MWCNTs are clearly visible in the high-resolution TEM 

(HRTEM) image in Fig 4.4(b), with  adjacent fringe spacing of about 0.32 nm 

corresponding to the (1 1 0) plane of SnO2 and the carbon layer separation of 0.34 

nm assigned to a MWCNT. 

 

 

 

 

 

Figure 4.4 TEM images of the70SnO2/30CNT nanocomposite powders: (a) low 

resolution image of the composite, (b) high resolution image of the composite lattice 

spacing.  
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 Fig. 4.5 shows the results of cyclic voltammetry (CV) of the four samples. 

There is a strong peak at about 0.7 V for the MWCNTs during the first discharge 

process (Fig. 4.5(a)), due to the formation of the solid electrolyte interphase (SEI) 

layer [303]. During the first scan of the bare SnO2 powder electrode shown in Fig. 

4.5(b), characteristic peaks at about 0.72 V and 0.10 V appear in the cathodic sweep 

process. The peak at 0.72 V corresponds to both SEI layer formation and the 

decomposition of SnO2 to Sn as in Equation (1)  [304]: 

SnO2 + 4Li+ + 4e- � 2Li2O + Sn      (4.1) 

and the peak at 0.10 V corresponds to alloying of Sn with Li, as described in 

Equation (2) : 

Sn+xLi++xe-�LixSn (0 ≤ x ≤ 4.4)      (4.2) 

while two peaks at about 0.56 V and 1.26 V appear in the anodic sweep process. The 

peak at 0.56 V represents the de-alloying process of Li+ ions as described in Equation 

(3): 

LixSn �Sn + xLi+ + xe- (0 ≤ x ≤ 4.4)      (4.3) 

and the following peak at 1.26 V may be from the transfer of electrons during the de-

alloying process [291]. 

There is an increase in the anodic peak at 0.56 V in the second and subsequent 

cycles, indicating an activation process in the material, as shown in Fig 4.5(b). The 

cathodic peaks at 0.42 V that appear in the second cycle are due to the formation of β 

phase tin during the reaction process [299]. 
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Figure 4.5 Cyclic voltammograms for the first 5 cycles of the MWCNT (a), bare 

SnO2 (b), 50SnO2/50CNT (c), and 70SnO2/30CNT (d) electrodes, all at a scan rate of 

0.1 mV s-1. 

For both the 50SnO2/50CNT and the 70SnO2/30CNTelectrodes in Fig. 4.5(c) and (d), 

there are still characteristic peaks at 0.83 V and 0.79 V, corresponding to SEI layer 

formation and the alloying process, which also respectively correspond to the 

reaction of lithium with the SnO2 and the MWCNTs in the first discharge process. 

The 0.79 V peak intensity of the 70SnO2/30CNT sample, however, is higher than 

that of the 0.83 V peak of the 50SnO2/50CNT sample because of the large amount of 

deposited SnO2. Both samples show well repeated curves in the following cycles, 

revealing the good cycling stability. In addition, the anodic peaks at 0.56 V of both 
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samples are different from that of the bare SnO2 sample. The intensity of the 0.56 V 

peaks for both composites decreases with cycling, indicating that there is no 

activation process. This is probably because the SnO2 nanoparticles are dispersed 

well on the MWCNT matrix and all the active materials are involved in the reaction 

from the first cycle [299]. 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 4.6 Typical discharge-charge curves for selected cycles of the MWCNT (a), 

bare SnO2 (b), 50SnO2/50CNT (c), and 70SnO2/30CNT (d) electrodes at constant 

current density of 100 mA g-1. 
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Typical charge-discharge curves of the cells with MWCNTs and SnO2/MWCNT 

composites at current density of 100 mA g-1 are shown in Fig. 4.6. A single plateau 

for initial discharge was observed for the MWCNT sample around 0.7 V, which is 

related to the formation of the solid electrolyte interphase (SEI) layer on the surfaces 

of MWCNTs, as presented in Fig. 4.6(a).  The plateau disappears in the following 

cycles and leaves a large initial irreversible capacity (1252 mAh g−1). The first 

discharge capacities for the bare SnO2, 50SnO2/50CNT, and 70SnO2/30CNT 

electrodes are 1601, 1421, and 1463 mAh g−1, respectively, within the potential 

range from 0.01 V to 2.0 V. The bare SnO2 (Fig. 4.6(b)) and SnO2/MWCNT samples 

show higher capacities in their first discharge than the theoretical specific capacity of 

SnO2 (782 mA g-1). The large initial irreversibility of the first discharge capacities is 

due to the following two reasons: the irreversible trapping of two Li+ ions per oxygen 

atom in the formation of Li2O and the formation of an SEI film on the surfaces of 

MWCNTs and nascent Sn [305-306]. In addition to the large first discharge capacity 

of bare SnO2, the second cycle reversible capacity of bare SnO2 of 900 mAh/g is 

larger than the theoretical discharge capacity of SnO2. This phenomenon was also 

reported for SnO2 hollow spheres that exhibited higher reversible capacity than their 

theoretical value in the first few cycles [88, 307]. It is also found that the nanosized 

SnO2 is more favourable for stable cycling properties [307]. Here in this thesis, for 

bare SnO2, the smaller nanosize dimensions of the SnO2 (5 nm) provide more 

reaction sites for alloying and de-alloying processes with lithium ions. In addition, 

such an over-capacity contribution can also be found in other reports [308-309], and 

it is ascribed to the formation of a gel-like organic layer on the surface of the hollow 

nanostructures. 
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Figure 4.7 The cycling stability of MWCNTs, bare SnO2, and 50SnO2/50CNT and 

70SnO2/30CNT nanocomposites at constant current density of 100 mA g-1 (a); rate 

capability of bare SnO2 and 70SnO2/30CNT (b); and FE-SEM images of bare SnO2 

(c) and 70SnO2/30CNT (d) electrodes  after 100 cycles. 

 

Fig. 4.7(a) displays the cycling stability of the bare SnO2, 50SnO2/50CNT, 

70SnO2/30CNT, and MWCNT electrodes at current density of 100 mA g-1 between 

0.01 and 2 V. The capacity retention for the first 10 cycles is maintained at 75 %, 79 

%, 78 %, and 73 % of reversible discharge capacity (second discharge capacity) for 

the bare SnO2, 50SnO2/50CNT, 70SnO2/30CNT, and MWCNT electrodes, 

respectively. Beyond 100 cycles, the discharge capacities are still 222 mAh g−1, 406 

mAh g−1, 473 mAh g−1, and 238 mAh g−1 for the bare SnO2, 
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50SnO2/50CNT,70SnO2/30CNT, and MWCNT electrodes, respectively. In terms of 

the ratio of the specific capacity retained after 100 cycles to the second discharge 

capacity, the capacity retention for the bare SnO2, 50SnO2/50CNT, 70SnO2/30CNT, 

and MWCNT samples is 23 %, 53 %, 50 %, and 69 %, respectively. These results 

show that the cycling stability of the MWCNT electrode is the best of all the 

samples, but it is accompanied by very low discharge specific capacity. For both 

composites, the capacity retention of the 50SnO2/50CNT electrode is better than that 

of 70SnO2/30CNT, but the specific capacity is lower due to the low content of SnO2. 

This phenomenon demonstrates that MWCNTs can prevent the agglomeration of tin 

particles and improve the cycling stability for both composites, especially for the 

50SnO2/50CNT sample. In the case of the 70SnO2/30CNT sample, however, the high 

content and the good distribution of the SnO2 particles on the surfaces of the 

MWCNTs enhance both the electrochemical performance and the structural stability 

during cycling of the composite, as shown in the FE-SEM images of Fig. 4.7(c) and 

(d). These images show that the tin particles of the bare SnO2 sample are mainly in 

the form of large agglomerations after 100 cycles, in contrast to the dispersed Tin 

particles in the 70SnO2/30CNT sample. In order to compare the electrochemical 

performance with the literature, a summary of the specific capacities for different 

SnO2/MWCNT composite samples is given in Table 4.1. It can be seen that the 

70SnO2/30CNT sample in the present work shows better performance than those of 

H-SnO2/CNT (402 mAh g−1 after 100 cycles) with 54 % SnO2 [299], MWCNTs 

filled with and coated by SnO2 nanoparticles (S2; 372 mAh g−1 after 40 cycles) with 

34.9 % SnO2 [300], and SnO2 nanotubes on carbon nanotube template (435 mAh g−1 

after 40 cycles) with 49.76 % SnO2 [301]. 
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Rate capability test results are shown in Fig. 4.7(b), where the bare SnO2 

sample shows a higher specific capacity in the initial cycle than the 70SnO2/30CNT 

sample, but after the cycle testing reaches a current density of 800 mA g-1, the 

70SnO2/30CNT sample shows larger capacity compared to the bare SnO2. 

Table 4.1 Comparison with references in the literature of the specific capacities for 

different SnO2/CNT composites. 

 

Material Capacity 
(mAh g-1) 

Cycle 
number 

Current 
density 
(mA g-1) 

Reference 

70SnO2/30CNT 473 100 100 Present work 

H-SnO2/CNT 402 100 100 [28] 

MWCNTs filled with 

and coated by SnO2 

nanoparticles 

372 40 70 [300] 

SnO2 nanotubes on 

carbon nanotube 

template 

435 40 200 [301] 

 

This is because the MWCNTs contribute to maintaining the electronic conduction, as 

well as preventing tin particles from aggregating and accommodating the volume 

variation [310]. When the current density changes back to 100 mA g-1, the 
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70SnO2/30CNT sample delivers a specific capacity above 500 mAh g−1, which is 

much higher than that of the bare SnO2 powder electrode.  

In order to verify the effect of MWCNTs on the electronic conductivity of the 

nanocomposite, electrochemical impedance spectroscopy (EIS) measurements were 

carried out on the bare SnO2 and 70SnO2/30CNT samples using a sine wave of 5 mV 

amplitude over a frequency range of 100 kHz – 0.01 Hz. To achieve stable SEI 

formation and the percolation of electrolyte through the electrode materials, the 

impedance measurement was performed after running 5 charge-discharge cycles. 

Impedance was also measured after 100 cycles for the samples. Fig. 4.8 shows the 

Nyquist plots obtained from the bare SnO2 and the 70SnO2/30CNT samples after the 

5th and 100th cycle tests.  The intercept at the Zreal axis at high frequency corresponds 

to the ohmic resistance , which represents the total resistance of the electrolyte, 

separator, and electrical contacts. The depressed semicircle in the middle frequency 

range relates to the charge transfer resistance (Rct). CPE is the constant phase-angle 

element, involving double layer capacitance. The inclined line at lower frequency 

represents the Warburg impedance (W), which is associated with Li-ion diffusion in 

the SnO2 particles. An equivalent circuit model was constructed to analyze the 

impedance spectra, as shown in the inset to Fig. 4.8(a). Table 4.2 shows parameters 

of the equivalent circuit for the bare SnO2 and the 70SnO2/30CNT samples after 

fitting the diameter of the semicircular curve. It is found that the size of the 

depressed semicircle in the middle frequency range for the 70SnO2/30CNT sample 

after 5 cycles and 100 cycles is smaller compared to the bare SnO2 sample, revealing 

the lower charge transfer resistance of the 70SnO2/30CNT sample. This indicates 
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that the electronic conductivity of the 70SnO2/30CNT sample was improved due to 

the good electrical conductivity of the MWCNTs in the composite material, where 

they served as both an active material and a conductor in the anode composite.  

 

 

 

 

Figure 4.8 Nyquist plots of the cells containing (a) the bare SnO2 and (b) the 

70SnO2/30CNT nanocomposite electrodes after 5 and 100 charge-discharge cycles. 

The inset in (a) shows the equivalent circuit model. 

 

 Table 4.2 Impedance parameters calculated from equivalent circuit model. 
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4.4 Conclusions  

SnO2/MWCNT nanocomposites have been synthesized by a simple 

hydrothermal method without any subsequent calcining process. The SEM image of 

50SnO2/50CNT shows that deposition of the SnO2 particles onto the surfaces of the 

MWCNTs takes place in some selected sites, while in the 70SnO2/30CNT sample, 

more SnO2 particles are deposited on the surfaces of MWCNTs. The 70SnO2/30CNT 

composite sample shows very stable cycling stability up to 100 cycles, with 

discharge capacity as much as 473 mAh g−1 compared to the 50SnO2/50CNT sample 

(406 mAh g−1), because the SnO2 nanoparticles in the 70SnO2/30CNT composite 

sample are well dispersed in the MWCNT matrix, protecting them from 

agglomeration. The capacity retention of the 50SnO2/50CNT electrode is better than 

that of 70SnO2/30CNT, but the specific capacity is lower due to the low content of 

SnO2. The EIS results show that the electronic conductivity of the 70SnO2/30CNT 

sample was improved due to the good electrical conductivity of the MWCNTs in the 

composite material, where they served as both an active material and a conductor in 

the anode composite. 
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Chapter 5 

Free-Standing Single-Walled Carbon Nanotube/SnO2 Anode Paper 

for Flexible Lithium-Ion Batteries 

 

5.1 Introduction 

There has been more interest recently in flexible and bendable energy storage 

devices, especially in the field of lithium ion batteries [311-313]. Recent advanced 

technology in various types of soft portable electronic equipment, such as roll-up 

displays, wearable devices, and implanted medical devices, requires development of 

flexible batteries as their power sources. Active radio-frequency identification tags 

and integrated circuit smart cards also require bendable or flexible batteries for 

operation in daily use [6, 314]. Typically, lithium batteries consist of a positive 

electrode and a negative electrode spaced by a separator, which is soaked in an 

electrolyte solution [73]. Each electrode is formed from a metal substrate that is 

coated with a mixture of an active material, an electrical conductor, a binder, and a 

solvent. This type of electrode is not suitable for flexible or bendable batteries, 

because a metal substrate is used to support the active materials. The active material 

layer will be damaged or peeled off from the substrate if it is bent. Therefore, the 

development of free-standing flexible electrode materials is important for flexible 

and bendable energy storage devices. Recent reports show that paper-like material 

could be adopted as a key element for application in a flexible lithium rechargeable 

battery, by embedding it with aligned carbon nanotube (CNT) electrode or 

integrating it with CNT film into a single sheet of paper through a lamination process 
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[252, 315]. Flexible electrode based on free-standing graphene paper also has been 

reported by Gwon et al. [255].  

Single wall carbon nanotubes (SWCNT) are a promising option for lithium 

ion batteries due to their one-dimensional structure with high length-to-diameter 

ratio, combined with high porosity and high surface area [19-20]. In addition, the 

outstanding physical properties of SWCNTs, such as high theoretical tensile strength, 

high electrical conductivity, and high flexibility, make SWCNTs potentially useful 

for producing flexible and bendable free-standing electrodes [316-317]. Although 

SWCNTs have several advantages, their practical capacity as free-standing electrode 

materials is still low, less than 200 mAh g-1 after 100 cycles [35, 318].  SWCNTs are 

formed when a graphene sheet is folded to form a cylinder. These cylinders usually 

aggregate into bundles, which consist of SWCNTs held together by van der Waals 

forces [319]. These bundles are expected to display a higher capability for 

intercalating lithium atoms and consequently higher energy storage capacity. In the 

ideal case, this gives enhanced anode stoichiometry in the form of LiC2 [320]. The 

superior battery performance of SWCNTs depends on the ability of lithium ions to 

enter and leave the nanotube interior at a reasonable rate. This rate can be improved 

if the lithium ions reach the interior through topological defects on the side walls and 

open ends. As a matter of fact, in the experiments carried out by Gao et al. [321], the 

intercalation density was improved up to Li2.6C6 after ball milling, suggesting that the 

ball-milling process creates defects and breaks the nanotubes, allowing the lithium 

ions to intercalate inside the nanotubes. In this Chapter, however, we have tried to 

improve the practical capacity of SWCNTs by depositing an electrochemically active 
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second phase with higher capacity on the surface of the SWCNTs by the reflux 

process to create a hybrid composite. 

Tin dioxide  is one of the most promising candidates as a second 

electrochemically active phase to incorporate into carbon-based free-standing 

electrode for higher specific capacity, due to its own higher specific capacity (781 

mAh g-1) [275-276] and the environmental friendliness of its raw material processing 

[322]. Anodes of such high capacity, however, usually suffer severe capacity fading, 

stemming from both the quick aggregation of tin particles and the huge volume 

change (over 300%) during Li+ insertion/extraction cycles, which causes 

pulverization of the anode and electrical detachment of active materials [323-324]. 

Reducing the material’s size down to the nanoscale and dispersing the material into a 

conductive matrix has proved to be very effective for solving these problems in 

similar systems [325-327]. There have already been some reports of applying 

inorganic – CNT composites as high-capacity anodes for lithium-ion batteries 

(LIBs), but all of these composites were prepared using CNTs as collectors for 

sediments, so carbon black and polymer binders had to be used to lower the 

resistance and hold the electrodes together [325, 328-329]. In contrast, self-supported 

SWCNT films have been demonstrated to be very attractive candidates for free-

standing (not needing any current collectors) and binder-free anodes in LIBs. These 

will not only significantly improve the specific mass capacity of practical LIBs, but 

also lower the manufacturing costs. In addition, the conductive matrix of a free-

standing SWCNT film should be able to effectively accommodate huge volume 

changes, thereby significantly improving the cycling performance of high-capacity 

electrodes. Zhang's group has reported binder-free, cross-stacked carbon nanotube 
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sheets with uniformly loaded SnO2 nanoparticles [330]. Although the composite 

sheets showed high electrochemical performance with 100 % capacity retention for 

at least 65 cycles, the synthesis method is quite complicated and time consuming.    

In this Chapter, free-standing SWCNT/SnO2 anode paper was prepared by a 

two-step fabrication method. The anode paper shows several advantages. First, 

SWCNTs can act as a flexible and highly conductive matrix, which can not only 

accommodate the large volume changes that accompany charge/discharge in tin 

dioxide, but also provides good contact for the SnO2-based materials. Second, the 

deposited SnO2 can improve the total specific capacity of the SWCNT paper. Finally, 

the binder-free nature of the anode paper also contributes to the low cost and 

environmental friendliness of the whole electrode fabrication process. 

5.2 Experimental  

5.2.1 Preparation of SWCNT/ SnO2 hybrid material  

The SWCNT/SnO2 hybrid material was prepared in the molar ratio of Sn : C 

= 0.3 : 1. SnCl2∙2H2O (98 %, Sigma-Aldrich) was first dissolved in 50 ml of 

diethylene glycol (DEG, Fluka), and then mixed with SWCNTs (Carbon 

Nanotechnologies Incorporated (CNI), USA, carbon > 90 %, trace metal basis) by 

ultrasonication for 1 hour. Subsequently, the solution was placed in a round-

bottomed flask. The solution was heated and kept under reflux conditions at 195 oC 

for 4 hours with vigorous stirring in air. During the natural cooling process, the 

magnetic stirring was continued. The resulting products then were washed with 

acetone several times and collected by centrifuge at 4400 rpm. Finally, the samples 

were dried at 80 oC overnight in a vacuum oven.  
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5.2.2 Preparation of free-standing SWCNT/ SnO2 paper 

To make a uniform paper, a vacuum filtration technique was adopted [271] 

with some modifications [35, 318], such as using a 3-piece filter funnel (Whatman). 

In a typical procedure, 20 mg of SWCNT/SnO2 hybrid material was dispersed into 1 

wt% Triton X-100 surfactant (Sigma-Aldrich) in 50 mL of distilled water. The 

suspension was then ultrasonically agitated using a probe sonicator for 30 min. The 

as-prepared suspension was poured into the funnel and filtered through a porous 

polyvinylidene fluoride (PVDF) membrane (Millipore, 0.22 μm pore size, 47 mm in 

diameter) by positive pressure from a vacuum pump. Since the solvent could pass 

through the pores of the membrane, the SWCNT/SnO2 hybrid was trapped on the 

membrane surface, forming a dark mat. The resultant mat was then washed twice 

using distilled water, followed by ethanol to remove any remaining surfactant. The 

mat was allowed to dry overnight at room temperature. Finally, the mat was peeled 

off from the PVDF membrane, and SWCNT/SnO2 paper was obtained. To obtain 

highly crystalline SnO2, the paper was heated at 300 oC for 30 minutes in air. For 

comparison, pure free-standing SWCNT paper was also prepared using the same 

method. 

5.2.3 Physical characterization 

Phase analysis was carried out by powder X-ray diffraction (XRD) using a 

GBC MMA X-ray generator and diffractometer with Cu K� radiation at a scanning 

rate of 5o min-1 over the 2θ angle range from 10o to 80o. The morphology of the free-

standing SWCNT/SnO2 electrode was investigated by field emission scanning 

electron microscopy (FE-SEM, JEOL 7500, operated at an acceleration voltage of 
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1.5 kV), transmission electron microscopy (TEM, JEOL EM 2010), and 

thermogravimetric analysis (TGA, Mettler Toledo TGA/DSC 1) for determination of 

the SnO2 content. TEM samples of the anode paper were prepared by removing a 

small piece of the paper and mounting it on a folding copper mesh oyster grid. 

5.2.4 Electrochemical measurements 

Square model electrodes were cut off from the obtained free-standing paper. 

The electrodes were then dried at 120 oC overnight in a vacuum oven. To test the 

electrochemical performance, charge-discharge in the voltage range of 0.01 - 2 V at 

constant current density of 25 mA g-1 and cyclic voltammetry (CV) at the scan rate of 

0.05 mV s-1 were conducted using a Land battery tester and a CHI 660b 

electrochemistry workstation, respectively. Electrochemical impedance spectroscopy 

(EIS) measurements were carried out on the samples with a PARSTAT 2273, using a 

sine wave of 10 mV amplitude over a frequency range of 100 kHz – 0.01 Hz. The 

electrochemical cells (CR 2032 coin-type cells and flexible bendable cells), 

containing SWCNT/SnO2 as the working electrode, Li foil as the counter electrode 

and reference electrode, and a porous polypropylene film as separator, were 

assembled in an argon gas filled glove box (Mbraun, Germany). The electrolyte was 

1 M LiPF6 in a 1 : 2 (v/v) mixture of ethylene carbonate (EC) and diethyl carbonate 

(DEC). 

In the case of flexible cells, the cells were prepared by first making a gel 

electrolyte containing poly(vinylidenefluoride-co-hexafluorpropylene) (P(VDF-

HFP)), which was obtained as received from Sigma-Aldrich. N-methylpyrrolidinone 

(NMP) and nanoscale Al2O3 powders with average particle size of 30 nm were 
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obtained from Sigma-Aldrich. 1 M LiPF6 solution in ethylene carbonate (EC) and 

diethyl carbonate (DEC) in a 1 : 2 ratio (v/v) was used as purchased from Merck Co. 

without any treatment. The porous electrolyte film was prepared by the liquid–liquid 

extraction process [331]. A certain amount of P(VDF-HFP) was dissolved in NMP at 

50 °C. Then, nanoscale Al2O3 particles were added to the viscous solution and 

agitated with an ultrasonic stirrer. The resulting slurry was cast on the surface of the 

SWCNT/SnO2 anode paper and dried under vacuum at 80 °C for 8 h. After 

evaporation of the NMP, the electrode was left to cool to room temperature in situ. It 

was then soaked in the 1 mol/L solution of LiPF6/EC–DEC (volume 1:1) for 1 h to 

make the porous polymer electrolyte. After the excess solution at the surface of the 

electrode was absorbed with filler paper, a flexible cell was fabricated from the 

SWCNT/SnO2 anode with the gel electrolyte, lithium foil as counter and reference 

electrode, and a porous polypropylene film as separator, using an aluminium 

laminated pouch as the casing. 

5.3 Results and discussion 

Fig. 5.1(a) shows the XRD patterns for the SWCNTs purchased from CNI, 

Inc., USA and the SWCNT/SnO2 paper synthesized by the polyol method. The 

diffraction peaks of the SWCNT/SnO2 are consistent with the tetragonal cassiterite 

phase of SnO2 (JCPDS- No 41-1445), which belongs to space group (SG) P42/mnm; 

the individual sets of planes are indexed in the figure. The additional diffraction lines 

at 2θ of 23o and 44o correspond to the characteristic peaks of SWCNTs. The broad 

peak of the (0 0 2) diffraction of SWCNT indicates the typical random arrangement 

of carbon nanotubes, with d0 0 2 of 0.38 nm calculated according to Bragg’s equation. 

The peaks of the SWCNT/SnO2 samples are broad as well, indicating their 
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nanocrystalline nature. The approximate crystallite size of SnO2 phase in the hybrid 

was estimated to be around 1.7 nm, using the Debye-Scherrer equation applied to the 

(1 1 0) peak in Traces software, where the Si standard (2 2 0) peak is used as the full-

width half-maximum (FWHM) standard.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 (a) XRD patterns and (b) TGA curves of the pristine SWCNTs, bare 

SnO2, and SWCNT/SnO2. 

 For quantifying the amount of SnO2 in the hybrid, TGA was carried out in 

air. The sample was heated from 25 to 900 oC at a rate of 10 oC min-1. Fig. 5.1(b) 
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shows the TGA curve for the SWCNT/SnO2 hybrid along with those of the SnO2 and 

SWCNT powders. It can be seen that the bare SnO2 powder remains thermally stable, 

while the SWCNT/SnO2 hybrid starts to decompose slowly in air at temperatures 

above 100 oC, with the SWCNTs finally burning out at about 600 oC. Since the bare 

SnO2 powder remains stable in this temperature range, any weight change 

corresponds to the oxidation of SWCNTs. Therefore, the change in weight before 

and after the oxidation of SWCNTs can be translated into the amount of SnO2 in the 

SWCNT/SnO2 hybrid. With the use of this method, the approximate amount of SnO2 

can be estimated by first subtracting the residual amount of impurities contained in 

the as-purchased SWCNTs. Therefore, the final amount of SnO2 is approximately 34 

wt%. 

SWCNTs are typically synthesized using metal catalysts. In this Chapter, the 

raw SWCNTs, purchased from Carbon Nanotechnologies Incorporated (CNI), USA, 

were prepared by the high pressure CO disproportionation (HiPco) method and 

contain residual Fe catalyst, as confirmed by the energy dispersive spectroscopy 

(EDS) results (Fig. 5.2(b)). A typical TGA plot of a sample of as-received SWCNTs 

is shown in Fig. 5.2(a), with the heating rate 10 oC min-1 in air. The initial curve 

shows a gradual initiation of the transition (starting from 50 oC) because the 

nanotubes were contaminated with amorphous carbon and other types of 

carbonaceous impurities that oxidize at temperatures lower than that of the nanotubes 

[1]. The curve indicates the start of slow decomposition in air at temperatures above 

100 oC, with the SWCNTs finally burning out at about 650 oC. To determine the 

mass of iron catalyst impurity in the SWCNTs, the residual mass must be calculated. 

From this TGA diagram, it can be seen that 78 % of the total mass is lost at 650 °C. 
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This mass loss is attributed to the removal of carbon. The residual mass is 22 %. The 

TGA data in Fig. 5.2(a) indicates that the oxidation temperature (To) is 502 oC. The 

sample exhibited only one exothermal event. The overall thermal stability is low and 

consistent with a large amount of iron particles. This result is similar what was 

reported by Arepalli and co-workers [2]. 

 
  
 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 TGA curve of as-received SWCNTs with 10 °C min-1 heating rate in air 

(a) and the corresponding EDS spectrum (b). 
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FE-SEM images showing cross-sectional and top views of the SWCNTs and 

SWCNT/SnO2 paper are presented in Fig. 5.3. The top-view FE-SEM image reveals 

that the SWCNTs and SWCNT/SnO2 paper appear as webs of curved nanotubes, 

forming strong intertwined entanglements with a three-dimensional (3D) network 

structure.  

 

 

 

 

 

 

 

 

 

Figure 5.3 FESEM images: top views of free-standing SWCNTs (a) and 

SWCNT/SnO2 anode paper (b); cross-sectional views of free-standing SWCNT/SnO2 

anode paper at low magnification (c) and at high magnification (d). Inset of (c) is a 

photograph of the SWCNT/SnO2 anode paper. 
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Fig. 5.3(a) shows single and bundled SWCNTs, which have diameters around 10 – 

15 nm and are several micrometres in length.  The image of the SWCNT/SnO2 paper 

shows that some SnO2 particles are deposited onto the surface of the SWCNTs in 

selected sites, with particle sizes in the range of 1 - 5 nm, as shown in Fig. 5.3(b). 

The cross-sectional FE-SEM images of the SWCNT/SnO2 paper in Fig. 5.3(c) and 

(d) demonstrate that the CNTs form a 3D network with webs of curved nanotubes in 

dense and well packed layers and that the total thickness of the paper is around 20 

µm. The SnO2 nanoparticles are clearly visible and attached to the SWCNT matrix in 

selected areas. The inset of Fig. 5.3(c) shows a photograph of the SWCNT/SnO2 

paper held by tweezers, indicating the good flexibility.   

In the case of the SWCNT/SnO2 sample, the polyol method can typically 

produce nanosize SnO2 particles [266]. In order to confirm the presence of SnO2 

nanoparticles in the anode paper, TEM samples were prepared by removing a small 

piece of the anode paper and mounting it onto a folding copper mesh oyster grid. Fig. 

5.4 shows TEM images of the SWCNT/SnO2 sample. Low magnification TEM 

imaging (Fig. 5.4(a)) revealed clumps of small particles coating the surfaces of the 

carbon nanotubes bundles, with the ultra-fine particle size and tetragonal SnO2 

crystal structure confirmed by the indexed fine spotty ring in the selected area 

electron diffraction pattern (inset of Fig. 5.4(a)). Higher magnification imaging (Fig. 

5.4(b) - (d)) revealed that the crystallite sizes of most SnO2 crystals were slightly less 

than 5 nm. The SWCNTs are commonly grouped together into bundles with the 

SnO2 particles attached to the outside. Both individual SWCNTs and tangled CNTs 

are commonly wrapped around the surfaces of these bundles, as shown in Fig. 5.4(c). 
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High resolution TEM (HRTEM) imaging (Fig. 5.4(d) inset) confirmed that nearly all 

the SnO2 particles were attached to each other and to the surfaces of the nanotubes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Morphological and microstructural features of the SWCNT/SnO2 sample 

from TEM images: (a) low magnification image and selected area electron 

diffraction pattern indexed according to tetrahedral SnO2 (inset); (b) distribution of 

SnO2 along bundles of SWCNTs; (c) SWCNT bundles plus isolated and tangled 

SWCNTs;  (d)  SnO2 particles attached to a tangled bundle of SWCNTs with high 

resolution image of indicated area in inset 
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 Cyclic voltammetry (CV) measurements were performed to examine the 

electrochemical properties of the SWCNTs and the SWCNT/SnO2 paper during the 

charge-discharge process. The alloying and de-alloying processes of lithium with 

SnO2 and SWCNTs were carried out over the potential range of 2.0 – 0.01 V versus 

Li/Li+ at a scanning rate of 0.05 mV s-1, as shown in Fig. 5.5. The SWCNT reduction 

process shows that the peak at 0.65 V vs. Li/Li+ is attributable to the formation of the 

solid electrolyte interphase (SEI) layer [332], as shown in Fig. 5.5(a). The SWCNT 

sample exhibits a broad SEI formation peak, indicating that the kinetics of the SEI 

formation is low. An extra peak at 1.2 V is clearly observed for the SWCNT sample 

and is attributed to the reduction of surface species containing oxygen [30, 35]. The 

CV curves for the SWCNT/SnO2 paper clearly indicate an irreversible reaction 

during the first discharge, with a reduction peak in the range of 1.1 - 1.2 V, as shown 

in Fig. 5.5(b) and (c). Courtney et al. [333] reported that tin dioxide reacts with 

lithium in a two-step process, as follows: 

SnO2 + 4Li+ + 4e- → Sn + 2Li2O (5.1) 

Sn + xLi+ + xe- ↔ LixSn, (0 ≤ x ≤ 4.4) (5.2) 

The reduction peak in the range of 0.9 - 1.0 V can be ascribed to the formation of Sn 

metal in the Li2O matrix (Eq. 5.1), which only happens in the first discharge cycle 

[323, 334-336]. The sharp negative-going peak at 0.65 V vs. Li/Li+ is attributed to Li 

ion intercalation into the graphitic-type layer, as in the CV curves of the pristine 

SWCNTs. Further cycling led to very sharp and almost identical reduction peaks 

below 0.5 V and an oxidation peak at 0.5 V. These peaks correspond to the reversible 

formation of LixSn alloys (0 ≤ x ≤ 4.4) (Eq. 5.2) [323, 334-336]. The cycling stability 
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after 5 cycles of the SWCNT/SnO2 paper seems to be fairly stable, because the high 

content of SWCNTs in the sample provides a good conductive matrix for SnO2 and 

can also alleviate the volume changes in SnO2 during alloying and de-alloying 

processes.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Cyclic voltammograms for the first 5 cycles: (a) SWCNTs, (b) 

SWCNT/SnO2 anode paper, all at a scan rate of 0.05 mV s-1; and charge-discharge 

voltage profiles for selected cycles: (c) SWCNTs and (d) SWCNT/SnO2  anode paper 

at constant current density of 25 mA g-1. 

 Fig. 5.5(c) and (d) shows the charge and discharge voltage profiles for the 

SWCNTs and SWCNT/SnO2 paper, respectively. The voltage for the SWCNT 
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sample dropped rapidly and formed a plateau at about 0.75 V during the first 

discharge process, which was attributed to the decomposition of the electrolyte (the 

formation of the SEI film) [321, 337]. Subsequently, the voltage gradually decreased, 

delivering a sloping discharge curve at about 0.15 V, with specific discharge capacity 

as high as 1459 mAh g−1, while for the SWCNT/SnO2 sample, the discharge capacity 

could reach up to 1851 mAh g−1. In the SWCNT/SnO2 sample, the position of the 

first voltage plateau is shifted to between 1.1 - 1.2 V, which corresponds to the 

formation of Sn metal in the Li2O matrix [323, 334-336]. In the voltage range of 1.1 - 

1.2 V, no wide plateau is present, and it is only observed that the drop in the potential 

changes rapidly in the region of 0.5 - 1.25 V, as shown in Fig. 5.5(d). Moreover, a 

flat plateau is observed at low potential (< 0.5 V), which is attributed to the 

formation of LixSn, as described in Equation (5.2). During the charge process, 

prominent voltage plateaus appear at about 0.5 V for the SWCNT/SnO2 sample, 

which is attributed to the release of lithium ions when the LixSn decomposes (Eq. 

5.2). All these data agree with the cathodic and anodic peak potentials in the cyclic 

voltammograms.   

The discharge capacity versus the number of cycles for cells made from the 

SWCNT and SWCNT/SnO2 paper is shown in Fig. 5.6(a). It can be seen that the 

discharge capacity is maintained above 187 mAh g−1 and 454 mAh g−1 beyond 100 

cycles for SWCNT and SWCNT/SnO2 paper, respectively. The results show that the 

discharge specific capacity of the SWCNT/SnO2 paper is superior to that of the 

SWCNTs (187 mAh g−1) because SnO2 nanoparticles as the active second phase 

contribute to enhancing the capacity performance of the electrode during cycling. It 

is well known that the capacity loss in SnO2 is caused by stress-induced material 
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failure arising from the volume changes in the charge and discharge cycling 

processes. The SWCNTs in the hybrid sample are useful, however, for keeping the 

SnO2 nanoparticles in good electronic contact and conferring the ability to 

accommodate the volume changes. The excellent electron and ion transfer kinetics 

associated with CNTs also contributes to the superior electrochemical performance 

of the SWCNT/SnO2 by lowering the internal resistance for both electrons and 

lithium ions, so as to facilitate the de-alloying reaction over the small surface area of 

the SnO2 particles [328]. 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 (a) Cycling stability of SWCNT and SWCNT/SnO2 anode paper 

electrodes at constant current density of 25 mA g-1; (b) high rate capability of the 

SWCNT/SnO2 anode paper. 
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 Even though the volume expansion still occurs, the electrode is not pulverized, as is 

clear from Fig. 5.6(b). On the other hand, the specially designed free-standing film 

materials, integrating the active materials and the current collector into the one 

flexible film, can prevent loss of the electrical contact between the active materials 

and the substrate, which normally occurs for the conventional electrode [338]. The 

high rate capability of the free-standing, binder-free SWCNT/SnO2 electrode during 

cycling is demonstrated in Fig. 5.6(b). The flexible binder-free SWCNT/SnO2 

electrode shows slight decreases in the specific capacity as the current density is 

increased, unlike the SWCNT electrode, the response of which remains relatively 

stable, however, the SWCNT/SnO2 electrode still shows larger capacity at each 

individual current density, about 186 mAh g-1 at a current density of 1,200 mA g-1, 

compared to the SWCNT electrode. The reason would be the nature of the SnO2 that 

was coated on and loaded into the surface of the SWCNTs, as shown in the TEM 

images (Fig. 5.4). The composite can alleviate the capacity loss but cannot prevent 

the capacity fading at high current density. 

Therefore, in order to verify the electronic conductivity of the SWCNT/SnO2 

paper, electrochemical impedance spectroscopy (EIS) measurements were carried out 

on the SWCNT/SnO2 sample using a sine wave of 10 mV amplitude over a frequency 

range of 100 kHz – 0.01 Hz. To achieve stable SEI formation and the percolation of 

electrolyte through the electrode materials, the impedance measurement was 

performed after running charge-discharge for 5 cycles and 100 cycles at a discharge 

potential of 0.5 V vs. Li/Li+. 
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Figure 5.7 Nyquist plots of the cells containing the SWCNT/SnO2 electrodes after 5 

and after 100 charge-discharge cycles at a discharge potential of 0.5 V vs. Li/Li+. 

The inset is the equivalent circuit model. (b) FE-SEM image of SWCNT/SnO2 anode 

paper after 100 cycles. 

 

Table 5.1 Impedance parameters calculated from equivalent circuit model. 

 

 

 

 

 

Fig. 5.7 shows the Nyquist plots obtained from the SWCNT/SnO2 samples after the 

5th and 100th cycle tests.  An equivalent circuit model was constructed to analyze the 

Electrode Materials Cycles RΩ (Ω) Rct (Ω) 
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impedance spectra, as shown in the inset to Fig. 5.7(a). The intercept at the Zreal axis 

at high frequency corresponds to the ohmic resistance , which represents the 

total resistance of the electrolyte, separator, and electrical contacts. The depressed 

semicircle in the middle frequency range relates to the charge transfer resistance 

(Rct). CPE is the constant phase-angle element, involving double layer capacitance. 

The inclined line at lower frequency represents the Warburg impedance (W), which 

is associated with Li-ion diffusion in the SnO2 particles. Table 5.1 shows the 

parameters of the equivalent circuit for the SWCNT/SnO2 sample after fitting the 

diameter of the semicircular curve. It is found that the size of the depressed 

semicircle in the middle frequency range for the SWCNT/SnO2 sample after 5 cycles 

is smaller than for after 100 cycles, revealing lower charge transfer resistance (Rct = 

393.98 Ω) in the SWCNT/SnO2 sample. This indicates that the electronic 

conductivity of the SWCNT/SnO2 sample at initial cycling was enhanced due to the 

SWCNTs and the good dispersion of the tin particles at the surface of these 

SWCNTs, which protected the particles from agglomeration during the initial cycling 

process. After 100 cycles, however, the electronic conductivity of the SWCNT/SnO2 

sample appears slightly lower than in the initial cycles due to the formation of 

agglomerates on a small scale, decreasing the surface area of the interparticle contact 

of the tin particles at the surface of the SWCNTs [339-340], as is shown in the FE-

SEM image of Fig. 5.7(b). 

Bending-state electrochemical tests on the free-standing electrode were 

conducted using a flexible and bendable cell, as shown in Fig. 5.8(a). To understand 

the electrochemical behaviour of free-standing electrodes under bending, the flexible 
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and bendable cell was tested when it was bent inwards to 180o (Fig. 5.8(b)). The 

capacity of the bent cell is slightly lower compared with the cell that was not 

subjected to bending (Fig. 5.8(c)). In order to explore the reason, the conductivity of 

the cell before and after bending was measured by EIS, as shown in Fig. 5.8(d). The 

results show that the application of a tensile stress decreased the conductivity of the 

electrode [341]. After bending, the conductivity of the cell was 4.8 � 10-4 S∙m-1, 

which is slightly lower than that of the unbent cell (11.6 � 10-4 S∙m-1).  

 

 

 

 

 

 

  

 

 

  

Figure 5.8 (a) Photograph of a flexible and bendable cell, (b) schematic of cell bent 

inwards at 180o, (c) cycling stability before and after inward bending of 

SWCNT/SnO2 electrode at constant current density of 25 mA g-1, and (d) Nyquist 

plots of the cells containing the SWCNT/SnO2 electrodes before and after bending. 
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Although the conductivity of the bent cell decreased, the free-standing 

electrode still functions well. This suggests that the strain associated with the 

bending radius is not sufficient to physically crack the working electrode, and 

therefore, the structure of the free-standing electrode is not significantly altered by 

the bending test. 

 

5.4 Conclusions  

Free-standing SWCNT/SnO2 anode paper was prepared by vacuum filtration 

of SWCNT/SnO2 hybrid material, which was synthesized by the polyol method. In 

the SWCNT/SnO2 paper, the CNTs form a 3D nanoporous network structure, with 

SnO2 particles deposited onto the surface of the SWCNTs in selected sites. The 

SWCNT/SnO2 paper shows high specific discharge capacity, as great as 454 mAh g-1 

at a current density of 25 mA g-1, and very stable cycling stability up to 100 cycles 

compared to the pristine SWCNT paper, due to the intrinsic nature of the 

combination of nanosized SnO2 as an active second phase to provide high capacity 

and CNTs as flexible mechanical support with high electric conductivity. Bending 

the SWCNT/SnO2 electrodes to extremely small radii of curvature has a minimal 

effect upon the electrochemical behaviour, reflecting only a small increase in their 

electrical resistance. Additionally, the electrochemical performance was not 

adversely impacted by the bending test. These results illustrate the robust nature of 

free-standing SWCNT/SnO2 electrodes and their promise for flexible Li-ion batteries. 
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Chapter 6 

Impact of Mechanical Bending on the Electrochemical Performance 

of Bendable Lithium Batteries with Paper-like Free-Standing V2O5-

Polypyrrole Cathodes  

 

6.1  Introduction 

 With recent advances in the technology of various types of flexible portable 

electronic equipment, such as roll-up displays and medical devices, there has been a 

strong market demand for small, thin, lightweight, and bendable batteries to power 

them. Furthermore, wearable electronics, such as wearable displays, embedded 

health monitoring devices, and wearable military devices also require lightweight 

and wearable batteries [6, 75, 252, 313]. Conventional lithium batteries, however, 

typically consist of a positive electrode and a negative electrode spaced by a 

separator, which is soaked with an electrolyte solution. Each electrode is formed 

from a metal substrate that is coated with a mixture of an active material, an 

electrical conductor, and a binder. This kind of electrode is not suitable for flexible 

or bendable batteries because a metal substrate is used to hold the active materials. 

The active material layers will be cracked or peeled off the substrate when they are 

bent frequently. To avoid these drawbacks, mechanically flexible, soft, and free-

standing electrode materials are required [253, 256, 342-345].  

 There are a number of studies on preparing flexible electrodes for lithium ion 

battery application. Varta Microbattery has developed a new generation of thin 
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polymer batteries, PoLiFlex™, with a polymer electrolyte based on a polyvinylidene 

fluoride (PVDF)-copolymer binder matrix [78]. Using this technique, Dennler and 

co-workers have developed a thin (<1 mm), lightweight (<10 g) and flexible 

photovoltaic (PV) solar battery module [346].Carbon-based “bucky” paper also has 

been studied for the preparation of flexible anode materials [35, 342, 345]. Graphene, 

carbon nanotubes (CNTs), and their composites have all been proposed and 

investigated for use as anode materials, but the challenge has remained to find a 

suitable substrate-free cathode material for lithium ion batteries. Unlike carbon based 

anodes, conventional cathode materials (e.g., LiFePO4 and LiCoO2) are brittle 

ceramics that are difficult to form into a flexible, free-standing structure. Hence, a 

flexible and free-standing cathode material with excellent electrochemical 

performance has remained to be discovered.  

Recently, two research groups at the University of Wollongong (Australia) 

and Tsinghua  University (China) have reported flexible free-standing VO2(B) and 

V2O5 nanowire films that were tested as cathode materials for lithium batteries [253, 

347]. The free-standing electrode materials showed acceptable performance, 

however, the free-standing materials were tested using coin type cells under normal 

conditions without any bending. As the free-standing materials are designed for 

bendable or wearable batteries, it is important that the materials be tested under 

bending conditions.  Therefore, in this Chapter, a soft bendable cell which consists of 

a free-standing V2O5-polypyrrole (PPy) cathode, a lithium foil anode, and gel 

polymer electrolyte is reported.  

The V2O5-PPy composite was synthesized by coating PPy on V2O5 

nanowires. Polypyrroles have been extensively studied as cathode materials for 
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rechargeable batteries because of their superior electroactivity, good electrical 

conductivity, and chemical stability [348-350]. PPy has also been used as an additive 

in electrode materials for battery application to improve the conductivity and to 

reduce the dissolution of active materials into the electrolyte [351-354]. Based on our 

previous experience with PPy, we have designed and prepared free-standing V2O5-

PPy cathode materials based on the following ideas: 

(i) A conductive PPy coating on the surface of V2O5 nanowires can improve the 

conductivity of the free-standing electrode. At the same time, PPy can also act as a 

binder, increasing the contact between the wires [355] and improving their 

mechanical properties. 

(ii) The conducting polypyrrole serves not only as a conducting agent to improve the 

conductivity of free-standing electrode materials, but also as an electrochemically 

active material to contribute to the capacity. Therefore, using PPy as an additive is 

better than using some other inert additive, such as carbon nanotubes (CNTs). 

 (iii) PPy nanoparticles coated onto the surface of V2O5 powder may absorb V2O5 due 

to their porous surface morphology and reduce the dissolution of the V2O5 into the 

electrolyte. Consequently, the V2O5 utilization and durability under cycling were 

improved [356-357]. 

In practical utility, the bendable and flexible lithium batteries have to 

maintain both their electrochemical and their mechanical performance during daily 

operation. In this Chapter, we report the influence of mechanical bending on the 

electrochemical behaviour of bendable lithium batteries consisting of a free-standing 

V2O5-PPy cathode film, gel electrolyte, and a lithium foil anode.The electrochemical 
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performances of the novel bendable cells were tested under repeated bending. Our 

data indicated that novel bendable cells can be bent to small radii of curvature and 

still function well.  

6.2 Experimental procedures 

6.2.1  Synthesis of V2O5 nanowires and V2O5-PPy composite 

The hydrothermal method [358-359] was adopted and modified in this 

Chapter to control the length of nanowires for the preparation of free-standing 

V2O5films.  0.360 g V2O5 powder (98%, Reidel De Haën) was dissolved in 30 ml 

deionized water and 5 ml 30 % H2O2 (Sigma Aldrich), and mixed under vigorous 

magnetic stirring at room temperature until a transparent orange solution was 

obtained. The resultant solution was then transferred to a 125 ml autoclave and kept 

in an oven at 200 °C for 24 hours. After naturally cooling to room temperature, the 

product was washed several times with distilled water. 

The V2O5-PPy composite was prepared by adding 0.05 M 

tetrabutylammonium hexafluorophosphate and 0.06 M distilled pyrrole monomer 

into the solution containing 2 mg/ml V2O5 nanowires. The mixture was stirred until 

the gradual change of colour from light black to deep black indicated the formation 

of PPy. The reacted mixture was then kept under the same conditions for 24 h. The 

synthesized samples were centrifuged and rinsed several times with distilled water 

and ethanol. 
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6.2.2 Preparation of free-standing V2O5andV2O5-PPy films 

To make a uniform film, a modified vacuum filtration technique was adopted 

[271], where a 300 ml filter funnel (Glasco) was used. In a typical procedure, 20 mg 

of V2O5-PPy material was dispersed into 1 wt% Triton X-100 surfactant (Sigma-

Aldrich) in 50 ml distilled water. The suspension was then ultrasonically agitated 

using a probe sonicator for 1 minute. The as-prepared suspension was poured into the 

funnel and filtered through a porous polyvinylidene fluoride (PVDF) membrane 

(Millipore, 0.22 μm pore size, 47 mm in diameter) by positive pressure from a 

vacuum pump. The solvent passed through the pores of the membrane, but the V2O5-

PPy material was trapped on the membrane surface, forming a mat. The resultant mat 

with its PVDF membrane was then washed twice using distilled water, followed by 

ethanol to remove any remaining solvent. The mat with the PVDF membrane still 

attached was dried in an oven for 2 hours and then was peeled off the membrane.   

6.2.3 Preparation of gel polymer electrolyte and fabrication of bendable cell  

Poly(vinylidenefluoride-co-hexafluorpropylene) (P(VDF-HFP)) was used as 

received from Sigma-Aldrich. N-methylpyrrolidinone (NMP) and nanoscale Al2O3 

powders with an average particle size of 30 nm were obtained from Sigma-Aldrich. 

1 M LiPF6 solution in ethylene carbonate (EC)–dimethyl carbonate (DMC) was 

purchased from Merck Co. and used without any treatment. A porous film was 

prepared by the liquid–liquid extraction process [272]. A certain amount of P(VDF-

HFP) was dissolved in NMP at 50 °C. Then, the nanoscale Al2O3 particles were 

added to the viscous solution and agitated with an ultrasonic stirrer. The resulting 

slurry was cast onto the surface of the free-standing V2O5-PPy electrode and dried 
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under vacuum at 80 °C for 8 h. After evaporation of the NMP, the electrode with gel 

electrolyte precursor was soaked in a 1 mol/L solution of LiPF6/EC–DMC (volume 

1:1) for 1 h. The surface of the electrode with gel electrolyte was wiped clean with 

filter paper, and then fabricated into flexible bendable cells with lithium foil as the 

counter electrode. Flexible and soft aluminium laminated pack materials (provided 

by DLG Battery Co., Ltd, Shanghai, P.R. China) were used to assemble the bendable 

cells. Fig. 6.1 contains a schematic diagram of a typical flexible and bendable cell for 

bending-state electrochemical testing.  

 

 

 

 

 

 

 

 

 

Figure 6.1 Schematic diagram of flexible cell for bending-state electrochemical 

testing. 

 

6.2.4   Structure and morphology analysis, and mechanical property testing 

X-ray diffraction (XRD) data were collected on a GBC MMA generator and 

diffractometer with Cu K� radiation. For infrared (IR) spectroscopy, the samples 
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were mixed with KBr powder, placed in a sample holder, and measured using a 

Shimadazu IRPrestige-21 Fourier transform IR (FT-IR) spectrometer. KBr was used 

as the background file. All spectra were measured from 2000 to 400 cm-1, and the 

number of scans was typically 10, with a resolution of 2 cm-1. The amount of PPy in 

the sample was estimated using a thermogravimetric analysis/ differential scanning 

calorimetry (TGA/DSC) 1 Stare System.  The morphologies of the films were 

investigated by field emission scanning electron microscopy (FESEM, JEOL JSM-

7500FA) and transmission electron microscopy (JEOL 2011, 200 kV). The 

mechanical properties of the free-standing films were investigated with a Shimadzu 

EZ-S Universal Testing Machine. Tensile tests were conducted under a 

fixed stretching speed of 1 mm min-1 for all specimens.  The dimensions of 

specimens were 5 mm in width and 30 mm in length. 

6.2.5  Electrochemical measurements 

The free-standing electrodes were tested in coin-type cells to confirm the 

initial electrochemical performance.  CR 2032 coin-type cells were assembled in an 

Ar-filled glove box (Mbraun, Unilab, Germany) by stacking a porous polypropylene 

separator containing liquid electrolyte between the V2O5-PPy free-standing film 

electrode and the lithium foil counter electrode. The electrolyte used was 1 M LiPF6 

in a 50:50 (v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC), 

provided by MERCK KgaA, Germany. The bendable cells were also assembled in 

the glove box with free-standing V2O5-PPy cathode, lithium foil anode, and gel 

electrolyte. Charge-discharge tests were carried out with a battery testing device 

(Land Battery Tester) interfaced to a computer with software. The system is capable 
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of switching between charge and discharge automatically according to the pre-set 

cut-off potentials. The cells were cycled between 1.5 and 4.0 V with a constant 

current of 40 mA g-1. Their change in conductivity after each repeated bending was 

examined by electrochemical impedance spectroscopy (EIS) measurements using a 

sine wave of 10 mV amplitude over a frequency range of 100 kHz – 0.01 Hz. 

6.3 Results and discussion 

Fig. 6.2(a) shows the X-ray diffraction (XRD) patterns of the V2O5 film, the 

V2O5-PPy film, and commercial V2O5. All the diffraction peaks can be indexed as 

orthorhombic V2O5 phase with the lattice parameters a = 11.54 Å, b = 3.571 Å, and c 

= 4.383 Å, in good agreement with the literature (JCPDS card no. 89-0612). No 

characteristic peaks of any impurities were detected in these patterns. Compared to 

the commercial V2O5, the relatively strong intensities of the (200) and (400) 

diffraction peaks of the V2O5 nanowires indicates that there is a preferred distribution 

of planes parallel to the a-direction. The formation of orthorhombic V2O5 single 

crystalline nanowires is likely related to the layered structure of V2O5·nH2O [360]. 

V2O5 dissolves in distilled water in the presence of H2O2 to form an orange solution 

of diperoxo anions, VO(O2)2(OH2)-. H2O2 in excess and peroxo groups are slowly 

oxidized, giving oxygen gas. Monoperoxo and dimer species are then progressively 

formed as peroxo groups are decomposed. An aqueous solution of VO2
+ and 

H2V10O28
4- is finally obtained [361-362]. At the early stage of hydrothermal 

treatment of the aqueous solution of VO2
+ and H2V10O28

4-, V2O5·nH2O fibres with 

large diameters are obtained due to the condensation of vanadic acid via a 

homogeneous nucleation and solution growth process. As the reaction proceeds, 

crystalline V2O5 is formed via dehydration and recrystallization of V2O5·nH2O, and 
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the fibrillar precipitates can be cleaved along their planes due to their large 

interplanar spacing, so V2O5 single-crystalline nanowires are formed. 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 (a) XRD patterns of V2O5 film, V2O5-PPy film, and commercial V2O5; 

(b) FT-IR transmission spectra of V2O5-PPy, V2O5, and PPy; (c) TGA curves of 

V2O5 and V2O5-PPy film. 

 

The FT-IR spectra of the pure PPy and the V2O5-PPy film are shown in Fig. 

6.2(b). It is clear that the two spectra are similar to each other, indicating that the 

main polymer chains of the V2O5-PPy hybrid are similar to those of PPy. The 

features at 1566 and 1496 cm− 1 are attributed to the antisymmetric and symmetric 
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pyrrole ring vibrations, respectively. The peaks at 1334 and 1064 cm−1 are ascribed 

to the in-plane C–H stretching vibration and in-plane N–H deformation, respectively. 

The bands at 1234 and 972 cm−1 reflect the C–N stretching vibration and the ═ C–H 

out-of-plane vibration, which implies the doped state of PPy [363-364]. The other 

peaks, centred at 1103 and 941 cm-1, are assigned to the hydroxyl group peaks. For 

the V2O5-PPy hybrid, besides the above characteristic peaks belonging to PPy, the 

vibration modes of V2O5 were detected. The peaks at 1020, 850, and 509 cm−1 are 

attributed to the terminal oxygen symmetric stretching mode (vs) of V=O and the 

bridge oxygen asymmetric and symmetric stretching modes (vas and vs) of V-O-V, 

respectively [364-366]. In addition, some minor spectroscopic differences and 

displacements were observed, which showed that there was physical interaction 

between polypyrrole and V2O5 in the hybrid material. 

For quantifying the amount of PPy in the V2O5-PPy materials, TGA was 

carried out in air (Fig. 6.2(c)). The samples were heated from 30 to 650 oC at a rate 

of 10 oC min-1.  As can be seen from Fig. 6.2(c), the V2O5-PPy powders started to 

lose weight slowly in air with increasing temperature, and maximum weight loss was 

found to take place around 80 to 400 oC, while the bare V2O5 powders remained 

stable over the entire temperature range. As the V2O5 powders remained stable over 

this temperature range, any weight change is believed to correspond to the oxidation 

of PPy. Therefore, the change in weight before and after the oxidation of PPy 

directly translates into the amount of PPy in the V2O5-PPy film. By the use of this 

method, it was estimated that the amount of PPy in the V2O5-PPy film was 

approximately 35 wt%.  
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Figure 6.3  FESEM images: top view of free-standing V2O5 film (a) and V2O5-PPy 

film (b) with inset high magnification images; cross-sectional view at low 

magnification of free-standing V2O5-PPy film (c). Photographs demonstrating the 

flexibility of the V2O5 film (d) and the V2O5-PPy film (e). Stress and strain curves of 

V2O5 and V2O5-PPy film samples (f). 
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FESEM observations of the V2O5 and V2O5-PPy film are presented in Fig. 

6.3. The FESEM image of the pristine V2O5 film (Fig. 6.3(a)) shows straight 

nanowires ~80-120 nm in diameter and several microns in length, resulting in an 

aspect ratio of ~102-103. Some of the V2O5 nanowires are isolated or grown-together 

in the form of bundles, as shown in the inset. On the other hand, the V2O5-PPy film 

(Fig. 6.3(b)) shows similar morphology to the V2O5 film, with the PPy uniformly 

deposited throughout entire lengths of nanowires in irregular or spherical shapes. The 

cross-sectional view of the V2O5-PPy film (Fig. 6.3(c)) shows that the V2O5-PPy film 

is composed of very dense web-like nanowires joined together in a well packed 

layer, with the thickness of the flexible electrode around 10 µm. The pristine V2O5 

and V2O5-PPy free-standing films can be rolled up (Fig. 6.3(d) and (e)) or bent to any 

curvature, and then returned to their original shape, while still maintaining their 

useful properties. Fig. 6.3(f) shows the stress-strain curves of flexible V2O5 and 

V2O5-PPy film electrodes. The V2O5-PPy film (black curve) presents a significantly 

higher modulus than the pure V2O5 film (red curve), indicating that the V2O5-PPy 

could sustain much higher stress compared with V2O5 without the PPy coating. This 

suggests that the PPy coating does improve the mechanical strength and greatly 

enhances the stiffness of the V2O5-PPy, however, the toughness was decreased (as 

the area under the stress-strain curve for pure V2O5 is larger than that for V2O5-PPy).  

  Preliminary TEM investigations revealed additional information concerning 

the structural and morphological evolution of the samples, as shown in Fig. 6.4. The 

PPy layer, as revealed in low (Fig. 6.4(a)) and high (Fig. 6.4(b)) magnification 

images, fairly uniformly coats entire lengths of nanowires. Based on selected area 

electron diffraction (not shown), it was also clear that the V2O5 nanowires exhibit a 



 

133 

 

well-ordered multilayered structure. High-resolution TEM (HRTEM) imaging of an 

individual nanowire (Fig. 6.4(b) revealed lattice fringes, in good agreement with 

orthorhombic V2O5 (JCPDS card no. 89-0612). The contrast from the indicated (200) 

V2O5 fringes, is confirmed by the occurrence of spots in the associated fast Fourier 

transform (inset of Fig 6.4(b)). The fringe contrast is reduced because of the uniform 

PPy coating. The HRTEM contrast produced by the PPy coating itself (edge of 

coated nanowire, Fig 6.4(b)) is typical of an amorphous hydrocarbon coating. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4  TEM images: (a) low magnification image of V2O5-PPy film, and (b) 

HRTEM image of the edge of an individual V2O5-PPy nanowire with inset fast 

Fourier transform 

Fig. 6.5 shows selected cycles of charge-discharge curves for the pristine 

V2O5 film and V2O5-PPy film electrodes in coin cells at a current density of 40 mA 

g−1 between 1.5 and 4.0 V vs. Li/Li+. The pristine V2O5 and V2O5-PPy film 

electrodes show three discharge plateaus for initial discharge, indicating a similar 

reaction mechanism for Li+ ion intercalation into V2O5 [102, 367-368] (Fig. 6.5(a) 

and (b).The voltage plateaus appearing above 3.0 V correspond to the structural 
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modifications from V2O5 to LixV2O5 for up to one equivalent (x = 1) Li+ insertion. 

The additional potential plateaus that appear at lower voltage levels around 2.5 V are 

attributed to the structural modifications related to Li+ insertion of greater than one 

equivalent. Further discharge of the batteries leads to the last plateau at 

approximately 2.0 V, with an electrochemical insertion of up to three equivalents of 

Li+ into the lattice and the ensuing formation of Li3V2O5 (x = 3 for LixV2O5) during 

the first discharge process in the extended potential range [369]. The pristine V2O5 

electrode film (Fig. 6.5(a)) shows a large initial discharge capacity of 430 mA h g−1, 

but the first charge capacity is low, only 337 mAh g−1, with a coulombic efficiency 

of around 78 %. The possible reason for such a high discharge capacity may be the 

larger specific surface area of the V2O5 nanowire film electrode. After 100 cycles, 

the pristine V2O5 paper shows a decreased discharge capacity of around 33 mAh g−1 

and an average coulombic efficiency of 96 %. Fig. 6.5(b) shows typical charge and 

discharge curves of the V2O5-PPy film electrode. The V2O5-PPy electrode paper 

shows an initial discharge capacity of 313 mAh g−1, with a coulombic efficiency of 

90 %, which is slightly higher than that of the pristine V2O5 paper. The 100th 

discharge capacity of the V2O5-PPy film electrode is 188 mAh g−1, which is much 

better than that of the pristine V2O5 film. It can be observed that the V2O5-PPy film 

electrode has a higher specific capacity than the V2O5 film electrode throughout the 

whole initial discharge curve. Conductive PPy polymer in the V2O5-PPy film 

electrode evidently has aided Li+ intercalation into the LixV2O5 lattice of the V2O5-

PPy electrode, by improving both the accessibility of the Li+ ions and the electrical 

conductivity [369]. Conductive polymers in theV2O5-PPy film electrode can connect 

isolated V2O5 nanowires and give rise to valid conductive networks in the electrodes.  
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Figure 6.5 Typical charge-discharge voltage profiles for selected cycles of (a) V2O5 

and (b) V2O5-PPy film electrodes at constant current density of 40 mA g-1.  

 

The cycling stabilities of the pristine V2O5 and the V2O5-PPy film electrodes 

are shown in Fig. 6.6. The discharge capacity of the V2O5 and V2O5-PPy film 

electrodes at the 100th cycle are 33 and 187 mAh g−1, respectively. The cell 

containing the V2O5-PPy film cathode exhibits higher capacity than the one 

containing the pristine V2O5 film cathode. The results show that electrically 

conductive and electrochemically active organic polymer (PPy) enhances the specific 

capacity by connecting isolated V2O5 nanowires, thus creating valid conductive 

networks for lithium ions and/or counter anions of the electrolyte for the electrode. 

This enables increased activation of isolated V2O5 nanowires and allows them to be 

employed for lithium intercalation/de-intercalation in the V2O5-PPy film electrode 

during the battery cycling.  

 

(b) 

0 50 100 150 200 250 300 350 400 450 500

1.5

2.0

2.5

3.0

3.5

4.0

 

 

V2O5-PPy film

P
ot

en
tia

l (
vs

. L
i/L

i+ )

Specific Capacity (mAh g-1)

100 50 20 1

100 50 20 1

 

 

(a) 

0 50 100 150 200 250 300 350 400 450 500

1.5

2.0

2.5

3.0

3.5

4.0

 

 
P

o
te

n
ti

al
 (

vs
. L

i/L
i+ )

V2O5 film

Specific Capacity (mAh g-1)

20100 50

 

 

1

12050100



 

136 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 6.6 (a) Cycling stability and (b) coulombic efficiency of the V2O5 and V2O5-

PPy electrodes at constant current density of 40 mA g-1. 

 

In order to explore the influence of the mechanical bending of flexible V2O5-

PPy film electrodes on their electrochemical performance, flexible cells were 

repeatedly bent inward to an angle of 180�. Each flexible cell was bent for up to a 

total of 10 times, and its capacity and cycling performance were tested for several 

cycles. Fig. 6.7(a) shows the initial specific discharge capacity (300 mAh g−1) of a 

cell. After the bending, the capacity is similar to that of the unbent coin cell (313 

mAh g−1).These results demonstrate that the electrochemical behaviour of the free-

standing electrodes was only slightly influenced by mechanical stress. Further 

investigations were carried out to explore the influence of repeated bending of 

flexible V2O5-PPy film electrodes on their conductivity by electrochemical 

impedance spectroscopy (EIS) measurements.  
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Figure 6.7  (a) Cycling stability of V2O5-PPy film electrode under repeated inward 

bending at constant current density of 40 mA g-1; (b) Nyquist plots of cells 

containing the V2O5-PPy film electrodes before and after bending; (c) FESEM 

images of sample before and after repeated-bending tests; and (d) photograph of cell 

bent inwards at 180o that was used to power a red LED. The LED glowed even when 

the battery device was bent, and the demonstration could be repeated over several 

cycles. 
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EIS tests were carried out before and after the repeated-bending test. Change in 

conductivity after repeated bending was examined by EIS measurements using a sine 

wave of 10 mV amplitude over a frequency range of 100 kHz – 0.01 Hz (Fig. 6.7(b)). 

The results show that the application of bending stress decreased the conductivity of 

the electrode. After the bending, the conductivity of the cell was 1.74 × 10-4 Sm-1, 

which is slightly lower than that of the unbent cell (2.73 � 10-4 Sm-1). SEM images of 

the free-standing V2O5-PPy before and after the bending are shown in Fig. 7(c). No 

cracks were detected in the electrode around the bent area after the bending test. This 

suggests that the electrode appears to be resistant to repeated bending. A marginal 

decrease in the conductivity of the bent cell could be due to loose contact between 

the Li foil anode and the V2O5-PPy film after repeated bending. To show the 

reliability of the flexible cell after the bending test, the cell was used to light up a red 

light-emitting diode (LED) as shown in Fig. 6.7(d). 

6.4 Conclusions  

In this Chapter, free-standing flexible V2O5-PPy film electrode has been 

prepared by the vacuum filtration method. Electrochemical measurements showed 

that the V2O5-PPy film delivered a significantly higher reversible capacity than the 

pristine V2O5 film and excellent cycling stability (187 mA h g−1 at a current density 

of 40 mA g−1 after 100 cycles), which is higher than that of the pristine film. The 

hybrid material, consisting of a layer-structured metal oxide and a conducting 

polymer, promotes a synergistic interaction between the inorganic and organic 

components. The V2O5-PPy film electrodes have higher specific capacities than the 

V2O5 electrode in Li batteries owing to the improved electronic conductivity and the 
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enhanced lithium-ion accessibility in the cathode. The conductive polymers in the 

V2O5-PPy film efficiently connect isolated V2O5 nanowires, resulting in the 

formation of conductive networks in the electrode. Bending the V2O5-PPy film 

electrodes to small radii of curvature has only a slight effect on the electrochemical 

behaviour in the bending test. The details of bending-state electrochemical testing of 

the free-standing electrode can provide useful information for further development of 

flexible and bendable batteries. 
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Chapter 7 

Rapid synthesis of Free-Standing MoO3/Graphene Films by The 

Microwave Hydrothermal Method as Cathode for Bendable Lithium 

Batteries 

 

7.1  Introduction 

The invention of rechargeable lithium ion batteries has actively changed the 

functionality of the modern life style [1], with such batteries attracting great interest 

as a promising energy source due to their advantages over traditional rechargeable 

systems, such as environmental friendliness, large energy density, and high output 

voltage. Many efforts have been made to meet the requirements for their application 

in electric vehicles and electronic devices [6].  Recently, there has been a strong 

interest in and high demand for ultra-thin, flexible, safe energy storage devices to 

meet the various design and power needs of modern electronic devices [252, 313]. 

To build such fully flexible and robust electrochemical devices, electrodes with 

specific electrochemical and mechanical properties need to be explored to fulfil these 

requirements. Traditional Li-storage material electrodes suffer from serious cracking 

and poor physical properties when they are frequently bent or loaded by impact 

bending, which is mainly due to weak bonding between the materials and the current 

collector. A thin free-standing electrode film with complete mechanical flexibility 

during operation could solve these problems. Nanostructured electrode 

materials, particularly one-dimensional (1D) nanowires/nanorods/nanobelts [67-



 

141 

 

70], are considered to be the most promising avenue towards fabricating free-

standing electrodes. The 1D nanowire, nanorod, or nanobelt morphology not only 

has a large electrode−electrolyte contact area and facile strain relaxation, but also 

efficient 1D electron transport pathways [67-68].  

So far as free-standing cathode materials are concerned, there have been very 

few reports in the literature [200, 370-371]. Therefore, it is still a great challenge to 

explore an appropriate free-standing cathode material with high electrochemical 

performance for commercial application in bendable and wearable batteries. Among 

the known cathode materials for Li battery applications, molybdenum trioxide 

(MoO3) is one of the most important energy storage candidates, with high discharge 

capacity around 300 mAh g-1 [188-192]. MoO3 is also a promising material in gas 

sensors [193] and catalysts for selective partial oxidation in modern industry [194-

195]. MoO3 has three basic polymorphs, i.e., orthorhombic MoO3, monoclinic MoO3, 

and hexagonal MoO3. As cathode for the Li battery, orthorhombic MoO3 has been 

selected as a strong candidate due to its thermodynamically stable phase [190, 

196]. The orthorhombic MoO3 phase possesses a unique layered structure: each layer 

is composed of two sublayers, which are formed by corner-sharing [MoO6] octahedra 

along the [001] and [100] directions, and the two sublayers are stacked together by 

sharing the edges of the octahedra along the [001] direction. The stacking of these 

layers along the [010] direction by the van der Waals interaction leads to the 

formation of  MoO3 with a two-dimensional structure, which allows guest atoms and 

ions (such as Li+) to be introduced between the layers through intercalation [197]. In 

practical use for the Li battery, MoO3 has poor ionic and electronic conductivity 

[198]. To improve the conductivity of MoO3, carbon nanotubes [199-200], graphene 
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[76], or conducting polymer [201-202] could be the best choices of conductive 

fillers.  Very recently, it was suggested that graphene, a new two-dimensional 

nanomaterial composed of sp2-hybridized carbon, could be employed as an excellent 

candidate for the preparation of metal oxide − graphene nanocomposites due to its 

high conductivity, large surface area, flexibility, and chemical stability [372]. Metal 

oxide-graphene nanocomposites that have been prepared with different morphologies 

for specific applications include nanoparticle-graphene hybrids such as Fe3O4-

graphene [373-375], NiO-graphene[376-377], SnO2-graphene[378-380] and 

LiFePO4-graphene[381-382] .  

There are several reports on the hydrothermal synthesis of 

MoO3 nanostructures to produce materials with high purity, homogeneity, good 

crystallinity, and unique properties [196, 383-385]. Microwave irradiation can be 

used as an alternative heat source for the hydrothermal process [386-387]. It leads to 

a rapid heating to attain the desired temperature in a short time and increases the 

reaction kinetics compared to the conventional hydrothermal method. In a 

microwave-assisted hydrothermal reaction, the heating rate is extremely rapid, due to 

the dielectric property of the medium or solvent [386-387]. Recently, Phuruangrat et 

al.[388] reported MoO3 nanowires  50 nm in diameter and 10–12 μm in length that 

were synthesized by the microwave assisted hydrothermal method with cetyl 

trimethylammonium bromide (CTAB) as the surfactant-template.  

Here, in this Chapter  present a new method to synthesize high quality MoO3 

nanobelts from commercial bulk MoO3 without a surfactant-template and combine 

them with graphene via a two-step microwave hydrothermal method for fabrication 

of highly flexible free-standing MoO3/graphene films. The free-standing MoO3 
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nanobelt/graphene films prepared by the above method followed by the vacuum 

filtration technique were investigated as a cathode material for bendable Lithium 

batteries and compared with MoO3 nanobelt films prepared by a similar method but 

with no graphene.  

7.2 Experimental  

7.2.1 Preparation of MoO3 nanobelt/graphene composite 

The MoO3 nanobelt/graphene composite was synthesized by a two-step 

microwave hydrothermal method.  Graphene oxide (GO) was prepared from natural 

graphite powder (Fluka) by a modified Hummers' method with additional KMnO4 

[389]. In a typical synthesis, 20 mg of GO was dispersed in 100 mL deionized water 

and sonicated for 30 min to yield graphene oxide nanosheets. After sonication, 100 

mg NaOH (Sigma–Aldrich) and H4N2·H2O (0.56 mL, Sigma–Aldrich) were added to 

the solution, followed by stirring for 10 min. After stirring, the mixture was 

transferred into a Teflon-lined microwave reactor (MicroSYNTH microwave system, 

Milestone), with the temperature controlled at 120 oC for 15 min. After cooling down 

to room temperature, the graphene product was filtered and washed with deionized 

water. 1 mmol MoO3 powder (98%, Sigma-Aldrich) was dissolved in 20 ml 

deionized water, and 5 ml 30 % H2O2 (Sigma Aldrich) was then mixed in under 

vigorous magnetic stirring on a hot plate with the temperature set to 80 oC until a 

transparent yellow solution was obtained. Then, the graphene product was gently 

mixed with the MoO3 solution for 10 min to yield a brown homogeneous suspension. 

The reaction solution was transferred to a 100 mL Teflon-lined autoclave and kept in 

a microwave oven (MicroSYNTH microwave system, Milestone) at 180 °C for 30 
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min. The power, time, and temperature of the reaction system were controlled by a 

Labterminal 800 Controller. After naturally cooling to room temperature, the product 

was washed several times with distilled water.   

7.2.2 Preparation of free-standing MoO3/graphene film 

To make a uniform film, a modified vacuum filtration technique was adopted 

[271], where a 300 ml filter funnel (Glasco) was used. In a typical procedure, 2 

mg/ml of MoO3 /graphene material was dispersed into 50 ml of distilled water. Then, 

the as-prepared suspension was poured into the funnel and filtered through a porous 

polyvinylidene fluoride (PVDF) membrane (Millipore, 0.22 μm pore size, 47 mm in 

diameter) by positive pressure from a vacuum pump. Since the solvent passed 

through the pores of the membrane, the MoO3/graphene material was trapped on the 

membrane surface, forming a mat. The resultant mat, together with the PVDF 

membrane, was then dried in an oven for 2 h, and the mat could finally be peeled off 

from the membrane.   

7.2.3 Structure and morphology analysis 

X-ray diffraction (XRD) data for phase analysis was obtained using a GBC 

MMA generator and diffractometer with Cu K� radiation. Raman spectroscopy was 

conducted using a JOBIN YVON HR800 Confocal Raman system with 632.8 nm 

diode laser excitation on a 300 lines mm-1 grating at room temperature. This was 

performed in order to confirm the presence of graphene in the nanobelt products and 

to further investigate the MoO3, and MoO3/graphene films produced. The amount of 

graphene in the sample was estimated by thermogravimetric analysis (TGA) using a 

TGA/DSC 1 Stare System.  The morphologies of the films were investigated by field 
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emission scanning electron microscopy using a JEOL JSM-7500FA cold emission 

instrument. Transmission electron microscopy (TEM) and high resolution TEM was 

performed using JEOL 2011, 200 kV instrument. Samples for TEM were dispersed 

on Quantifoil holey carbon supports with analysis performed on regions over the 

holes.  

7.2.4 Electrochemical measurements 

To test the electrochemical performance of the MoO3/graphene film as 

cathode, square model electrodes were cut off from the obtained free-standing film 

and then dried at 100 oC in a vacuum oven overnight. All electrochemical 

measurements were carried out by using CR 2032 coin-type cells (provided by DLG 

battery Co., Ltd, Shanghai, China). The coin-type cells were assembled in an Ar-

filled glove box (Mbraun, Unilab, Germany) by stacking a porous polypropylene 

separator containing liquid electrolyte between the MoO3/graphene film electrodes 

and the lithium foil counter electrode. The electrolyte used was 1 M LiPF6 in a 50:50 

(v/v) mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC), provided 

by MERCK KgaA, Germany. Charge-discharge tests were carried out by using a 

battery testing device (Land Battery Tester) interfaced to a computer with software. 

The system is capable of switching between charge and discharge automatically, 

according to the pre-set cut-off potentials. The cells were cycled between 1.5 - 3.5 V 

with a constant current of 100 mA g-1. Cyclic voltammetry (CV) was performed 

using a VMP3 Biologic electrochemistry workstation at a scan rate of 0.1 mV s-1.  
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7.3 Results and discussion 

 MoO3 nanobelts are synthesized by microwave hydrothermal treatment 

using hydrogen peroxide, which is found to be a rapid and facile method for the 

preparation of MoO3 nanobelts. The X-ray diffraction (XRD) patterns of the samples 

are presented in Fig. 7.1(a).  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Figure 7.1  (a) XRD patterns of MoO3 film, MoO3/graphene film, and commercial 

MO3 powders; (b) Raman spectra of MoO3/graphene film, MoO3, and graphene;  (c) 

TGA curves of MoO3 and MoO3/graphene film.  
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All the diffraction peaks can be indexed as orthorhombic MoO3 phase with the lattice 

parameters a = 3.96 Å, b = 13.86 Å, and c = 3.70 Å, in good agreement with the 

literature values (JCPDS card no. 35-0609). No characteristic peaks of impurities 

were detected in these patterns. The strong intensity of the (0 2 0), (0 4 0), and (0 6 

0) diffraction peaks of the MoO3 nanobelts indicate that there is a preferred 

orientation of the MoO3 nanobelts [197, 390].The peak intensity of the pristine MoO3 

nanobelts is obviously stronger than that of the diffraction peaks for the powder 

samples. This can be mainly attributed to the morphology of the nanobelts, which is 

characterized by a strong crystallinity. The XRD patterns of the MoO3/graphene 

hybrids show no evidence of diffraction peaks resulting from graphite oxide, 

indicating that the graphite oxide is reduced to graphene upon hydrothermal 

treatment. Due to the strong intensities of the diffraction peaks from the crystalline 

MoO3 nanobelts, however, the characteristic broad diffraction peak with low 

intensity around 26°, corresponding to graphene, is not observed in the XRD pattern 

of the MoO3/graphene composite. 

 Raman spectra of graphene, MoO3, and MoO3/graphene film are shown in 

Fig. 7.1(b). Two characteristic bands are observed in the Raman spectrum of 

graphene: the one centred at 1324 cm−1 (D band) is attributed to local 

defects/disorder, and the other at 1585 cm−1 (G band) can be assigned to the sp2 

graphitized structure [391], while the Raman spectrum of the MoO3/graphene film 

reveals that the D and G bands appear at about 1328 and 1592 cm−1, respectively. 

The Raman spectrum of the MoO3/graphene film also shows three sharp 

characteristic bands of MoO3. The Raman bands at 995 cm−1 and 817 cm−1 can be 

assigned to the asymmetrical and symmetrical stretching vibrations of the terminal 
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Mo=O bonds, while the band at 664 cm−1 is attributed to the asymmetrical stretching 

vibration of O–Mo–O bonds [392]. Peaks observed in the range of 100 – 400 cm−1 

correspond to various bending modes of α-MoO3 crystal. 

For quantifying the amount of graphene in the MoO3/graphene composite 

material, TGA is carried out in air (Fig. 7.1(c)). The samples are heated from 30 to 

650 oC at a rate of 10 oC min-1. No obvious mass loss is observed up to 650 °C for 

the as-prepared MoO3, indicating that the bare MoO3 remains stable over the entire 

temperature range. As the MoO3 remains stable over this temperature range, any 

weight change is believed to correspond to the oxidation of graphene [393].  

Therefore, the change in weight before and after the oxidation of graphene directly 

translates into the amount of graphene in the MoO3/graphene film. By the use of this 

method, it is estimated that the amount of graphene is approximately 30 wt.%.  

Field emission SEM (FESEM) observations of the MoO3 nanobelts  and  the 

MoO3/graphene film are presented in Fig. 7.2. The FESEM secondary electron image 

of the pristine MoO3 nanobelt film (Fig. 7.2(a)) shows uniformly straight nanobelts 

~200-800 nm in width and several micrometers in length. A side view of the MoO3 

film (Fig. 7.2(b)) indicates that the MoO3 film is composed of a very densely packed 

layers, so that the thickness of the flexible electrode is around 50 µm. On the other 

hand, the MoO3/graphene film (Fig.7. 2(c)) shows a similar morphology to that of 

the MoO3, with the nanobelts lying on the stacked grapheme sheets.  Photographs of 

as-prepared free-standing MoO3/graphene films peeled off from PVDF membranes 

are shown in Fig. 7.2(d). The MoO3/graphene paper is flexible, so that it can be bent 

to any curvature without breaking off and then returned to its original shape, while 

still maintaining its useful properties.  
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Figure 7.2  FESEM secondary electron and optical images: (a) top view of free-

standing MoO3 film, (b) and cross-sectional view at low magnification of free-

standing MoO3 film; (c) MoO3/graphene film, and (d) Photographs demonstrating the 

flexibility of the MoO3/graphene film. 

 

TEM and HRTEM (Fig. 7.3) reveal further information about the 

morphology and structure of the MoO3 /graphene films.  Morphologies comprise 

either individual belts (Fig. 7.3(a)) or groups of thin belts lying on layers of 

graphene, as indicated in Fig. 7.3(b) and the associated high magnification inset. 
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Figure 7.3  TEM and HRTEM images of MoO3/graphene film: (a) low 

magnification image of of a single nanobelt, (b) MoO3 nanobelts coated with 

graphene, as indicated by arrows and higher magnification inset image, (c) Bright 

field image of nanobelt and associated electron diffraction pattern (near [010] zone 

axis) indicating an [001] growth direction, and (d), HRTEM image of indicated 

region in (c) with 0.37 nm spacing consistent with (001)MoO3.  

 

Bright field imaging combined with selected area electron diffraction investigations 

(Fig. 7.3(c)) indicates that the MoO3 growth direction is parallel to [001]. In this 

figure the zone axis is almost parallel to [010] MoO3. High resolution imaging (Fig. 

7.3(d)) of the area indicated in Fig. 7.3(c)  also confirms the growth direction and 
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reveals a deformed MoO3 lattice, structure typical of thin sheet materials and similar 

to that reveals in other HRTEM investigations of MoO3  nanobelts [394].  

The electrochemical behaviour of MoO3 the nanobelts and MoO3/graphene 

film is characterized by cyclic voltammograms (CV) at the scanning rate of 0.1 mV 

s-1 between 1.5 and 3.5 V, as shown in Fig. 7.4. The cathodic peaks located around 

2.6 and 2.17 V are obtained from both samples during the negative scan from 3.5 to 

1.5 V. These two reduction peaks correspond to two consecutive Li+ intercalations 

into the film electrode. It is reported that the lithium ions can insert themselves not 

only into the interlayer spacing between the [MoO6] octahedron layers but also into 

the [MoO6] octahedron intralayers [395]. The cathodic peak at 2.6 V can be assigned 

to the irreversible lithium insertion into the crystal structure (probably into the 

[MoO6] intralayers), which tends to trigger unrecoverable structural transformation 

of MoO3 [395-396].  The anodic peak located at 2.53 V for both the MoO3 film and 

the MoO3/graphene film during the positive scan from 1.5 to 3.5 V corresponds to the 

reversible insertion of lithium ions into the interlayer spacings (van der Waals 

spacings) between the [MoO6] octahedron layers [395]. The first anodic and cathodic 

peaks of the MoO3 film are broader, while the MoO3/graphene film exhibits sharper, 

more intense peaks. This strong hint indicates the good electrode kinetics of the 

MoO3/graphene electrode. 

The initial charge-discharge profiles for the MoO3 and MoO3/graphene 

composite electrodes at charge/discharge rates from 100 to 2000 mA g-1 are shown 

in Fig. 7.5(a–b). 
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Figure 7.4 Typical CV profiles for the first 3 cycles of MoO3 film (a) and 

MoO3/graphene film (b) at scan rate of 0.1 mV s-1. 

 

For the MoO3 and MoO3/graphene samples, the discharge and the charge curves have 

two voltage plateaus due to Li+ intercalation into the film electrode, which is 

consistent with the material prepared by hydrothermal treatment of a 

peroxomolybdic acid solution, as reported by Zhou et al. [197]. This also agrees with 

the results on cathodic and anodic peak potential in the cyclic voltammograms. Initial 

discharge capacities are measured to be 307 and 291 mAh g−1 at 100 mA g-1, and 123 

and 151 mAh g−1 at 2000 mA g-1 for the MoO3 and MoO3/graphene film electrodes, 

respectively. The discharge capacity decreases for all samples with increasing current 

density, and for the MoO3 sample, the difference between the two plateaus becomes 

larger.  The MoO3 sample delivers sloping charge/discharge curves instead of a flat 

plateau (Fig. 7.5(a)) compared to the MoO3/graphene sample (Fig. 7.5(b)), which 

still maintains a flat plateau in its charge/discharge curves even at the current density 

of 1000 mA g-1.  In addition, the MoO3/graphene sample shows that the separation 

between the redox couple is small, and the CV curves for the second and third cycles 
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generally overlap, suggesting the good reversibility of lithium ion 

insertion/extraction in the van der Waals spacings of the MoO3/graphene sample. 

 

 
 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 7.5 The initial galvanostatic charge-discharge profile of (a) MoO3 film 

electrode, (b) MoO3/graphene film electrode at different current densities from 100 

to 2000 mA g-1 between 1.5 – 3.5 V; c) cycling performance beyond 100 cycles  at 

100 mA g-1; d) coulombic efficiency. 
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The cycling performance of the MoO3/graphene at 100 mA g-1 with that of 

the MoO3 in the voltage range of 1.5–3.5 V is demonstrated in Fig. 7.5(c). The 

MoO3/graphene electrode shows a higher capacity and better cycling performance. 

After 100 cycles, the discharge capacity for the MoO3/graphene electrode is 

measured to be 172 mAh g−1 at 100 mA g-1 (59% of initial discharge capacity), with 

an initial coulombic efficiency of 98% (Fig. 7.5(d)). On the contrary, the discharge 

capacity for the MoO3 electrode was only 101 mAh g−1 (32% of initial discharge 

capacity) at 100 mA g-1, with an initial coulombic efficiency of 96%. The high 

capacity and good cycling performance delivered by the MoO3/graphene electrode 

can be attributed to the graphene in the MoO3/graphene film electrode, which 

evidently aids the Li+ intercalation into the LixMoO3 lattice of the MoO3/graphene 

electrode, by improving both the accessibility for Li+ ions and the electrical 

conductivity [202]. Graphene in the MoO3/graphene film electrode can connect the 

isolated MoO3 nanobelts and gives rise to valid conductive networks in the 

electrodes.  

Electrochemical impedance spectroscopy (EIS) measurements are carried out 

in order to compare the conductivity of the prepared MoO3 and MoO3/graphene 

electrodes. To achieve stable solid electrolyte interphase (SEI) formation and the 

percolation of electrolyte through the electrode materials, the impedance 

measurements are performed after running charge-discharge for 5 cycles at a 

discharge potential of 2.5 V vs. Li/Li+. The Nyquist plots of the two electrodes, as 

well as the fitting results using an equivalent circuit are depicted in Fig. 7.6(a). In 

this equivalent circuit (inset), RΩ and Rct are the ohmic resistance (total resistance of 

the electrolyte, separator, and electrical contacts) and charge-transfer resistance, 
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respectively. CPE is the constant phase-angle element, involving double layer 

capacitance, and W represents the Warburg impedance, reflecting the solid-state 

diffusion of Li ions into the bulk of the active materials, which is associated with the 

inclined line at low frequencies [397].  It can be seen clearly that the Rct is much 

smaller for the  MoO3/graphene (Rct = 216.5 Ω) electrode than for the MoO3 (Rct = 

640.8 Ω) electrode after the 5th cycle, which indicates that the graphene coating could 

enable much easier charge transfer at the electrode/electrolyte interface and 

consequently, decrease the overall battery internal resistance. It seems that the 

electronic conductivity imparted by graphene to the MoO3/graphene electrode 

material is much better than that of the electrode prepared by pressing a powder 

mixture with carbon black [197]. The graphene coating applied in the synthesis 

significantly enhances the conductivity of the MoO3/graphene material, since the 

conductive graphene facilitates electronic conductive paths in the MoO3 nanobelts, 

which is considered a key factor in improving the discharge capacity, rate capability, 

and cycle life of the MoO3/graphene material. Besides the increased conductivity of 

the electrode due to graphene during charge and discharge cycling, the high 

performance of the MoO3/graphene film is strongly related to the nanobelt 

morphology of the MoO3 cathode material. MoO3 nanobelts have a large surface 

area, which will reduce the actual effective current density on the active material and 

relieve the strain induced by the volume change during the electrochemical reaction. 

Moreover, due to the flexibility of the MoO3 nanobelts, the morphology of the 

MoO3 nanobelts can be preserved during the Li+ insertion/extraction process, even 

after 100 cycles, as shown in Fig. 7.6(b). 
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Figure 7.6  Nyquist plots for the MoO3/graphene film electrode after running charge-

discharge for 5 cycles at a discharge potential of 2.5 V vs. Li/Li+ and fitting results 

using the equivalent circuit shown in the inset (a), and FESEM image of 

MoO3/graphene film electrode after charge-discharge for 100 cycles (b). 

 

7.4 Conclusions  
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prepared by a two-step, ultra-fast, microwave hydrothermal method and then 

followed by vacuum filtration technique. The hybrid material, consisting of a layer-

structured metal oxide, MoO3, and graphene results in a synergistic interaction 

between the inorganic and organic components. The charge-discharge measurements 
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designed in this Chapter can be used as a flexible cathode material for rechargeable 

bendable Li-ion batteries. The MoO3/graphene film electrodes have higher specific 

capacities than the MoO3 film electrode, since the conductive graphene facilitates 

electronic conductive paths in the MoO3 nanobelts, and the good performance is also 

related to the nanobelt morphology of the MoO3 cathode material. 
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Chapter 8 

General Conclusions and Outlook 

 

8.1 General Conclusions 

All the results presented in this doctoral work are intended to broaden our 

knowledge in the field of advanced energy storage materials, especially self-

supported nanostructures and composite film materials, their synthesis, fabrication, 

characterization, and application as electrode in flexible lithium-ion batteries. 

Synthesized nanostructures or composites for flexible electrode materials show 

several advantages. Nanostructured electrodes may not only introduce innovative 

reaction mechanisms, but also improve electrochemical properties, such as the 

specific energy storage capacity, accessibility of the electrolyte, and path lengths for 

both electronic and Li ion transport (permitting operation even with low electronic or 

low Li ion conductivity), enhancing the reactivity and cycling stability over the 

performance of their bulk counterparts. On the other hand, conductive composite 

materials not only have benefits in terms of decreasing the absolute volume changes 

and improving the mobility of the lithium ions, but also offer a conductive pathway 

along a whole interconnected wall in the structure, which is favourable for the 

transport of electrons to improve the high rate capability, promote liquid electrolyte 

diffusion into the bulk material, and act as a protective layer during the redox 

reaction. In term of free-standing electrode films, this type of electrode (not needing 

any current collector) has been demonstrated to be a very attractive candidate for 
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flexible, bendable, and binder-free electrode in the lithium-ion battery (LIB) system. 

This type of electrode will not only significantly improve the specific mass capacity 

of practical LIBs, but also lower the manufacturing costs. In addition, a conductive 

matrix such as carbon nanotubes and graphene film should be able to effectively 

accommodate huge volume changes, thereby significantly improving the cycling 

performance of high-capacity electrodes. In the following sections, a summary of the 

outcomes is given. 

8.2  Anode Materials 

The development of a flexible lithium battery in this thesis started with 

preparation of free-standing flexible anode materials. SnO2-coated multiwall carbon 

nanotube (MWCNT) nanocomposites were synthesized by a facile hydrothermal 

method involving the use of hydrogen peroxide, but without any subsequent heat-

treatment of precipitates at high temperatures, as first option for the flexible anode 

material. The FE-SEM images show that deposition of SnO2 onto the surfaces of the 

MWCNTs takes place in some selected sites, while in the composite with higher 

content of SnO2, more SnO2 particles are deposited on these surfaces. In further 

development, free-standing SWCNT/SnO2 anode paper was prepared by vacuum 

filtration of SWCNT/SnO2 hybrid material, which was synthesized by the polyol 

method as the second alternative for a flexible anode material. In the SWCNT/SnO2 

paper, the CNTs form a 3D nanoporous network structure, with SnO2 particles 

deposited onto the surface of the SWCNTs in selected sites. The SnO2/MWCNT  

composites, when combined with carboxymethyl cellulose (CMC) as the binder, 

show excellent cyclic retention, with the high specific capacity of 473 mAh/g beyond 

100  cycles, much greater than the free-standing SWCNT/SnO2 paper which shows a 
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specific discharge capacity no greater than 454 mAh/g. The SnO2/MWCNT 

composites, however, cannot be applied in the flexible lithium battery system due to 

the difficulty in inducing MWCNTs to form mats/thin films during the filtration 

process. SWCNTs behave totally differently from MWCNTs during film preparation 

by the filtration process. They can easily form a mat due to the high ratio of length to 

diameter. Moreover, SWCNTs, in the case of free-standing SWCNT/SnO2 anode 

paper, have better mechanical properties than MWCNTs as matrix support. This is 

demonstrated by the bending tests of the SWCNT/SnO2 electrodes to extremely 

small radii of curvature, which had a minimal effect upon the electrochemical 

behaviour. These results illustrate the robust nature of the SWCNTs in free-standing 

SWCNT/SnO2 electrodes and their promise for flexible lithium batteries.  

8.3  Cathode Materials 

In addition to flexible anode material, flexible cathode materials also should be 

prepared to complete the all-flexible lithium battery system. In terms of candidate 

cathode materials for flexible lithium battery, highly flexible, free-standing V2O5-

polypyrrole film electrode prepared by the vacuum filtration method was chosen as 

the first alternative for the flexible cathode material. The charge-discharge 

measurement results showed that free-standing V2O5-polypyrrole film electrode 

delivered a significantly higher reversible capacity, 187 mA h g−1 after 100 cycles, 

than the MoO3/graphene film prepared by a two-step microwave hydrothermal 

method, which delivered a  reversible capacity of 172 mAh g−1 under the same 

conditions. It is possible that the V2O5-polypyrrole hybrid material, consisting of a 

layer-structured metal oxide and a conducting polymer, promotes a synergistic 

interaction between the inorganic and organic components. Moreover, the 
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homogeneity of the PPy coating over the entire surface of V2O5 nanowires is 

believed to enhance the electronic conductivity of the electrode material through its 

effects on the electronic transfer paths during the charge-discharge process. Although 

free-standing V2O5-polypyrrole film electrode has better specific discharge capacity 

than the free-standing flexible MoO3/graphene film electrode, the surface coating of 

V2O5 nanowires by PPy that is uniformly deposited throughout entire lengths of 

nanowires in irregular or spherical forms will greatly affect the strength of the 

electrode materials.  

Based on the work presented in this thesis, SnO2, V2O5, and MoO3 have the 

potential to improve the electrochemical performance of flexible lithium batteries, in 

term of both high specific capacity and flexibility. In addition, for future 

development of flexible batteries, there could be promising results obtained from a 

flexible cell consisting of SWCNT/SnO2 anode and V2O5/PPy cathode. 

8.4  Outlook 

All topics discussed in this thesis can be further extended in every aspect, 

because every new finding opens the door to additional scientific questions and 

technical improvements. The collected recommendations here should be considered 

as starting ideas for future development of the flexible lithium-ion battery system. In 

this thesis, the experimental work was mainly focused on the synthesis of self-

supported nanostructured and composite materials and their application as electrode 

materials for use in flexible lithium-ion batteries. The synthesis methods presented 

here are also applicable to the preparation of other metal oxide nanostructured 

materials or composite materials. 
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 The work on SnO2-coated carbon nanotubes, both multi-wall carbon 

nanotubes and single-wall carbon nanotubes, needs to be further extended to other 

anode materials, such as silicon, tin, and Fe2O3, for improving their capacity and high 

rate capability. Pre-treatment of commercial carbon nanotubes in acid solution 

should be carried out to ensure that there are no impurities during experiments. The 

hydrothermal method is proven to be suitable for synthesizing nanostructured 

materials in various forms, while the polyol method produces only nanoparticles. 

Nevertheless, the polyol method is easy to perform and can be scaled up accordingly. 

Beside oxides, a variety of materials, including sulfides, phosphates, and elemental 

metals, can be produced under very similar experimental conditions. 

 The cycling stability of free-standing V2O5-PPy film electrode can be further 

improved via doping with other anions in the system. The influence of different 

dopants on the PPy could enhance the performance stability and rate capability of 

film electrode because the electrochemical properties of such polymers depend on 

the size and mobility of anion dopants.  

 Microwave irradiation has successfully been used in the synthesis of MoO3 

nanobelts via the hydrothermal method. Microwave-assisted synthesis methods have 

been proved to be particularly effective, as they can yield the product rapidly with 

controlled particle size and morphology. In the case of MoO3 nanobelts, poor 

capacity retention in initial cycles could be avoided by reducing the widths of the 

nanobelts and completely coating them with graphene. Coating with other conductive 

materials such as conductive polymers could be another alternative to improve the 

overall and local electrical conductivity of the electrode, leading to improved 

electrochemical performance.  
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In the case of the design of flexible lithium ion batteries, the evolution of the 

lithium-ion battery from rigid structures to flexible forms has many potential 

advantages where flexible Li batteries could provide shape flexibility. In this 

technology, flexible electrode materials and gel polymer as electrolyte and separator 

would be key factors in this type of battery. For polyvinylidene fluoride (PVDF)-

based gel polymer electrolytes, attention needs to be focused on fully understanding 

the interfacial reaction between the working electrode and lithium metal as the 

source of lithium-ions.  Several factors in the fabrication of flexible cells, in 

particular the contact surfaces for all the components, have to be improved by using 

appropriate tools and equipment.  

The disadvantages of nanomaterials due to their high surface area also need 

to be taken into account. The nanomaterials typically show low density and high 

reactivity in terms of side reactions, resulting in more irreversible capacity and 

causing safety issues associated with the size effect. In order to reduce the 

disadvantages of nanomaterials, surface modification and selection of the correct size 

of the particles need to be further investigated. In situ characterization tools are other 

possible ways to move forward to drive further breakthroughs in lithium-ion battery 

performance. Nevertheless, the author believes that the scientific challenges are 

being slowly overcome and that research is moving in the right direction with a well-

defined goal, as proven in this thesis, so that the future for the next generations of 

flexible Li-ion batteries is likely to be brighter ahead. 
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