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ABSTRACT 

Electrode materials and catalysts are key factors influencing the high power and high 

efficiency performances of lithium-ion batteries or lithium-oxygen batteries. In this 

doctoral work, a series of nanostructure materials, such as one-dimensional nanorods, 

two-dimensional nanoplates and nanosheets, three-dimensional microspheres and 

mesoporous structures, were successfully synthesized by various methods. Their 

electrochemical performance in lithium-ion batteries and lithium-oxygen batteries was 

also measured by galvanostatic charge-discharge, cyclic voltammetry and 

electrochemical impedance spectra. 

 

LiFePO4 facet nanoplates/graphene hybrid materials and mesoporous nanolayer carbon 

coated LiFEPO4 microspheres were synthesized by a hydrothermal method combined 

with high temperature treatment. The as-prepared materials exhibited both high 

discharge capacities and excellent high-rate performances as cathode materials for 

lithium-ion batteries.  

 

Mesoporous α-Fe2O3 was successfully synthesized by a soft template method for testing 

as an anode material in lithium-ion batteries. The as-prepared mesoporous α-Fe2O3 

electrodes showed a high discharge specific capacity and stable cycleability. The 

excellent electrochemical performance should be attributed to the unique mesostructure, 

with its high surface area able to provide high surface contact with the electrolyte and 

decrease the current density per unit area. 
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One-dimensional MnO/C core-shell nanorods were successfully prepared from the 

reduction of MnO2 nanowires. This material exhibited good electrochemical 

performance as an anode material for lithium-ion batteries, which is higher than that of 

MnO microparticle and MnO2 nanowire electrodes. A one-dimensional nanorod 

structure can greatly shorten the pathways for lithium ion diffusion. The nanoporous 

carbon coating layer greatly increased the electronic conductivity of the composite. 

 

Graphene nanosheets (GNSs) were prepared by a chemical reduction reaction and 

directly used as cathode catalysts for lithium-oxygen batteries with an alkyl carbonate 

electrolyte. The as-prepared GNSs electrode exhibited better cyclability and lower 

over-potential than that of the Vulcan XC-72 electrode. The reduced over-potential 

shows the as-prepared GNSs, with many carbon vacancies and defects on their surfaces, 

were more electrochemically active than Vulcan XC-72 in an alky carbonate electrolyte. 

 

Mesoporous CoO/CMK-3 nanocomposite was synthesised by an impregnation method 

using the mesoporous carbon CMK-3 as the template. When used as the cathode 

catalyst in lithium-oxygen batteries, the as-prepared CoO/CMK-3 nanocomposite 

electrode exhibied better capacity retention than that of bare mesoporous CMK-3 

carbon, Super-P or CoO/Super-P nanocomposite. The mesopores inside the 

CoO/CMK-3 nanocomposite facilitate the diffusion of oxygen during the discharge 
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process and the release of the charge products during the charging process. The CoO 

nanoparticles significantly reduce the charge over-potential and increase the round-trip 

efficiency. 
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INTRODUCTION 

Global warming, limited supplies of fossil-fuel, and increasing city pollution make the 

urgency for replacing petroleum with clean energy sources (wind, solar, tidal) greater 

ever before. CO2 emission, and consequent air pollution, can be reduced by replacement 

of internal combustion engine (ICE) cars with zero emission electric vehicles (EVs). 

Energy storage has become more important today than at any time in human history.  

 

Current lithium-ion batteries have proved themselves the most advanced 

electrochemical power sources for portable electronic devices in the past two decades. 

However, they cannot meet the stringent requirements for high power in electric 

vehicles (EVs) and hybrid electric vehicles (HEVs). Intensive research is continuing on 

all aspects of lithium-ion batteries including, cathode materials, anode materials, binder, 

electrolytes and the battery production technique. The active materials of the electrode 

are key to increasing lithium-ion battery energy density and power density above the 

energy and power densities of current lithium-ion batteries. Commercial lithium-ion 

battery electrodes are composed of powders containing micro-sized particles which 

seriously limit lithium ion diffusion. Fortunately, nanotechnology has paved the way for 

advanced electrode materials to achieve high-power performance. In this doctoral work, 

nanostructure materials for both cathode and anode electrodes have been developed. 
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However, even when fully developed, the highest energy storage of current lithium-ion 

batteries still cannot meet the demands of key markets, such as transport, in the long 

term. Recently, rechargeable lithium-oxygen batteries have been attracting more and 

more attention and are considered an option as the power source for electric vehicles. 

This new configuration of lithium batteries can store 3-4 times higher energy than the 

state-of-the-art lithium-ion batteries. The development of an efficient air electrode is a 

huge challenge for lithium-oxygen batteries. The use of nanostructure carbon materials 

and nanocomposites has shown great potential for improving the electrochemical 

performance of lithium-oxygen batteries. 

 

The purpose of this doctoral work is to discuss possible ways of improving the 

electrochemical performance of rechargeable lithium batteries via the use of 

nanostructure materials and to provide possible opportunities for future research 

directions. A series of nanostructure materials, such as one-dimensional nanorods, 

two-dimensional nanoplates and nanosheets, three-dimensional microsphere and 

mesoporous structures, were successfully synthesized by hydrothermal methods, soft 

template methods, hard template methods and chemical reduction methods. The 

morphologies of the as-prepared materials were characterized by scanning electron 

microscopy and transmission electron microscopy. The electrochemical performance of 

the as-prepared materials was evaluated by various electrochemical measurements; they 

were tested for their use as electrode materials for lithium-ion batteries or for their use 

as as catalysts for lithium-oxygen batteries. The dynamic behavior of lithium ion 
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diffusion in the electrode was investigated to reveal the mechanisms behind any 

observed improvement in electrochemical performance. Increased electrocatalivity of 

the electrochemical reaction in the cathode of lithium-oxygen batteries will be 

discussed. 

 

An outline of the content is briefly presented as follows: 

1. A literature review of lithium-ion batteries and lithium-oxygen batteries is presented 

in Chapter 1. In this chapter, the basic concepts and principles of lithium-ion 

batteries are presented. Recent developments in the conventional cathode materials 

and anode materials for lithium-ion batteries are reviewed. The architectures, 

electrochemical reactions and the development of cathode catalysts of 

lithium-oxygen batteries are also introduced. 

2. Chapter 2 contains the experimental parts, including the material synthesis methods, 

physical and structural characterization methods, electrode preparation and 

electrochemical characterization methods. The synthesis methods include 

hydrothermal methods, soft template methods, hard template methods and chemical 

reduction methods. X-ray diffraction and Raman spectroscopy were used to identify 

the crystal structure of the as-prepared materials. The morphology and particle size 

distribution were observed by field emission gun scanning electron microscopy and 

transmission electron microscopy. The carbon content was determined by 

thermogravimetric analysis. The electrochemical performance was evaluated by 
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galvanostatic charge-discharge, cyclic voltammetry (CV) and electrochemical 

impedance spectra. 

3. To achieve high-power performance for lithium-ion batteries, LiFePO4 

nanostructures were synthesized and used as cathode materials in lithium-ion 

batteries. As detailed in chapter 3, novel LiFePO4 facet nanoplates/graphene hybrid 

materials were synthesized by a hydrothermal reaction combined with high 

temperature treatment. As detailed in Chapter 4, mesoporous nanolayer carbon 

coated LiFePO4 microspheres were prepared by a hydrothermal method.  

4. One-dimensional core-shell MnO nanorods and three-dimensional mesoporous 

α-Fe2O3 were also synthesized and evaluated as high capacity anode materials for 

lithium-ion batteries. As detailed in Chapter 4, core-shell MnO nanorods were 

synthesized by reducing MnO2 nanowires in a reductive atmosphere combined with 

an in-situ carbon coating technique. As detailed in Chapter 5, mesoporous α-Fe2O3 

was synthesized by a soft template method using tri-block copolymer F-127 as the 

template. 

5. The effect on the electrochemical performance of lithium-oxygen batteries of using 

nanostructure materials as cathode catalysts is discussed. As detailed in Chapter 7, 

graphene nanosheets were used as cathode catalysts and were found to be more 

active than other forms of carbon towards the electrochemical reaction in 

lithium-oxygen batteries. As detailed in Chapter 8, a nanocasting technique was 

used to synthesize mesoporous carbon CMK-3. CoO nanoparticles were loaded on 
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the CNK-3carbon through an impregnation method. The CoO/CMK-3 

nanocomposite was measured as a cathode catalyst for lithium-oxygen batteries. 
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CHAPTER 1 LITERATURE REVIEW 

 

Lithium-ion batteries have proved themselves the most advanced electrochemical power 

sources for portable electronic devices in the past two decades because of their high 

energy density and high power density. Recently, lithium-ion batteries have made a 

great impact on vehicle electrification, including hybrid electric vehicles (HEVs) and 

electric vehicles (EVs), in response to the concern to reduce air pollution and global 

warming.1-4 However, the current generation of lithium-ion batteries cannot meet the 

stringent requirements of high power application in terms of energy density, power 

density, cycle life, cost, safety and environmental concerns.5 Great efforts have been 

devoted to increasing the electrochemical performance of lithium-ion battery systems by 

using nanotechnology with existing materials and by seeking new electrode materials. 

An alternative response to the limitations of lithium-ion batteries is to explore a new 

battery system with new chemistry, especially electrochemistry.6 

 

Figure 1-1 shows the theoretical and practical energy density of different batteries and 

gasoline. The theoretical energy density of gasoline is 13,000 Wh kg-1 and the usable 

(practical) energy density is approximately 1,700 Wh kg-1 according to the average 

tank-to-wheel efficiency of the U.S. fleet (12.1%). The energy density of current 

commercial lithium-ion batteries is between 100 and 200 Wh kg-1. A 10-fold 

improvement in energy density would be required for these batteries to replace the 

gasoline as a power sources for vehicles. Notably, the theoretical energy density of 
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lithium air batteries is 11,680 Wh kg-1 based on the weight of lithium metal only. A 

practical energy density of 1,700 Wh kg-1 may be achievable for lithium-air batteries 

after long-term intensive work, which corresponding to only 14.5 % of the theoretical 

energy density.7 For the future EVs/HEVs applications, a possible solution for using 

rechargeable lithium batteries as the power source is to design a hybrid energy storage 

system that combines lithium-ion batteries (for high power density) and lithium air 

batteries (for high energy density). 

 

  
Figure 1-1 The gravimetric energy density (Wh kg-1) for different types of rechargeable 

batteries and gasoline.7 
 

1.1  Lithium-ion Batteries 

1.1.1 History of Lithium-Ion Batteries 

The lithium-ion battery has dominated the power supply market for portable devices in 

the past two decades since its commercialization by SONY in 1991. Its energy density is 

2-3 times higher than conventional rechargeable batteries, such as nickel-cadmium 
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batteries and nickel-metal-hydride batteries. The worldwide market for rechargeable 

lithium-ion batteries is valued at 10 billion US dollars per annum and growing fast. 

Lithium-ion batteries are also considered the first choice for future EVs and HEVs. 

 

The invention of lithium-ion batteries is not an accident and it took more than two 

decades to bring lithium-ion batteries from the laboratory to industry. Around 1970 

Gamble et al. discovered that a range of electron donating molecules and ions could be 

intercalated into the layered dichalcogenides.8 Among all dichalcogenides, titanium 

disulfide (TiS2) was considered to be the most promising electrode material for energy 

storage.9-11 It is a semimetal with high electronic conductivity and it can form a single 

phase with lithium ions over the entire composition range of LixTiS2 ( ≤ ≤1), enabling 

all the lithium to be removed reversibly.12,13 However, the low potential and high cost 

for production limit its commercialization.14 Later, researchers started to investigate the 

lithium intercalation behaviour of layered metal oxides, in particular, vanadium 

pentoxide (V2O5). However, the fairly complex phase transition of V2O5 during lithium 

intercalation and poor cycling performance makes this material unsuitable for 

commercialization of lithium-ion batteries.15-17 In the 1980s, Goodenough recognized 

that LiCoO2 had a similar layered structure to the dichalcogenides and the extracted 

lithium could be intercalated reversibly, making it a very promising electrode 

material.18,19 At the same time, Yazami et al. reported the reversible graphite-lithium 

negative electrode in a solid organic electrolyte.20 For the carbon anode, the lithium 

intercalation product is LiC6. This can reduce the lithium dendritic, avoiding the short 
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circuit and makes a much safer battery than pure lithium metal. The lithium-ion battery 

system combining LiCoO2 as the cathode materials and graphite as the anode materials 

was finally commercialized by SONY after more than 20 years of development.21 

 

1.1.2 Basic Concepts and Principles for Lithium-ion Batteries 

A rechargeable lithium-ion battery is a lithium-ion device and does not contain lithium 

metal.  It consists of a cathode (positive electrode) and an anode (negative electrode) 

separated by a porous membrane soaked in a liquid organic electrolyte. Figure 1-2 

shows a typical commercial lithium-ion battery configuration. The positive electrode 

(cathode) is a layered structure lithium metal oxide (e. g. LiCoO2) and the negative 

electrode (anode) is graphite (e. g. mesocarbon microbeads, MCMB). The electrodes are 

separated by a porous polymer membrane. The Li+ conducting electrolyte is a solution 

of a lithium salt (e.g. LiPF6) in mixed organic solvents (e.g. ethylene carbonate/dimethyl 

carbonate, EC/DMC). For the charging process, lithium ions extract from the cathode, 

pass through the electrolyte and intercalate into the anode. The electrons pass through 

the external circuit from the negative electrode to the positive electrode. The discharge 

process reverses this process. 

The redox reaction is presented below: 

LiCoO2 ↔ Li1-xCoO2 + xLi+ + xe- (1<x<0)     cathode           (Eq. 1-1) 

6C + xLi+ + xe- ↔ LixC6 (1<x<0)             anode            (Eq. 1-2) 
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Figure 1-2 Schematic representation of a lithium-ion battery.22 

Electrode: complex porous composite adhering to the current collector (copper foil for 

anode and aluminum foil for cathode). It consists of active materials, conductive 

materials and a binder. Since the electronic conductivity of most active materials is 

rather low, the addition of materials conductive (e.g. carbon black) is to increase the 

electronic conductivity of the electrode. The binder is usually a long chain polymer able 

hold all the electrode materials together on the current collector. 

 

Active materials or active mass: the material that generates electrical current by means 

of a chemical reaction within the battery.23 Normally, for rechargeable lithium-metal or 

lithium-ion batteries, material with a potential higher than 2 V vs Li+/Li is defined as a 

cathode material and a material with a potential lower than 2 V vs Li+/Li is defined as 

an anode material. The potentials and specific capacities of different electrode materials 

are summarized in Figure 1-3. The application of nanostructured active materials to 
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lithium-ion batteries will be reviewed later. 

 

Figure 1-3 Voltage versus capacity for different electrode materials.4 

Electrolyte: the material that provides pure ionic conductivity between the positive and 

negative electrodes of a cell.23 Due to the formation of lithium in anode during the 

charging process, the electrolyte for lithium-ion batteries should be a nonaqueous 

electrolyte and must satisfy several requirements as follows:24,25 

 High Li-ion conductivity σLi > 10-4 S cm-1 and low electronic conductivity 

σe<10-10 S cm-1 over the temperature range of battery operation. 

 High thermodynamically stable window Voc ≥ 4 V. 

 Good retention of the electrode/electrolyte interface during cycling when the 

electrode particles are changing their volume. 

 A transference number σLi+/σtotal  1, where σtotal includes conductivities by 

other ions in the electrolyte as well as σLi+ and σe. 

 Good chemical stability over ambient temperature ranges and temperatures in 
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the battery under high power. 

 Chemical stability with respect to the electrodes, including the ability to rapidly 

form a passivating solid/electrolyte interface (SEI). 

 Safety, e.g. preferably nonflammable and non-explosive materials if the cell is 

short-circuited. 

 Low toxicity and low cost. 

It is a formidable challenge to meet all these requirements. The electrolyte for 

lithium-ion batteries basically consists of a lithium salt and solvents. The lithium salts 

provide the lithium source in the electrolyte for intercalation/de-intercalation between 

the electrodes, and the solvents provide a medium for lithium ion diffusion. Several 

types of electrolytes have been developed for particular applications, such as organic 

liquid electrolytes,24,26 ionic liquid electrolytes,27-30 inorganic liquid electrolytes,31,32 

solid polymer electrolytes,33 inorganic solid electrolytes34-37 and hybrid electrolytes.38-46 

Table 1-1 lists a series of electrolytes with different compositions.  

 

Separator: a physical barrier between the positive and negative electrodes incorporated 

into most cell designs to prevent electrical shorting.23 Separators must be permeable to 

the ions and inert in the battery environment. Microporous membranes using 

polyolefins have been developed and used extensively in lithium-ion batteries. The 

current polyolefin membranes are made of polyethylene (PE), polypropylene (PP), or 

laminates of polyethylene and polypropylene, which can provide excellent mechanical 

properties, chemical stability and acceptable cost.47 
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Table 1-1. Nonaqueous electrolytes for lithium-ion batteries.25 

Electrolytes 
Example of classical 

electrolytes 

Ionic 

conductivity 

(10-3 s/cm) 

at room 

temperature 

Electrochemical 

window (V) vs Li+/Li0 
Remark 

Reduction Oxidation 

Liquid 

organic 

1M LiPF6 in EC:DEC (1:1)  

1M LiPF6 in EC:DMC (1:1) 

7 

10 

1.3 

1.3 

4.5 

>5.0 
Flammable 

Ionic liquids 
1M LiTFSI in EMI-TFSI 

1M LiBF4 in EMI-BF4 

2.0 

8.0 

1.0 

0.9 

5.3 

5.3 
Non-flammable 

Polymer 
LiTFSI-P(EO/MEEGE) 

LiClO4-PEO8 +10 wt % TiO2 

0.1 

0.02 

<0.0 

<0.0 

4.7 

5.0 
Flammable 

Inorganic 

solid 

Li4-xGe1-xPxS4 (x = 0.75) 

0.05Li4SiO4+0.57Li2S+0.38SiS2 

2.2 

1.0 

<0.0 

<0.0 

>5.0 

>8.0 
Non-flammable 

Inorganic 

liquid 

LiAlCl4+SO2 70 - 4.4 
Non-flammable 

Liquid 

organic + 

Polymer 

0.04LiPF6+0.2EC+0.62DMC 

+0.14PAN 

LiClO4+EC+PC+PVdF 

4.2 

 

3.0 

- 

 

- 

4.4 

 

5.0 

Flammable 

Ionic liquid 

+ Polymer 

1M LiTFSI+P13TFSI+ 

PVdF-HFP 
0.18 <0.0 5.8 

Less 

flammable 

Ionic liquid 

+ Polymer + 

Liquid 

organic 

56 wt% LiTFSI-Py24TFSI +  

30 wt% PVdF-HFP +  

14 wt% EC/PC 
0.81 1.5 4.2 

Less 

flammable 

Polymer + 

Inorganic 

solid 

2 vol% LiClO4-TEC-19+ 

98 vol% 95 (0.6Li2S t 0.4Li2S)+ 

5Li4SiO4 

0.03 <0.0 >4.5 Non-flammable 

 

Some basic concepts to evaluate the electrochemical performance of lithium-ion 

batteries are illustrated as follows: 

Cell potential: the potential difference between the cathode and anode materials.  

Specific capacity: the amount of electric charge the battery can store per unit mass. 

The theoretical specific capacity (QTSC, mAh g-1) can be calculated from the following 
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equation: 

QTSC = n × F/M                                       (Eq. 1-3) 

where n is the mol number of electron transfer in the electrochemical reaction, F is the 

Faraday constant (96,485.33 C mol-1), and M is the molecular weight of the active 

materials. 

 

The specific charge capacity (Qc, mAh g-1) or specific discharge capacity (Qd, mAh g-1) 

can be calculated from the following equation: 

Qc (or Qd) = I × t/m                                     (Eq. 1-4) 

where I is the charge or discharge current (mA), t is the charge or discharge time (s), m 

is the mass of the active materials (g). 

 

Specific energy: defined as the energy per unit mass. 

Energy density: a term used for the amount of energy stored in a given system. 

The specific energy (SE, Wh kg-1) and energy density (ED, Wh L-1) can be calculated 

from the following equations: 

SE = (E × Q) / 1000                                    (Eq. 1-5) 

ED = (E×Q×m) / (100 ×V)                               (Eq. 1-6) 

Specific power: the ability of the battery to deliver power per unit mass. 

Power density: a term used for the ability of the battery to deliver power per unit 

volume. The specific power (SP, Wh kg-1) and power density (PD, Wh L-1) can be 

calculated from the following equations: 
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SP = SE/t                                            (Eq. 1-7) 

PD = ED/t                                           (Eq. 1-8) 

where t (h) is the discharge time.  

 

Irreversible capacity (QI): used to define the capacity loss after each cycle. 

For cathode materials:    QI = nthQd - nthQc                                      (Eq. 1-9) 

For anode materials:     QI = nthQc - nthQd                         (Eq. 1-10) 

 

Coulombic efficiency: a term to represent the ratio of discharge capacity to the charge 

capacity.  

μ = nthQd  / nthQc 100%                   (Eq. 1-11) 

 

1.1.3 Selection Criteria for Lithium-ion Battery Systems 

A commercial lithium ion battery system requires the following:4,23 

 The reactants must have sufficient energy content to provide a useful current 

and voltage level. The normal energy density for a lithium-ion battery is 

between 100 Wh L-1 and 150 Wh L-1. 

 For a general consumer battery, the battery operation temperature should be in 

the range of 0-40 °C and the storage temperature should be in the range of -20 

to 85 °C. 

 The materials must maintain their mechanical and chemical stability over time 

in the operating environment, avoiding, for example, reaction with the 
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electrolyte or no irreversible phase change. 

 A general lithium-ion battery must be capable of complete charge and discharge 

over 300 cycles with capacity loss less than 20 %. For automotive applications, 

the cycle life should be more than 2000 cycles. 

 The cost of the battery should be affordable for the customer. 

 All commercial batteries must be safe in the normal operating environment. 

Additionally, they should not vent hazardous materials, nor present any hazard 

under mild abuse conditions (e.g. leaking, explosion, etc). 

 

1.1.4 Nanostructure Electrode Materials for Lithium-ion Batteries 

Although the current commercial lithium-ion batteries are successful, especially in 

small portable devices, they still need to conquer big challenges for high power 

applications, such as EVs and HEVs. The commercial lithium-ion batteries are based on 

micro-sized electrode materials. The intrinsic lithium ion diffusion coefficient in the 

solid state is less than 10-8 cm2 S-1, which significantly limits the rate of lithium ion 

intercalation/de-intercalation from the solid state, and hence the charge/discharge rate 

performance. The introduction of nanostructure materials instead of the current 

micro-sized electrode materials is considered to be the most promising strategy for 

overcoming the current limits: the reduced dimensions can greatly shorten the lithium 

ion diffusion path and enable far higher intercalation/deintercalation rates and hence 

high power.48 Developments in the use of nanostructure electrode materials for 

rechargeable lithium-ion batteries are described below. The advantages and 
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disadvantages of nanostructure electrode materials for rechargeable lithium batteries are 

summarized first as follows:49,50 

Advantages 

 Reducing the particle size to nanoscale significantly reduces the lithium ion 

diffusion distance within the particles. The characteristic time constant for 

diffusion is given by τ = L2/D, where L is the diffusion length and D is the 

diffusion constant. The time for lithium ion intercalation/de-intercalation 

decreases with the square of the particle size, illustrating the remarkable effect 

of replacing micro-sized with nano-sized particles. 

 Electron transport within the particles is also enhanced by nano-sized particles, 

as described for lithium ions transportation.48 

 Nanostructure material with a high surface area permits a high contact area 

between electrode and electrolyte and hence the number of active sites for 

electrode reactions, which in turn reduces electrode polarization loss and 

improves the power density. 

 Nanostructure materials with new lithium storage mechanisms can achieve much 

higher capacities than conventional intercalation materials. Recent studies show 

that excess lithium ions can be stored on the surface, interface,51-53 and in 

nanopores.54-56 

 It has been observed that nano-sized electrode materials become active for 

lithium ion insertion, an event unable to take place in bulk form.48,57 

 The redox potentials for lithium ions and electrons may be modified by 
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nanostructures, resulting in a change of cell voltage.58,59 

 Nanostructure materials would more easily accommodate the strain associated 

with lithium intercalation/de-intercalation.60,61 

 

Disadvantages 

 The synthesis of nanoparticles may be more complex and difficult and their 

dimensions may be difficult to control. 

 High electrolyte/electrode surface area also increases the risk of more significant 

side reactions with the electrolyte, and, consequently, large irreversible capacity 

and poor cycle life. 

 Nanostructure materials tend to form agglomerations during the electrode 

fabrication, making it difficult to disperse and mix with carbon black and binder 

to produce electrodes. 

 The tap density of nanostructure material is generally less than the same material 

formed from micro-sized particles, thus reducing the volumetric energy density. 

 

1.1.4.1 Nanostructure Cathode Materials 

In a lithium-ion battery, the cathode material is the active materials in the positive 

electrode: it is associated with the oxidation reaction and gains electrons from the 

external circuit during the cell discharge process. A successful cathode material for a 

lithium-ion battery should meet the following requirements: 

 The material should react with lithium ion reversibly and contain a readily ion, 
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which can participate in the redox reaction. 

 The material should have a high free energy to react with lithium to supply a 

high discharge voltage. 

 The material should have high electronic conductivity for electron transportation 

and high ionic conductivity for lithium ion transportation. 

 The material should be stable and safe over the entire operation environment. 

 The material should be low cost and friendly to the environment. 

A brief review of the development of selected nanostructure cathode materials for 

lithium-ion batteries follows 

 

Nanostructure Layered Oxides 

Since the first report by Goodenough in 1980,18 layered transition metal oxides, such as 

LiCoO2, LiNiO2, LiMnO2, LiNi1/2Mn1/2O2 and LiNi1/3Mn1/3Co1/3, have received 

tremendous attention as cathode materials for lithium-ion batteries. In 1991, SONY 

successfully combined the LiCoO2 cathode with a graphite anode to make the first 

commercial lithium-ion batteries and this configuration still dominates the lithium 

battery market. The LiCoO2 cathode had an α-NaFeO2-type structure with the oxygens 

in a cubic close-packed arrangement and it showed that lithium can be extracted 

reversibly (Figure 1-4).62,63 Although the theoretical specific capacity of LiCoO2 is 274 

mAh g-1, it can only achieve a practical capacity of about 140 mAh g-1. The 

electrochemical and in situ X-ray diffraction studies showed that lithium ion ordering 

occurs at x=0.5, which coupled to a lattice distortion from hexagonal to monoclinic 
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symmetry.62 The complete removal of lithium from LiCoO2 will cause the oxygen layers 

to rearrange giving hexagonal close packing oxygen to CoO2.19 The lithium ion 

diffusion coefficient of LiCoO2 is 5×10-9 cm2 s-1, which is comparable with LiTiS2 (10-8 

cm2 s-1).14 However, the conductivity of LixCoO2 can dramatically change by 2~4 orders 

of magnitude at ambient temperatures from metal-like material to a typical 

semiconductor.64,65 

 

 

Figure 1-4 Models of the layered LiCoO2 structure with space group R3m.63 

To improve the electrochemical performance, nanostructure LiCoO2 has been 

synthesized and developed. The first strategy was surface modification.66 Nano-sized 

carbon coating on LiCoO2 from the decomposition of sucrose showed a higher capacity 

and lower charge transfer resistance than pristine LiCoO2.67 Coating a nanolayer metal 

oxide or phosphate on the surface of the LiCoO2 particles can also significantly improve 

the capacity. Cho et al. reported that ZrO2 coated LiCoO2 can deliver a discharge 
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capacity of 170 mAh g-1 when cycled between 2.75 and 4.4 V at room temperature 

without capacity loss over 70 cycles.68 Kim et al. reported the LiCoO2 particles coated 

by AlPO4 can significantly improve the safety for lithium-ion batteries and also 

exhibited the highest intercalation capacity (230 mAh g-1) in a voltage range of 4.8 and 

3 V at a rate of 0.1 C.69,70 A thin-film coating of metal oxide or metal phosphate on the 

LiCoO2 particles can suppresses the cobalt dissolution and phase transitions caused by 

the lattice-constant changes during electrochemical cycling. 

 

The second strategy was to synthesize LiCoO2 with different nanostructure materials to 

accelerate the lithium intercalation/de-intercalation and thus increase the power density 

of the battery. LiCoO2 cathode materials with nanowire, or nanotube, or desert rose or 

ordered mesoporous structures have been synthesized through different methods (Figure 

1-5). Zhou et al. first reported the synthesis of LiCoO2 nanowire arrays by a sol–gel 

template method using porous anodic aluminum oxide (AAO) as the template.71 Later 

Li et al. reported that open-ended LiCoO2 nanotubes with uniform size and shape can 

also be synthesized by a similar method.72 The nanotubes obtained exhibited higher 

discharge capacity and better high C-rate performance than those of their 

nanocrystalline counterparts. Chen et al. reported the synthesis of a new LiCoO2 with 

desert rose nanostructure by using a molten salt/hydroxide flux method. This LiCoO2 

desert rose nanostructure was capable of achieving good electrochemical performance at 

high rates.73 Jiao et al. reported the synthesis of nanowire and mesoporous 

low-temperature LiCoO2 by a hard template route. The mesoporous or nanowire Co3O4 
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was first synthesized using mesoporous silica as the hard templates. Then, after template 

removal, Co3O4 was reacted with a lithium source to get LiCoO2 whilst retaining the 

nanostructured morphology.74 However, the major issue is that layered oxides with high 

surface area increase the risk of secondary reactions with the electrolyte and the 

associated safety problems. Thus layered oxide nanoparticles may not be particularly 

useful for practical lithium-ion batteries.75 

 

The high cost and the safety problem of LiCoO2 limits its application to large-scale 

lithium power batteries for EVs and HEVs. Other layered oxides, such as LiNiO2 and 

LiMnO2, have also been intensively investigated.76-78 However, unstable structure 

during the charging state and the complex synthesis method made them difficult to 

commercialize.79 Ohzuku et al. reported that the electrochemical performance of 

LiCoO2 can be improved by multi-substitution to form LiNi1/3Mn1/3Co1/3 and that the 

safety can be improved by further doping with Al, making LiNi1/3Mn1/3Co1/3 a potential 

cathode material for lithium-ion power batteries.80-84 
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Figure 1-5 (a)TEM images of LiCoO2 nanotubes, (b) SEM image of “desert rose” form 

of LiCoO2, (c) TEM images of low temperature LiCoO2 nanowires, (d) TEM images of 

mesoporous low temperature LiCoO2 along the [111] direction. 

 

Nanostructure Spinel Oxides 

Spinel LiMn2O4 is one of the most important intercalation cathode materials for 

lithium-ion power batteries because manganese is abundant, inexpensive and 

environmentally benign. Spinel LiMn2O4 was first reported by Tackeray’s group and has 

been extensively investigated by Bellcore labs.85-88 The crystal structure again contains 

cubic close-packed oxygen ions and is closely related to the α-NaFeO2 layer structure, 

differing only in the distribution of the cations among the available octahedral and 

tetrahedral sites (Figure 1-6).14,89 There are two discharge plateaus for spinel LiMn2O4 

during the discharge process: one around 4 V and the other around 3 V. Usually only the 

4 V plateau is used, so that the cell is constructed in the discharged state and must be 
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charged before use, just as for LiCoO2. It has been reported by Tarason et. al that the 

value of the cubic lattice parameter is critical to obtain effective cycling.86 Lithium-rich 

spinel, Li1+xMn2-xO4, where the average manganese oxidation state is 3.58 or higher,  is 

associated with a lattice parameter ≤ 8.23Å, which can minimize dissolution of 

manganese and also the impact of the Jahn-Teller distortion associated with the Mn3+ 

ion. 

 

Figure 1-6 Spinel structure of LiMn2O4. 

 

The major disadvantage of spinel LiMn2O4 is its slow dissolution of manganese ions in 

the electrolyte during cycling.90,91 Nanotechnology has also been applied to improve the 

electrochemical performance of spinel LiMn2O4. Coating a nano-layer of metal oxide on 

the surface of LiMn2O4 particles is helpful in improving the cycle stability, just as 

LiCoO2.92 ZrO2 coated LiMn2O4 exhibits tremendously improved cycling stability and 

high rates performance compared with pristine LiMn2O4.93 A ZrO2 coating layer can act 

as a highly lithium ion conducting solid electrolyte interface, which reduces the 

interfacial resistance and protect Mn dissolution by HF from the electrolyte. The rigid 



- 20 - 

oxide coating layer strongly bonds to LiMn2O4 particles and tolerates the lattice stress 

resulting from volume expansion during lithium intercalation. 

 

Spinel LiMn2O4 also suffers from low electronic conductivity and poor ionic 

conductivity, which limits its high-rate performance. The strategy to solve this problem 

is to synthesize LiMn2O4 with different nanostructure to accelerate the lithium 

intercalation/deintercalation and the electronic conductivity. Recently, Hosono et al. 

reported the synthesis of high-quality single crystalline cubic spinel LiMn2O4 nanowires 

by using Na0.44MnO2 nanowires as a self-template. The single crystalline LiMn2O4 

nanowires obtained showed high thermal stability and excellent high-rate performance, 

with both a relative flat charge-discharge plateau and excellent cycle stability at 20 A 

g-1.94 Kim et al. reported the synthesis of single-crystalline LiMn2O4 nanorods from 

β-MnO2 nanorods by chemical conversion through a simple solid-state reaction. The 

LiMn2O4 nanorods have an average diameter of 130 nm and length of 1.2 μm and 

exhibit a high charge storage capacity at high power rates compared with commercially 

available powders. Moreover, more than 85% of the initial charge storage capacity was 

maintained for over 100 cycles.95 LiMn2O4 nanotubes were synthesized by a sol–gel 

template method using porous anodic aluminum oxide (AAO) as the hard template, 

similar to the synthesis of LiCoO2 nanotubes.72 LiMn2O4 nanotubes can also be 

synthesized through solid state reaction by sintering the pre-synthesized β-MnO2 

nanotubes with LiOH at high temperature.96 Jiao et al. reported the synthesis of ordered 

mesoporous Li1+xMn2-xO4 spinel for the first time. 3D-ordered mesoporous Mn2O3 was 
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synthesized first by a hard template method followed by transformation to Mn3O4 

through heating in a reducing atmosphere. The final product was obtained by reacting 

with LiOH through a solid state reaction as shown in Figure 1-7.97  

 

To improve the electronic conductivity of the spinel cathode materials, LiMn2O4/carbon 

composites have been synthesized by several groups.98-100 Bulow et al. reported the 

synthesis of LiMn2O4/MWCNTs through low-temperature hydrothermal processing. A 

LiMn2O4/MWCNTs nanocomposite incorporating 10 wt% MWCNTs and 5 wt% CB 

yielded a reversible specific capacity of 120 mAh g−1 and an exceptional rate-capability 

of 96 % and 78 % capacity retention (116 mAh g−1 and 94 mAh g−1) at the discharge 

rates of 10 C and 20 C, respectively.98 LiMn2O4 nanoparticles homogeneously anchored 

on conducting carbon nanotubes and graphene nanosheets have also been fabricated via 

a self-assembly process combined with solid-state lithiation.100 The obtained composites 

showed reversible capacities close to the theoretical value with enhanced power 

capability and cyclability. The small particle size of LiMn2O4 significantly improves the 

lithium ion diffusion kinetics and the conducting carbon matrix supplies an excellent 

electron transportation pathway. However, nanostructure materials with a high surface 

area will promote the risk of Mn dissolution into the electrolyte, leading to fading of 

capacity during cycling. 
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Figure 1-7 Schematic illustration of synthesis process of mesoporous Li1+XMn2-XO4. 

 

Nanostructure Olivine Cathodes 

Since its discovery in 1997, LiFePO4 has been emerging as a new cathode material for 

lithium-ion batteries, in particular for high power applications.101,102 It offers several 

appealing features: a high theoretical capacity of 170 mAh g-1; a flat discharge voltage 

of 3.4 V vs. lithium that is compatible with a large number of organic electrolytes; a 

long cycle life with excellent capacity retention (to 1000 cycles); low cost and 

environmental friendliness.103-105 LiFePO4 belongs to the orthorhombic olivine structure 

with space group Pnma (a=10.333 Å, b=6.011 Å, and c=4.696 Å). The oxygen atoms 

are located in a slightly distorted, hexagonal close-packed arrangement. The phosphorus 

atoms occupy tetrahedral sites; the iron and lithium atoms occupy octahedral 4a and 4c 

sites, respectively. Each FeO6 octahedron is linked with four FeO6 octahedra through 

common corners in the b–c plane, forming zigzag planes. The LiO6 octahedra form 
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edge-sharing chains along the b-axis. One FeO6 octahedron has common edges with two 

LiO6 octahedra. PO4 groups share one edge with an FeO6 octahedron and two edges 

with LiO6 octahedra as shown in Figure 1-8.106,107 The de-lithiation product is FePO4 

with the same space group as LiFePO4 (Pnma). 

 

Figure 1-8 The crystal structure of olivine LiFePO4 in projection along [001].4 

 

However, LiFePO4 is insulating in nature with a low electronic and ionic conductivity 

due to the lack of mixed valency and one-dimensional lithium diffusion. This 

one-dimensional lithium diffusion limits its high C-rate capacity.108 Many 

nanotechnologies have been used to improve the electrochemical performance of 

LiFePO4, including doping with supervalent cations, minimizing the particle size to the 

nanoscale, and coating the particles with a thin carbon layer or a metal oxide layer. 

 

Chung et al. first reported improved electronic conductivity of LiFePO4 through 
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alivalent ions doping into the Li 4a site. The electronic conductivity increased by a 

factor greater than 108. They achieved a discharge capacity of about 60 mAh g-1 at a 

high rate of 21.5 C.108 However, whether the observed increase in electronic 

conductivity is a true lattice-doping effect or is due to the surface conducting 

percolation, is still under debate.103,109 

 

Reducing the particle size of LiFePO4 is extremely beneficial in overcoming the 

sluggish lithium ion diffusion rate associated with the olivine structure. The better 

chemical stability of the lower valent Fe2+/ Fe3+ couple together with a lying of the 

Fe2+/3+:3d band well above the top of the O2-:2p band avoiding the side reaction with the 

electrolyte. Delacourt et al. reported the synthesis of carbon-free nano-sized LiFePO4 

crystalline powders by direct precipitation under atmospheric pressure. The particle size 

distribution is extremely narrow, centered on ca. 140 nm. After a soft thermal treatment 

under slight reducing conditions, the material obtained can deliver a specific capacity of 

147 mAh g−1 at 5 C-rate and a good cycle stability with no significant capacity loss after 

more than 400 cycles at 0.5 C-rate, without the need for carbon coating.110 

 

The most common method to improve the electrochemical performance of LiFePO4 is 

coating a conductive nanolayer on the surface of LiFePO4 particles. In 1999, Armand et 

al. reported LiFePO4 with 1 wt% carbon coating having achieved almost a full 

theoretical capacity at 1 C-rate at 80 °C, indicating carbon coating may be a promising 

way to improve the capacity of LiFePO4.111 Later, Huang et al. made LiFePO4/C 
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composites by mixing raw materials with a carbon gel before heating and obtained 

nano-sized LiFePO4 with particle sizes of 100–200 nm and 15 wt% carbon 112 This 

composite achieved 90% theoretical capacity at C/2 and excellent rate capability and 

stability at room temperature with a discharge capacity of about 120 mAh g-1 at a 5 

C-rate. Huang et al. concluded that both particle size minimization and intimate carbon 

contact are necessary to optimize the electrochemical performance of LiFePO4. Doeff et 

al. used Raman microprobe spectroscopic analysis to observe the residual carbon 

present on the surfaces of the LiFePO4 powders.113 They found that higher discharge 

capacities obtained in lithium cells are correlated with the structure and electronic 

conductivity of residual carbon on particle surfaces. sp2-coordinated carbon exhibits 

better electronic properties than disordered or sp3-coordinated carbonaceous materials. 

However, these methods based on the thermal decomposition of precursors with a 

carbon source can only produce partial carbon coated LiFePO4 particles. In 2008, 

Zhou’s group reported the synthesis of a LiFePO4/carbon composite consisting of a 

highly crystalline LiFePO4 core (20 40 nm in size) and a highly graphitic carbon shell 

(1 2 nm in thickness) via in situ polymerization.114 Their strategy included one in situ 

polymerization reaction and two typical restriction processes (Figure 1-9). Firstly, Fe3+ 

was added in the solution containing PO4
3- and aniline. Fe3+ was used as both a 

precipitator for PO4
3- and as an oxidant for aniline. The Fe3+ on the outer surface of 

FePO4 deposits resulted in the oxidization polymerization of aniline. The green 

polyaniline (PANI) shell can effectively restricted the size growth of FePO4 particles. 

Secondly, with heat treatment, the prepared FePO4-PANI composite was combined with 
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a lithium salt and some sugar to form a LiFePO4-carbon composite, thereby 

transforming the polymer shell into a carbon shell that in situ restricted the crystallite 

growth of LiFePO4. The prepared LiFePO4/carbon nanocomposite achieved a high 

C-rate performance with a capacity of 90 mAh g-1 at the current density of 10 A g-1 (rate 

of about 60 C), and excellent cycling performance, with less than 5% discharge capacity 

loss over 1100 cycles. 

 

Figure 1-9 (a) Electron-transfer pathway for LiFePO4 particles partially coated with 
carbon. (b) Designed ideal structure for LiFePO4 particles with typical nano-size and a 

complete carbon coating. (c) Preparation process for the LiFePO4/carbon composite. (d) 
TEM image for LiFePO4/carbon particle containing several primary crystallites.114 

 

Besides the carbon, other materials have also been used for surface coating to increase 

electronic and ionic conductivity. Conductive polymers such as polypyrrole,115 

polyaniline,116 polyethylene glycol117 and polyacene,118 have been used to coat the 

surface of LiFePO4 particles. After surface modification with those polymers, LiFePO4 



- 27 - 

can achieve excellent high C-rate performance and good cycle stability. Nano-metal 

particles such as Cu or Ag particles have been dispersed on the surface of LiFePO4 to 

enhance the electronic conductivity.119,120 Some metal oxide such as ZrO2, RuO2 ZnO 

and CuO have been used for surface coating by some groups. The thin coating layer of 

metal oxide can increase the surface ionic conductivity and protect LiFePO4 from 

volume change during cycling.121-124 

 

Recently, Lslam’s group found that the lowest Li migration energy is for the pathway 

along the [010] channel.125 This computational prediction was later confirmed by 

experimental evidence. The Li+ diffusion along the [010] direction in olivine type 

LiFePO4 material has been clearly visualized by combining high-temperature powder 

neutron diffraction and the maximum entropy method.126 Therefore, ionic conductivity 

of LiFePO4 can be improved by reducing the length of the [010] direction and 

increasing the (010) facet. LiFePO4 nanocrystals with a high percentage (010) facet 

have been synthesized through a solvothermal method and have shown excellent 

electrochemical performance.127,128 In this thesis, LiFePO4 nanoplates/graphene hybrid 

materials with a large (010) surface were also prepared and will be discussed in Chapter 

3. 

 

For practical application to large-scale lithium-ion power batteries, the volume energy 

density is quite important. Although the above down-sizing strategy combined with 

carbon coating is effective at increasing the electrochemical performance of a LiFePO4 
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electrode, it also significantly reduces the tap density and volumetric energy density.129 

Recently, several reports have shown that LiFePO4 with a porous secondary 

microsphere structure can deliver high-rate capacity.130-132 Since the microspheres can 

easily form close packed arrays, a three-dimensional micro-nano porous hierarchical 

sphere structure is the ideal structure for LiFePO4 cathode materials. The nanosized 

primary particles with carbon coating can ensure the high rate capability and the 

micro-sized secondary structures can achieve a high tap density. In Chapter 4, the use of 

as-prepared mesoporous nanolayer carbon coated LiFePO4 microspheres as high power 

cathode materials for lithium-ion batteries will be discussed. 

 

1.1.4.2 Nanostructure Anode Materials 

In a lithium-ion battery, the anode material is the active materials in the negative 

electrode and is associated with the oxidation reaction. It gives electrons from the 

external circuit during cell discharge process. A successful anode material for lithium 

ion battery should meet the following requirements: 

 The material should react with lithium ions reversibly. 

 The material should react with lithium at a low operating voltage. 

 The material should have high electronic conductivity for electron transportation 

and high ionic conductivity for lithium ion transportation. 

 The material should be stable and safe over the entire operation environment. 

 The material should be low cost and friendly to the environment. 

A brief review of the development of selected nanostructure anode materials for 
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lithium-ion batteries is given below. 

 

Nanostructure Carbonaceous Anode Materials 

Lithium metal with a high specific capacity of 3860 mAh g-1 was first considered as the 

anode material in rechargeable batteries. However, the low melting point, dendritic 

growth during the charging process and high reactivity toward electrolytes make it 

unsafe for commercialization. The use of lithium insertion compounds (e.g. 

carbonaceous materials) instead of metallic lithium resulted in great success in battery 

industry since the commercialization of lithium-ion batteries by Sony in 1991. 

Carbonaceous materials, especially graphite, are the most widely used anode materials 

in current lithium-ion batteries. The intercalation mechanism of graphite is well 

understood. Each Li atom stored between every six C atoms permits a theoretical 

storage capacity of 372 mAh g-1. The low storage capacity results in only a small 

volumetric change of about 10 % and allows for a life of more than 500 cycles. Today, 

graphite-based anodes are still used in most conventional lithium-ion batteries. Despite 

the graphite, several novel nanostructure carbon materials, such as carbon nanotubes 

(CNTs), carbon nanofibers (CNFs), ordered mesoporous carbon and graphene, have 

gained enormous attention during the past few years.133  

 

Carbon nanotubes (CNTs) are an attractive anode material for use in lithium-ion 

batteries due to their outstanding electrical properties, high mechanical strength, high 

chemical stability and highly activated surface areas. Carbon nanotubes are graphene 
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sheets rolled-up into cylinders with diameters as small as one nanometer (Figure 1-10). 

A single-walled carbon nanotube (SWCNT) is a graphene sheet rolled-over into a 

cylinder with a typical diameter of about 1.4 nm, similar to that of a C60 buckyball. A 

multi-walled carbon nanotube (MWCNT) consists of concentric cylinders with an 

interlayer spacing of 3.4 Å and a diameter typically in the order of 10-20 nm. The 

lengths of the two types of tubes can be up to hundreds of microns or even 

centimeters.134,135 The potential of CNTs to be anode materials in lithium-ion batteries 

was initially evaluated by many research groups, as early as the 1990s.136-138 The 

measured reversible lithium ion capacities for some CNT-based anodes can exceed 1000 

mAh g-1, which is 3 times higher than conventional graphite anodes. Li ions can be 

stored in electrodes comprising CNTs via the following different ways: intercalation 

(LiC6 stoichiometry); adsorption and accumulation on the outer surface and/or in the 

inner channel when CNTs are open; storage in the void space between bundles of tubes. 

The lithium storage can be further improved by adsorption on the surface of modified 

CNTs via reaction with heteroatoms or functional groups.55 In all cases to date, a large 

irreversible capacity was observed in the first discharge and charge process, which is 

due to the formation of a solid electrolyte interphase (SEI) layer at around 0.9 V. This 

effect has been attributed to the high specific surface area of CNTs affecting the extent 

of solvent decomposition, leading to the SEI layer formation. CNTs have the capability 

to be assembled into free-standing electrodes (a role as both the active material and 

current collector) for lithium-ion batteries.139 CNTs films can also be used as a physical 

support for ultra high capacity anode materials.140  
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Carbon nanofibers (CNFs) are also one-dimensional carbon nanostructures with 

graphitic layers inclined at any angle with respect to the fiber axis. Their structure arises 

from the stacking of very small graphene basic structural units to a tower-like 

morphology instead of from wrapping large graphene units in a tubular structure.133 

CNFs are usually fabricated by chemical vapor decomposition of hydrocarbons or by 

electrospinning of bicomponent polymer solutions, followed by thermal treatment.141-143 

The advantage of using CNFs as electrode materials for lithium-ion batteries, like that 

of using CNTs, is that they can be assembled into free-standing electrodes without any 

other additives. The lithium storage mechanism in CNFs is similar to that in CNTs 

(described above). The major problems are the low Coulombic efficiency of the first 

cycle and instability during lithium intercalation/deintercalation.144,145 

 

Ordered mesoporous carbons with large surface area (more than 1000 m2 g-1) and 

ordered open pores have been investigated as anode materials for lithium-ion batteries 

and displayed an enormous lithium storage capacity. Zhou et al. reported the ordered 

mesoporous carbon (CMK-3) exhibited an initial discharge capacity of 3100 mAh g-1, 

corresponding to a composition of Li8.4C6 and a reversible capacity of 850-1100 mAh 

g-1, corresponding to a composition of Li3C6.146 The extremely high reversible capacity 

is most probably due to a combination of several Li storage mechanisms discussed 

above. The enhanced electrode performance should arise from the three-dimensional 

ordered porous structure. The disadvantages associated with application of mesoporous 



- 32 - 

materials to lithium-ion batteries are the large irreversible capacity in the first cycle, the 

hysteresis in the charge-discharge curves and the complex synthesis method. 

 

Figure 1-10 Mother of all graphitic forms. Graphene is a 2D building material for 
carbon materials of all other dimensionalities. It can be wrapped up into 0D buckyballs, 

rolled into 1D nanotubes or stacked into 3D graphite.147 

 

Graphene is a two-dimensional (2D) carbon sheet of one atom thickness representing 

the basic structural unit of graphite as shown in Figure 1-10. The chemical synthesis of 

graphene includes the oxidation of graphite to graphene oxide and the chemical 

reduction of graphene oxide.148 Graphene materials obtained by exfoliation of graphite 

exhibit a large surface area and more prismatic edge sites anchoring functional groups 

through the chemical treatment. The loose graphene nanosheets tend to stick together to 
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form fluffy agglomerates with a flower-like appearance and contain lots of void spaces 

as shown in Figure 1-11a. 

 

Recently, graphene and graphene-based materials have been attracting enormous 

attention for their use as electrode materials in lithium-ion batteries due to their superior 

high electronic conductivity, large surface area and flexibility. A free-standing graphene 

sheet can supply two surfaces for hosting Li ions (via adsorption rather than 

intercalation; Figure 1-11b). Therefore, the theoretical capacity of single layer graphene 

should be 744 mAh g-1, corresponding to a chemical composition of LiC3. Wang et al. 

reported that graphene nanosheets obtained from a soft-chemistry approach had a high 

discharge capacity of 945 mAh g-1 in the first cycle and 460 mAh g-1 after 100 cycles.149 

The disadvantages of graphene for its application to lithium-ion batteries are the large 

irreversible capacity in the first cycle and the continuous capacity loss during cycling. A 

strategy that has been used to increase the capacity and cycling stability is to introduce 

another element to form graphene sandwich composites, such as SnO2/graphene, 

Sn/graphene, Co3O4/graphene, et al.150-154 
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Figure 1-11 (a) Low magnification FESEM image of loose graphene nanosheets 
powders. (b) Atomic model of LiC3 graphene. Top: top view; bottom: side view. (c) 

Charge and discharge curves of graphene nanosheets as anode in lithium-ion cells.149,152 

 

Nanostructure Lithium-Metal Alloy materials 

Since Dey first demonstrated in 1997 that lithium metal can electrochemically alloy 

with other metals to form intermetallic compounds at ambient temperature in an organic 

electrolyte, lithium metal alloys have been intensively investigated as high capacity 

anode materials for lithium-ion batteries.155 Although such alloys have specific 

capacities far exceeding that of the conventional graphite anode, they still suffer from 

the large irreversible capacity in the first cycle and poor cycling stability. The large 

volume change during the lithium insertion and extraction leads rapidly to electrode 

deterioration (cracks, and eventually, pulverization).49 Significant research efforts, by 

many groups, have been devoted to overcoming this problem. The commonly used 

strategies to improve the electrochemical performances of lithium alloy materials are 
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reducing the primary particles to nanoscale and/or forming nanostructure composites 

with other elements.156 In this section, the developments of two selected Group  

elements, Si and Sn, are reviewed below. 

 

Silicon (Si) is a very promising candidate for the anode materials of lithium-ion 

batteries because of its extremely high theoretical capacity. Electrochemical reactions of 

lithium with silicon at elevated temperatures have demonstrated that silicon can alloy 

with lithium up to Li22Si4, corresponding to a capacity of 4212 mAh g-1.157 The structure 

changes during lithium reacting with silicon have been studied by ex situ and in situ 

X-ray powder diffraction. 158,159 Crystalline silicon becomes amorphous during lithium 

insertion. Highly lithiated, amorphous silicon suddenly crystallizes at 50 mV to form a 

new lithium-silicon phase, identified as Li15Si4 at room temperature. This phase is the 

fully lithiated phase for silicon at room temperature. Delithiation of the Li15Si4 phase 

results in the formation of amorphous silicon. Poor cycling performance is a big 

challenge for the application of silicon in lithium-ion batteries. During the discharge 

process, lithium alloys with silicon, causing the volume expansion up to 270 % for the 

Li15Si4 phase. During the charge process, lithium cannot fully extract from the alloys 

due to the increased internal resistance. The huge volume contraction of the silicon 

particles after lithium extraction causes the loss of the contact area between silicon and 

the conducting agent. One strategy to solve this problem is to use nanostructure 

materials to accommodate large strain and maintain good electrical contact during 

discharge-charge cycling. 
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The enhanced electrochemical performance of silicon nanoparticles (78 nm) as anode 

materials for lithium-ion batteries was first reported by Li et al.160 The nano-silicon 

showed a high reversible capacity, over 1700 mAh g-1, at the tenth cycle, with a flat and 

smooth plateau ranged from 0.4 to 0.0 V vs. Li/Li+, due to the distribution of 

nanoparticles experiencing smaller volume variation. Furthermore, coating the silicon 

nanoparticles with carbon or conducting polymer can increase the electrical 

conductivity and prevent the electrode pulverization by buffering the volume 

changes.161-163 

 

One-dimensional nanostructure materials, such as nanowires and nanotubes, have been 

demonstrated to have outstanding electrochemical performance. Chan et al. reported the 

synthesis of silicon nanowires grown directly on a stainless steel current collector using 

a gold catalyzed vapor liquid solid (VLS) process.164 Each silicon nanowire was 

directly grown on the current collector without binder and conductive additives. The 

silicon nanowire electrodes exhibited a very high initial discharge capacity with a 

coulombic efficiency of 73 % and nearly no charge-discharge capacity degradation for 

up to 10 cycles. The excellent electrochemical performance should benefit from the 

one-dimensional nanowire structure, which allows better accommodation of the large 

volume variations induced by the lithium insertion/removal process. Park et al. 

fabricated silicon nanotubes by reductive decomposition of the silicon precursor inside 

anodic alumina templates and etching.165 The nanotube structure can increase the 
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contact surface area with the electrolyte, allowing lithium ions to intercalate from both 

the interior and the exterior of the nanotubes. The nanotube electrodes demonstrated a 

very high reversible charge capacity of 3247 mAh g-1, with Coulombic efficiency of 

89 % after 200 cycles at a rate of 1 C in a lithium-ion full cell consisting of a 

LiCoO2-based cathode and a silicon-nanotube-based anode. 

 

Tin (Sn) is an attractive anode material due to its high volumetric capacity of about 

2000 mAh cm-3, which is higher than that of lithium and is comparable to silicon.166 It 

can alloy with lithium up to a chemical composition of Li17Sn4, with a theoretical 

specific capacity of 959.5 mAh g-1.167 However, like other lithium alloying materials, its 

commercialization is limited by its poor capacity retention, caused by large volume 

variation during lithium insertion/extractiom from Sn phase. 

 

Encapsulating Sn nanoparticles into a conductive matrix can significantly enhance the 

electrochemical performance. A carbon matrix can provide sufficient mechanical 

strength to buffer the volume expansion, preventing disintegration and aggregation of 

Sn particles. Darrien et al. reported Sn/C nanostructured composites with Sn 

nanoparticles (10-50 nm) uniformly dispersed in a supporting carbon matrix.168 The 

novel Sn/C nanocomposite exhibited a specific capacity of 500 mAh g-1 for 200 cycles 

at 0.8 C and 200 mAh g-1 at 5 C, thus demonstrating significantly excellent 

electrochemical performance. Wang et al. reported a three-dimensional Sn/graphene 

composite with Sn nanoparticles distributed in a graphene nanosheets matrix. The 
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Sn/graphene nanocomposite electrode gave high reversible lithium storage capacities 

(795 mAh g-1 in the second cycle and 508 mAh g-1 in the hundredth cycle), which 

represents a much improved performance compared to a bare graphene electrode or a 

bare Sn electrode.152 

 

Tin oxide (SnO2) based materials have also been considered as promising candidates 

for anode materials in terms of their high theoretical reversible capacity (790 mAh g-1). 

The basic reaction mechanisms of SnO2 have been reported as follows:169,170 

SnO2 + 4Li+ + 4e-  Sn + 2Li2O + 4.4Li++4.4e- ↔ 2Li4.4Sn + 2Li2O      (Eq. 1-12) 

However, the formation of an undesirable Li2O phase and the large volume variation of 

the Sn phase are the main barriers that have to be overcome. However, the 

electrochemical performance of SnO2 can be significantly increased by reducing SnO2 

nanoparticles to the nanoscale and/or distributing the SnO2 particles in a carbon matrix. 

 

Park et al. reported the synthesis of SnO2 nanotubes, nanowires, and nanopowders and 

demonstrated that the electrochemical performance of SnO2 nanomaterials is likely to 

be related to their morphological features.171,172 The SnO2 nanomaterials with high 

specific surface areas and single-crystalline structures are better for maintaining 

electronic conductivity and at allowing enhancement of lithium ion diffusion into the 

SnO2 structure. 

 

Paek et al reported the fabrication of SnO2/graphene nanosheets in an ethylene glycol 
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solution in the presence of rutile SnO2 nanoparticles.151 The SnO2 nanoparticles were 

distributed between the loose graphene nanosheets with large amounts of void spaces. 

The SnO2/graphene obtained exhibited a reversible capacity of 810 mAh g-1 and 

enhanced cycling performance in comparison with that of the bare SnO2 nanoparticle. 

The three-dimensional configuration limits the volume expansion upon lithium insertion, 

and the developed pores between SnO2 and GNS could be used as buffered spaces 

during charge/discharge, resulting in the superior electrochemical performances. 

 

Nanostructure Transition Metal Oxide 

In 2000, Poizot et al. reported that electrodes made of nanoparticles of transition-metal 

oxides demonstrated electrochemical specific capacities near 1000 mAh g-1, with 100% 

capacity retention for up to 100 cycles.173 The mechanism involves the formation and 

decomposition of Li2O, accompanied by, the reduction and oxidation of metal 

nanoparticles, respectively, following the equation below:  

 MO + yLi+ + ye- ↔ LiyO + M                             (Eq. 1-13) 

where M=Fe, Co, Ni, Cu, Mn, etc.  

This conversion reaction allows the storage of more than two lithium ions per molecule, 

which offers high specific capacity and good reversibility. The enhanced 

electrochemical reactivity of Li2O is attributed to the unique nanostructure consisting of 

uniformly dispersed nanomatric metallic particles (2-8 nm) dispersed in an amorphous 

Li2O matrix (Figure 1-12), which shorts the diffusion lengths and supplies large contact 

areas. The major drawbacks of the application of transition metal oxide to practical 
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Li-ion batteries, are the large irreversible capacity loss in the first cycle and poor 

kinetics (that is, the rate at which lithium ions and electrons can reach the interfacial 

regions within the nanoparticle and react with the active domains).49  

 

 

Figure 1-12 Schematic representation conversion reaction mechanism. The insertion 
reaction demonstrates a maximum of 1 electron transfer per transition metal (here 
designated M), whereas the conversion reaction can transfer 2 to 6 electrons.1,174 

 

One strategy to enhance the electrochemical performance of transition metal oxide is to 

use nanostructure materials, such as nanowires, nanorods, nanotubes, and 

three-dimensional mesoporous particles. 

 

In 2009, Liu et al. reported the synthesis of α-Fe2O3 nanowires by a facile hydrothermal 

method.175 The SEM image shown in Figure 1-13a of the as-prepared material revealed 

that the prepared α-Fe2O3 product was uniform nanowires with the length/diameter ratio 

as high as 500. The TEM image shown in Figure 1-13b showed that the as-prepared 

nanowires have a polycrystalline structure with a width around 200 nm and a high 
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specific surface area of 152 m2 g-1. The initial discharge capacity of the electrode made 

of α-Fe2O3 nanowires can reach 1303 mAh g-1 at the rate of 0.1 C (C=1000 mA g-1) and 

the lithium storage capacity can still maintain 456 mAh g-1 after 100 cycles. This good 

electrochemical performance is attributed to the large surface area and short pathways 

for lithium ion migration in nanowires. Liu et al. also reported the synthesis of α-Fe2O3 

nanorods with diameters in the range of 60~80nm and lengths extending from 300 to 

500 nm as shown in Figure 1-13c.176 The α-Fe2O3 nanorod anodes exhibit a stable 

specific capacity of 800 mAh g-1, a significantly improved electrochemical performance 

compared to that of commercial products in lithium ion batteries. 

 

Chen’s group reported the synthesis of a series of transition metal oxide nanotubes, such 

as Fe2O3 and Co3O4.177-179 The nanotubes were synthesized by a hard template method 

using porous anodic aluminum oxide (AAO) as the template. The as-prepared nanotubes 

were a uniform size and had a tube shape structure with a large surface area as shown in 

Figure 1-13 d and e. It was found that the as-preparedα-Fe2O3 nanotubes exhibit 

excellent electrochemical performance with a discharge capacity of 1415 mAh g-1 at 

100 mA g-1 and 20 C. 

 

Three-dimensional mesoporous transition metal oxides have been synthesized by our 

group through both the hard template method and soft template method. Highly ordered 

mesoporous Co3O4, NiO and Cr2O3 were synthesized by a nanocasting method using 

mesoporous silica SBA-15 and KIT-6 as the hard templates.180-182 The as-prepared 
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materials showed high specific surface area, large pore volume and periodically 

distributed pores. When used as anode materials for lithium storage in lithium ion 

batteries, mesoporous Co3O4 electrode materials (shown in Figure 1-13e and f) have 

demonstrated the high lithium storage capacity of more than 1200 mAh g-1 with an 

excellent cycle life. Mesoporous α-Fe2O3 was also synthesized by a soft template 

method. The details will be discussed in Chapter 5.  

 

Figure 1-13 (a) SEM and (b) TEM images of Fe2O3 nanowires.175 (c) TEM image of 
Fe2O3 nanorods.176 (d) and (e) TEM images of Fe2O3 nanotubes.177 (f) and (g) TEM 

images of highly ordered mesoporous Co3O4.180 
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Other strategies to enhance the electrochemical performance of transition metal oxides 

include using carbon coating or distribution of metal oxide nanoparticles into a porous 

carbon matrix.  

 

Carbon coated Co3O4 was recently synthesized through solid-state pyrolysis of 

structurally defined organic cobalt precursors under an inert atmosphere, followed by 

mild thermal oxidation.183 The Co3O4 nanoparticles (20 nm) obtained were covered by 

thin carbon layers. The initial reversible charge capacity was about 940 mAh g-1 at 0.2 

C-rate. After 20 cycles, the reversible capacity of the carbon coated Co3O4 nanoparticles 

could still be maintained at about 940 mAh g-1 (almost 100 % capacity retention), 

whereas the reversible capacity of the pure Co3O4 nanoparticles decayed to around 120 

mAh g-1. The good cycling performance arose from the action of the carbon coating 

layers that can significantly increase the surface electronic conductivity of Co3O4 

nanoparticles. 

 

Liu et al. reported the synthesis of carbon coated magnetite (Fe3O4) core-shell nanorods 

by a hydrothermal method using Fe2O3 nanorods as the precursor.184 The initial 

discharge capacity of the carbon coated magnetite is as high as 1126 mAh g-1 and the 

capacity remains at 394 mAh g-1 after 100 cycles. MnO/C core-shell nanorods were also 

synthesized by our group and will be discussed in Chapter 6. 

 

Wang et al. reported the synthesis of carbon nanotube/cobalt oxide core-shell 
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one-dimensional nanostructures via a hydrothermal method.185 The nanosize cobalt 

oxide crystals were homogeneously coated on the surface of carbon nanotubes. When 

applied as the anode material in lithium-ion batteries, carbon nanotube/cobalt oxide 

composite exhibited an initial lithium storage capacity of 1250 mAh g-1 and a stable 

capacity of 530 mAh g-1 over 100 cycles.  

 

Recently, loading of transition metal oxide nanoparticles onto flexible graphene 

nanosheets to form three-dimensional laminate composites for use as anode materials 

has been intensively investigated worldwide.153,186-188 Wang et al. prepared a 

Co3O4/graphene nanocomposite by an in-situ solution-based method under reflux 

conditions.189 The prepared material consists of uniform Co3O4 nanoparticles (15-25 

nm), which are well dispersed on the surfaces of graphene nanosheets. The prepared 

composite material exhibits an initial reversible lithium storage capacity of 722 mAh g-1 

in lithium-ion batteries. This is higher than that of the pure graphene nanosheets and 

Co3O4 nanoparticles. 

 

1.2  Lithium-Oxygen Batteries  

It is well known that the energy density and power density of current lithium ion 

batteries cannot meet the stringent requirements of applications for EVs application.190 

They are limited mainly by the inherent low energy density of the available cathode 

materials and the conventional intercalation compounds.191 Since Abraham and Jiang 

first reported the lithium-oxygen batteries using an organic electrolyte in 1996, this new 
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configuration of lithium batteries has attracted enormous attention.192 Lithium-oxygen 

batteries have the highest energy density among all rechargeable battery systems; they 

could achieve an energy density more than 4 times higher than that of current 

lithium-ion batteries.7,193-196 A lithium-oxygen battery consists of a porous 

oxygen-breathing electrode as the cathode and a lithium metal as the anode, as 

schematically shown in Figure 1-14. During the discharge process, lithium ions 

transport from the negative electrode to the positive electrode and react with oxygen to 

form Li2O or Li2O2 inside the porous positive electrode. This is very different from the 

current lithium-ion batteries. If the oxygen comes from the atmosphere, we denote them 

lithium-air batteries. In order to avoid the negative effect of humidity and CO2, most of 

the fundamental works was carried out in pure oxygen. 

 

Figure 1-14 Schematic illustration of a lithium-air battery.1 

 

Usually, the theoretical energy density of lithium-oxygen batteries is calculated to 

11,586 Wh kg-1 based on the mass of lithium only. All the metal oxygen batteries gain 
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mass (O2) during the discharge process, so the mass of oxygen should be included. The 

theoretical energy density of lithium-oxygen batteries with a non-aqueous electrolyte is 

3,505 Wh kg-1, based on the sum of the volume of Li at the beginning and Li2O2 at the 

end of discharge.6 For practical applications, there are always several factors that 

conspire to lower the energy density. The porous cathode continues to absorb oxygen 

from the outside atmosphere during the discharge process, adding mass and volume to 

the cell. More lithium metal is required to compensate for the inefficiency of lithium 

metal during cycling. Furthermore, the gas diffusion channel, current collectors and 

packaging will also reduce the energy density. However, if we can control the reduction 

in energy density by a factor of 4-7, the estimated practical specific energy is in the 

range of ~500-900 Wh kg-1, which would be sufficient to deliver a driving range of 

more than 550 km.6  

 

Although lithium-oxygen batteries have already shown great potential for offering 

energy density much higher than those of current lithium-ion batteries, many 

fundamental questions need to be addressed to realize the practical application of 

lithium-oxygen batteries. Recent developments in research into lithium-oxygen batteries 

will be reviewed in the following section. 

 

1.2.1 Architectures of Lithium-Oxygen Batteries 

To date, four different chemical architectures of lithium-oxygen batteries, based on the 

types of electrolyte, have been developed worldwide, as shown in Figure 1-15. These 
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include a fully aprotic liquid (nonaqueous organic) electrolyte, an aqueous electrolyte, a 

solid state electrolyte and an aqueous/nonaqueous hybrid electrolyte. Each configuration 

has specific advantages and also faces scientific and engineering challenges, so that the 

ultimate choice for the best configuration is still an open question. 

 

The aprotic version was first reported by Abrahan and Jiang in 1996.192 The lithium 

anode is in contact with the electrolyte and forms a stable solid electrolyte interface 

(SEI). It is thought that, during the discharge process, insoluble Li2O2 (and perhaps Li2O) 

is thought to form at the porous oxygen-breathing cathode via the oxygen reduction 

reaction (ORR). During the charge process, Li2O2 decomposes to release oxygen by 

undergoing the oxygen evolution reaction (OER).197,198 Reactions for all solid 

lithium-oxygen batteries are presumed to be the same as those for the aprotic version. 

The presumed electrochemical reactions can be described as follows: 

2Li + O2 ↔ Li2O2      E0=2.96 V vs. Li/Li+               (Eq. 1-14) 

4Li +O2 2Li2O      E0=2.91 V vs. Li/Li+              (Eq. 1-15) 

The fully aqueous and hybrid electrolyte version was developed by Polyplus, Wang and 

Zhou.193,199 In an aqueous electrolyte, the chemistry reactions have been identical and 

depend on the pH values of the electrolyte, as shown below: 

4Li + O2 + 2H2O ↔ 4LiOH    E0=3.45 V vs Li/Li+  (Alkaline media)  (Eq. 1-16) 

4Li + O2 + 4H- ↔ 4Li+ + 2H2O   E0=3.45 V vs Li/Li+  (Alkaline media)  (Eq. 1-17) 
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Figure 1-15. Four different architectures of lithium-oxygen/air batteries based on the 
types of electrolytes, which all assume the use of lithium metal as the anode.7 

 

The great advantage of the aqueous or hybrid electrolyte configuration is that the 

discharge reaction product is soluble in the electrolyte, eliminating clogging of the 

cathode, volume expansion, and electrical conductivity issues. A big challenge for 

aqueous and hybrid electrolyte systems is the development of stable lithium-ion 

conducting membranes, which protect the lithium anode from reacting vigorously with 

water.200 

 

Of the four configurations, the aprotic version has shown the most promise in terms of 

electrical rechargeability and this configuration has attracted the most effort worldwide 

to date. In this PhD work, we focus only on the lithium-oxygen batteries with a 
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nonaqueous (aprotic liquid) electrolyte. The actual electrode reactions and recent 

developments in research into rechargeable lithium-oxygen batteries with a nonaqueous 

electrolyte will be presented in the next three sections. 

 

1.2.2 Electrochemical Reaction in a Nonaqueous Li+ Electrolyte 

The electrochemical reaction in rechargeable lithium-oxygen batteries with a 

nonaqueous electrolyte was first proposed by Bruce’s group.197 They used an in situ 

mass spectrometry measurement to demonstrate two essential prerequisites for the 

successful operation of a rechargeable lithium-oxygen battery. During the discharge 

process, the discharge product Li2O2 should be formed first on discharging in the porous 

oxygen breathing electrode with or without a catalyst. During the charging process, the 

Li2O2 must be decomposed to Li and O2, with or without a catalyst. Later, Bruce’s group 

used an in situ spectroscopic method to study the oxygen reduction reaction and oxygen 

evolution reaction in a non-aqueous solvent (acetonitrile solution), in the presence and 

absence of Li+ ions.201 Direct evidence has been provided that LiO2 is an intermediate 

on oxygen reduction, and that it then disproportionates to Li2O2, during the discharge 

process. During the charging process, in situ spectroscopic studies reveal that Li2O2 

decomposes to release oxygen and does not pass through LiO2 as an intermediate. The 

electrochemical reactions are shown below: 

 

Oxygen reduction reaction (ORR):  

 O2 + e-  O2
-                                         (Eq. 1-18) 
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 O2
- + Li+ LiO2                                      (Eq. 1-19) 

2LiO2  Li2O2 + O2                                   (Eq. 1-20) 

Oxygen evolution reaction (OER): 

 Li2O2  O2 + 2Li+ + 2e-                                (Eq. 1-21) 

However, the real reaction in practical lithium oxygen batteries differs from this. Most 

lithium-oxygen batteries use organic carbonate-based electrolytes, e.g. LiPF6 in 

propylene carbonate, like those widely used in current lithium-ion batteries. However, 

such electrolytes are not stable in lithium-oxygen batteries and will decompose during 

the discharge process. The real redox electrochemical reactions in lithium-oxygen 

batteries have attracted enormous attention worldwide.202-205 Bruce’s group used Fourier 

transform infrared spectroscopy (FTTR) and nuclear magnetic resonance (NMR) to 

analyze the discharge products in the air electrode after discharge and could not detect 

any of the desired Li2O2 in the discharge products. The actual discharge products 

observed were C3H6(OCO2Li)2, Li2CO3, HCO2Li, CH3CO2Li, CO2, and H2O at the 

cathode, due to electrolyte decomposition. The charging process of lithium-oxygen 

batteries involves the oxidation of C3H6(OCO2Li)2, Li2CO3, HCO2Li, CH3CO2Li 

accompanied by CO2 and H2O evolution.206 The proposed mechanisms for the charge 

and discharge reactions in lithium-oxygen batteries are shown in Figure 1-16. The 

different pathways for discharge and charge are consistent with the widely observed 

large charge/discharge voltage gap in lithium-oxygen batteries. The battery cycling 

involves repeated decomposition of the electrolyte in the discharge process and the 

oxidation of the decomposition products in the charge process. The capacity fading of 
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lithium-oxygen batteries is associated with the starvation of the electrolyte and the 

accumulation of the discharge products, such as Li2CO3, CH3CO2Li, HCO2Li, in the 

cathode. 

 

Later, the electrochemical reactions in ether based electrolytes in lithium-oxygen 

batteries were also investigated by Bruce’s group.207 They combined electrochemical 

measurements with powder X-ray diffraction (XRD), FTIR and NMR spectroscopy and 

demonstrated that ether based electrolytes are more stable than carbonate electrolyte and 

Li2O2 was detected in the discharge products. However, the ether based electrolytes still 

exhibited electrolyte decomposition for both the linear-chain and cyclic ethers. In our 

experiments, we found that oxygen can more easily diffuse through the ether based 

electrolyte than that in carbonate electrolyte and react with lithium metal, which will 

reduce the cycling stability. In this PhD work, LiClO4 is used in propylene carbonate as 

the electrolyte for lithium-oxygen batteries. The relevant electrochemical reactions will 

be discussed in Chapter 7 and Chapter 8. 

 

1.2.3 Porous Carbon Based Cathode  

The oxygen-breathing cathode of lithium-oxygen batteries is usually composed of 

carbon, a catalyst and a polymer binder. As mentioned above, the electrochemical 

reactions in nonaqueous electrolyte systems are different from the aqueous electrolyte 

systems. The discharge products, such as Li2O2, Li2O3, etc. are insoluble in the  
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Figure 1-16 Schematic illustration of reactions. (1)~(7) Proposed reaction on discharge 
to explain formation of C3H6(OCO2Li)2, Li2CO3, HCO2Li, CH3CO2Li, CO2, and H2O. 

(8)~(23) Proposed mechanisms of charging C3H6(OCO2Li)2, Li2CO3, HCO2Li and 
CH3CO2Li.206 

 

electrolyte. The pores of air cathodes in lithium-oxygen batteries become increasingly 

blocked by the discharge products during the discharge process. Impedance analysis 

revealing increased cell resistance and SEM observation of the discharged electrode 

support this finding.198,208-210 Therefore, the real capacity of a lithium-oxygen battery 

cannot be calculated from the electrochemical reactions in Eq. 1-14 and 1-15. Instead, 

the real capacity of a lithium-oxygen battery is determined by the air cathodes, 

especially with respect to the pore volume available for the deposition of discharge 

products. The choice of carbon source is critical to the air cathode’s ability to facilitate 
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the Li/O2 reaction and provide enough pores to hold a maximum amount of discharge 

products. A variety of carbon materials with different surface areas, such as Super-p 

carbon black, acetylene black, Ketjenblack, mesocellular carbon foam, carbon 

nanotubes graphite, graphene, etc. have been investigated by several groups.211-214 The 

results have demonstrated that having a carbon source with a high surface area does not 

mean the electrode will have a high discharge capacity. The most important factor to 

achieve high electrochemical performance is the pore volume rather than the surface 

area. If the pore size is too small (e.g. micropores), the pore entrance will be easily 

blocked by insoluble discharge products at the beginning of the discharge process. 

Consequently, the inner surface of those pores will not be accessed by oxygen and 

electrolyte, making them unavailable for the electrochemical reaction and unable to 

contribute to the discharge capacity.215 

 

To optimize the air cathode, the porous electrode should contained micrometer-sized 

open pores for rapid oxygen diffusion and substantial mesopores (2-50 nm) to hold the 

maximum amount of discharge products. Recently Xiao et al. reported a novel air 

electrode that can deliver an exceptionally high discharge capacity of 15000 mAh g-1 in 

lithium-oxygen batteries.216 It consisted of an unusual hierarchical arrangement of 

functionalized graphene sheets without any other catalyst (as shown in Figure 1-17). 

This excellent performance is attributed to the unique porous structure of the air cathode: 

microporous channels facilitate rapid O2 diffusion and the highly connected nanoscale 

pores provide large surface areas for oxygen reduction reactions. Furthermore, Xiao et 
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al. discovered that defects and functional groups on graphene nanosheets favor the 

formation of isolated nanosized Li2O2 particles and help prevent electrode passivation. 

However, in this study, only the discharge performance of the graphene electrode were 

studied. The charge-discharge performance and cycling stability of graphene electrodes 

in lithium-oxygen batteries is discussed in Chapter 7. 

 

Figure 1-17 (a, b) SEM images of as-prepared functionalized graphene sheets (FGS) 
(C/O = 14) air electrodes at different magnifications. (c, d) Discharge curves of 

lithium-oxygen batteries using FGS as the air electrodes (PO2 = 2 atm).216 

 

Another strategy to increase the electrochemical performance of lithium oxygen 

batteries is to tail the electrode structure to form a novel three-dimensional electrode. 

Mitchell et al. reported that an all-carbon-nanofiber electrode can yield high gravimetric 

energies up to 2500 Wh kgdischarge
-1, which is 4 times greater than the current lithium ion 

batteries (e.g. LiCoO2 600 Wh kgelectrode
-1).217 The three-dimensional electrode was 
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synthesized by growing the hollow carbon nanofibers directly on a ceramic porous 

substrate. The electrode morphologies at different depth of discharge are shown in 

Figure 1-18. The discharge product, Li2O2 particles, grew on the sidewalls of the 

aligned carbon fibers with a toroidal structure. The high electrochemical performance 

achieved in Mitchell’s study can be attributed to low carbon packing in the grown 

carbon-fiber electrodes and highly efficient utilization of the available voids for the 

accommodation of the discharge products. 

 

Figure 1-18 Evolution of Li2Ox discharge product morphology at different depth of 
discharge.217 

 

1.2.4 Catalysts for Lithium-Oxygen Batteries 

Although it has been demonstrated that lithium-oxygen batteries with nonaqueous 

electrolytes can be cycled over 100 cycles,218 the large charge-discharge voltage gap 

significantly reduces the electrical efficiency for one discharge-charge cycle. Recently, 

several reports demonstrated that electrocatalysts are able to reduce the 
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charge-discharge over-potentials and increase the round-trip efficiency. 

 

Debart et al. explored the use of several catalysts for lithium-oxygen batteries with 

nonaqueous electrolyte. These catalysts have already been widely investigated as 

electrocatalysts for O2 electrochemistry in aqueous media and they included Pt, 

La0.8Sr0.2MnO3, Fe2O3, Fe3O4, NiO, CuO, CoFe2O4.219 The preliminary study 

demonstrated that Pt, La0.8Sr0.2MnO3, Fe2O3 and NiO do not perform well as catalysts 

for lithium-oxygen batteries with nonaqueous electrolytes. However, Fe3O4, CuO and 

CoFe2O4 gave much improved capacity retention. Co3O4 gave the best performance, 

exhibiting reduced charge potential, the highest discharge capacity and the best cycling 

performance. Later, Debart et al. examined different forms of manganese oxides for 

their use as the catalysts in lithium-oxygen batteries. These included EMD, commercial 

Mn3O4, bulk Mn2O3, bulk α, β, λ, γ-MnO2, α-MnO2 nanowires and β-MnO2 

nanowires.191 The air cathode with α-MnO2 as the catalyst showed the highest capacity 

(about 3000 mAh gcarbon
-1) and the best capacity retention compared with air cathodes 

using other MnO2 polymorphs. Debart et al. concluded that the enhanced performance 

of the α-MnO2 nanowires was due to the crystal structure and the nanowire structure 

with its high surface area. They also discovered that the capacity retention could be 

improved by avoiding a high level depth of discharge. 

 

Lu et al. studied Pt, Au, and Pt-Au alloy nanoparticles loaded onto Vulcan carbon 

(XC-72) as electrocatalysts for rechargeable lithium-oxygen batteries.220-224 They found 
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that Au showed very high activity for the oxygen reduction reaction (ORR) and Pt/C 

exhibited remarkable activity for the oxygen evolution reaction (OER). Pt-Au/C can act 

as a bifunctional catalyst for lithium-oxygen batteries. This novel catalyst was shown to 

a higher discharge voltage and a much lower charge voltage than that of pure carbon, as 

showed in Figure 1-19. Very recently, Lu et al. reported the intrinsic ORR activity of 

polycrystalline palladium, platinum, ruthenium, gold, and glassy carbon surfaces in a 

nonaqueous electrolyte.225 They found that the ORR activities on the surface of these 

polycrystallines correlate to the oxygen adsorption energy and the order of ORR activity 

is Pd > Pt > Ru  Au > GC on bulk surfaces. 

 

Thapa et al pointed out that the carbon materials in the air cathode are not stable and 

could be oxidized to CO2. 226 To study the activity of various metals or metal oxides as 

catalysts for lithium-oxygen batteries, they used a carbon free air cathode in their 

electrochemical measurements and found that a Pd/MnO2 composite showed the highest 

activity for the ORR and OER. Although the Pd/MnO2 air electrode without a carbon 

binder exhibited low discharge capacity, the round trip efficiency of the electrode 

increased from 60 to 89 %. Later, Thapa et al. reported air electrodes using mesoporous 

α-MnO2/Pd or mesoporous β-MnO2/Pd with a high surface area can significantly 

increase the discharge capacities compare with the air electrode using Pd/MnO2.227,228 

 



- 58 - 

 

Figure 1-19 (a) Lithium-oxygen cell discharge-charge profiles of carbon and Pt-Au/C in 
the third cycle at 0.04 mA cm2

electrode. (b) First discharge-charge profiles of carbon at 85 
mA g-1

carbon and of Au/C, Pt/C, and PtAu/C at 100 mA g-1
carbon.221 

 

Recently, a novel free-standing Co3O4@Ni electrode has been reported by Cui et al..229 

The electrode was synthesized by simple chemical deposition of a Co3O4 catalyst on a 

Ni foam current collector without any additional carbon or binder. The free-standing air 

cathode exhibited much higher specific capacity and improved cycle efficiency than the 

conventional carbon-supported Co3O4/carbon/binder electrode. It showed a discharge 

voltage of around 2.95 V and a charge voltage of around 3.44 V with the highest round 

trip efficiency (about 85.7 %) reported to date. 

 

Lithium-oxygen (air) batteries have shown great potential for offering much higher 

energy density than that of current lithium-ion batteries. Rechargeable lithium-oxygen 

batteries with a nonaqueous electrolyte have attracted the most attention because of their 

high energy density and rechargeability. However, lots of fundamental research is 

needed to address the current challenges before the realization of practical 
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lithium-oxygen batteries. Promising ways of improving the electrochemical 

performance of lithium-oxygen batteries include optimization of the pore structures of 

the air cathode and combination with a nanostructure catalyst.  

 

1.3 Summary 

To further increase the energy density and power density of current lithium-ion batteries, 

the biggest barriers are the development of electrode material with high capacity and 

high rate performance. From the above literature review, nanotechnology can greatly 

enhance the electrochemical performance of the current developed electrode materials. 

LiFePO4 was chosen and studies as the cathode material for lithium-ion batteries in this 

doctoral work. Nanostructure LiFePO4 nanoplates/graphene composite and porous 

LiFePO4/C microspheres were investigated in Chapter 3 and Chapter 4, respectively. 

Furthermore, two nanostructured transition metal oxides, mesoporous α-Fe2O3 and 

MnO/C core-shell nanorods, were studied in Chapter 5 and Chapter 6, respectively. For 

the future commercialization of lithium-oxygen batteries, we must improve the cycling 

life and the charge-discharge efficiency of lithium-oxygen batteries to catch up with the 

current lithium-ion batteries. The electrochemical performances of lithium-oxygen 

batteries are mainly depended on the cathode performance. In this doctoral work, 

graphene and mesoporous CoO/CMK-3 nanocomposite were investigated as high 

performance cathode catalyst for lithium-oxygen batteries in Chapter 7 and Chapter 8, 

respectively. 
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CHAPTER 2 EXPERIMENTAL METHODS 

 

2.1 Overview 

The overall experimental procedures for designing nanostructure materials are shown in 

Figure 2-1. This research work mainly consists of three steps: (1) the preparation of 

nanostructure materials; (2) the characterization of as-prepared materials; (3) testing of 

the electrochemical performances of the as-prepared nanostructure materials for 

lithium-ion batteries or lithium-oxygen batteries    after galvanostatic charge-discharge 

cycling, the electrodes for the lithium-ion batteries or lithium-oxygen batteries were 

analyzed by XRD, FT-IR and SEM. 

 

 

Figure 2-1 Framework of the overall procedures of the experiments. 
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2.2 Materials Preparation 

In this thesis, several methods were used to synthesize nanostructure materials for 

lithium-ion batteries and lithium-oxygen batteries. These methods include: (1) 

hydrothermal method; (2) chemical solution reaction; (3) hard template method and (4) 

soft template method. 

 

2.2.1 Hydrothermal Method 

Hydrothermal synthesis can be defined as a method of synthesis of single crystals that 

depends on the solubility of minerals in hot water under high pressure. The 

experimental reaction must be take place in an autoclave. The hydrothermal autoclave 

used in this doctoral work is made of stainless steel and the inside contains a 

polytetrafluoroethylene (PTFE) liner with 30 ml capacity as shown in Figure 2-2. The 

reaction temperature can reach up to 220 °C.  

 

This technique is particularly suitable for the growth of large good-quality crystals 

while maintaining good control over their composition. It is a current, widely used, 

method for the synthesis of nanostructure materials. Several synthesis conditions can 

affect the composition, morphology and crystal structure of the products. These include 

the concentration of the precursors, the volume of the solvent, temperature, the use of a 

surfactant and the use of a solvent other than water. In this doctoral work, a 

hydrothermal method was used to synthesize LiFePO4 nanoplates (Chapter 3), porous 

LiFePO4 microspheres (Chapter 4), MnO2 nanowires (Chapter 6) and SBA-15 silica 
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template (Chapter 8). 

 

 

Figure 2-2 Photograph of an autoclave used in this doctoral work. 

 

2.2.2 Chemical Redox Reaction 

A chemical redox reaction was used to synthesize of graphene nanosheets. A typical 

synthesis method is described as follows. Graphene oxide was derived from the 

modified Hummers method.148 Graphite powder (1 g) and sodium nitrate (0.5 g) were 

poured into 70 ml concentrated H2SO4 (under an ice bath). Then 3 g KMnO4 was 

gradually added. The mixture was stirred for 2 h and then diluted with de-ionised (DI) 

water. After that, 5% H2O2 was added into the solution until the colour of the mixture 

changed to brilliant yellow. The as-obtained graphite oxide was re-dispersed in DI water 
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and then exfoliated by ultrasonication using a Brandson Digital Sonifer (S450D, 40 % 

amplitude) to generate a suspension of graphene oxide nanosheets. The graphene oxide 

suspension obtained was reduced by hydrazine hydrate at 90 °C for 2-3h to yield a 

graphene sheets suspension. 

 

2.2.3 Soft Template Method 

The template method has been widely used to synthesize nanostructure materials.179 

Various lithium storage materials can be obtained through the template method, as we 

described in Chapter 1. For example, one-dimensional nanowires/nanotubes, 

two-dimensional films/nanoplates, and three dimensional porous structures have been 

obtained by using different types of templates and have been shown to significantly 

enhance electrochemical performance compared with their bulk forms. The overall 

synthesis process generally included three steps: (1) combine precursors with templates 

by impregnation or incorporation; (2) form solid species through reaction, nucleation 

and growth; and (3) removal the template by thermal treatment or chemical dissolution 

to get the final products.  

 

Template methods are usually classified into hard template methods and soft template 

methods. A soft template method usually uses organic surfactants, polymers, and even 

biological viruses as the soft templates, these being relatively flexible in shape. Under 

certain conditions, these materials are assembled into aggregating entities such as 

micelle-vesicle aggregates or liquid crystal phases, which restrict and direct the growth 
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of guest structures. Spherelike, wirelike or porous materials can be obtained after the 

removal of the template. The soft template synthesis strategies are illustrated in Figure 

2-3. In this doctoral work, mesoporous α-Fe2O3 (Chapter 5) and silica template SBA-15 

(Chapter 8) were synthesized through a soft template method. 

 

 

Figure 2-3 Two synthetic strategies of mesoporous materials through soft template 
method: (A) cooperative self-assembly; (B) “true” liquid-crystal templating process.230 

 

2.2.4 Hard Template Method 

A hard template method usually uses a template with a well-confined void in the form 

of channels, pores, or connected hollow spaces (e.g. anodic aluminum oxide (AAO) 

membranes or mesoporous silica). The connectivity of the pores or channels can 

strongly influence the structures of the final products. Many inorganic materials can 

grow inside the pores of the templates and negatively replicate the porous networks. 
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In this doctoral work, the mesoporous carbon CMK-3 was synthesized by a hard 

template method through a nanocasting pathway. Two-dimensional hexagonal 

mesoporous silica SBA-15 was used as the hard template. First, the precursor (e.g. 

sucrose) was infiltrated into the mesoporous template. Then, the sucrose was converted 

to carbon by thermal treatment in an inert atmosphere. The final mesoporous carbon 

was obtained after the removal of the silica template by etching with HF or NaOH. The 

schematic illustration of the synthesis process of mesoporous carbon CMK-3 is shown 

in Figure 2-4. More synthesis details are described in Chapter 8. 

 

Figure 2-4 Schematic illustration of the synthesis processes of mesoporous carbon 
CMK-3.231 

 

2.3 Structural and Physical Characterization Method 

2.3.1 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is a non-destructive and versatile technique that reveals 

detailed information about the chemical composition and crystallographic structure of a 

wide range of materials. The sample can be reused for other tests after XRD 

measurement. Each crystal has a unique, characteristic X-ray diffraction pattern based 

on Bragg’s law (Eq. 2-1) and this can be used to identify the crystal structure of 
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materials. A schematic drawing of the theory of Bragg’s law is shown in Figure 2-5. 

n λ =2d sinθ                                        (Eq. 2-1) 

where n is any integer, λ is the wavelength of the incident X-ray beam, d is the distance 

between atomic layers in a crystal and θ is the incident angle. 

 

The crystal size d of polycrystalline particles can be obtained from the broadening of the 

peaks according to the Scherrer equation: 

             d = kλ / βcosθ                                       (Eq. 2-2) 

where k is the shape factor of the average crystallite (normally assigned a value of 0.89), 

λ is the wavelength of the incident X-ray beam, β is the half-peak width and θ is the 

incident angle. 

 

Figure 2-5 Schematic drawing of theory of Bragg’s law.173 

 

The XRD instruments used in this doctoral work were GBC MMA and Siemens D5000, 

with a monochromatized Cu Kα radiation (λ=0.15406 nm) at a scan rate of 1° min-1 and 
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step size of 0.02 °. 

 

2.3.2 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique used to study vibrational, rotational, 

and other low-frequency modes in a system.232 It relies on inelastic scattering, or Raman 

scattering, of monochromatic light, such as a laser. The laser light interacts with 

molecular vibrations, phonons or other excitations in the system, resulting in the energy 

of the laser photons being shifted up or down. The shift in energy gives information 

about the vibrational modes in the system. Figure 2-6 illustrated the concepts of a 

simplified energy diagram. In this doctoral work, the structure information of the 

as-prepared materials was obtained by using a JOBIN Yvon Horiba Confocal Mico 

Raman spectrometer (HR 800) with 632.8 nm diode laser excitation on a 300 lines/mm 

grating at room temperature. 

 

Figure 2-6 Energy diagram illustrating the concept of Raman spectroscopy.233 
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2.3.3 Fourier Transform Infrared (FT-IR) Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a technique used to obtain an infrared 

spectrum of absorption of a solid, liquid or gas. An FTIR spectrometer simultaneously 

collects spectral data in a wide spectral range. This confers a significant advantage over 

a dispersive spectrometer that measures intensity over a narrow range of wavelengths at 

a time. FT-IR spectra produced with Nicolet Magna 6700 FT-IR spectrometer was used 

to analyze the discharge products in the air cathode of lithium-oxygen batteries. 

 

2.3.4 Brunauer Emmett Teller (BET) 

BET method, first proposed by Stephen Brunauer, Paul Hugh Emmett and Edward 

Teller, is an important technique for the measurement of the specific surface area of a 

variety of solid materials, which was.234 The initial concept of the theory was based on 

the Langmuir theory for monolayer molecular adsorption and later it was extended to 

multilayer adsorption. The BET equation is expressed as follows: 

  

                                                             (Eq. 2-3) 

 

Where P and P0 are the equilibrium and the saturation pressure of adsorbates at the 

temperature of adsorption, υ is the adsorbed gas quantity, and υm is the monolayer 

adsorbed gas quantity and c is the BET constant, which is expressed as follow: 

 

                                                               (Eq. 2-4) 
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Where E1 is the heat of adsorption for the first layer and EL is the heat adsorption for the 

second and higher layers. 

 

A total BET surface area Stotal and a specific BET surface area S can be calculated by 

the following equations: 

 

                                                                       (Eq. 2-5) 

                                                                       (Eq. 2-6) 

 

Where N is Avogadro’s number, s is adsorption cross section of the adsorbing species, V 

is molar volume of adsorbate gas and a is the mass of adsorbent. 

 

In this work, nitrogen adsorption/desorption was applied by using a Quadrasorb SI 

analyzer at 77 K in liquid nitrogen. The BET surface area was calculated using the 

experimental points at a relative pressure of P/P0 = 0.05-0.25. The pore size distribution 

was derived from the adsorption or desorption branch using the Barrett-Joyner-Halenda 

(BJH) method. The total pore volume was calculated by the nitrogen amount adsorbed 

at a relative pressure of (P/P0) 0.99. 

 

2.3.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a type of testing 
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performed on samples that determines changes in weight in relation to a temperature 

program in a controlled atmosphere. Such analysis relies on a high degree of precision 

in three measurements: weight, temperature, and temperature change. In this work, the 

TGA was used to determine the carbon content of in the carbon composite materials. 

The TGA instrument used here was Simultaneous TG-DTA (SDT 2960) with a platinum 

plate as the sample holder. The temperature can increase up to 1000 °C in air or N2 

atmosphere with a speed of 5-10 C min-1. 

 

2.3.6 Ultraviolet-Visible Spectroscopy 

Ultraviolet–visible (UV-vis) spectroscopy refers to absorption spectroscopy or 

reflectance spectroscopy in the ultraviolet-visible spectral region. In this work, the band 

gap energy of the as-prepared mesoporous α-Fe2O3 was calculated via ultraviolet-visible 

(UV-vis) spectroscopy on a Shimadzu UV-1700 spectrophotometer. 

 

2.3.7 Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is a type of electron microscope that images a 

sample by scanning it with a high-energy beam of electrons in a raster scan pattern. The 

electrons interact with the atoms that make up the sample producing signals that contain 

information about the sample's surface topography, composition, and other properties 

such as electrical conductivity. The morphology of as-prepared materials and electrodes 

before and after cycling were observed by field emission SEM (Zeiss Supra 55VP) in 

this work. An accelerating voltage of 5–20 kV was used with 10–30 mm aperture and 
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images were obtained using an in-lens secondary detector. A thin layer of carbon was 

deposited on the surface of the materials if the conductivity of the materials was low. 

 

2.3.8 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopy technique that can be used to 

observe morphology, crystal structure and electronic structure of a wide range of 

materials. Transmission electron microscopies can produce good images at a 

significantly higher resolution than light microscopes, owing to the small de Broglie 

wavelength of electrons. A beam of electrons is transmitted through an ultra-thin 

specimen, interacting with the specimen as it passes through. An image can be formed 

from the interaction of the electrons transmitted through the specimen; the image is 

magnified and focused onto an imaging device, (e.g. a fluorescent screen, layer of 

photographic film), or detected by a sensor such as a CCD camera. Selected area 

electron diffraction (SAED) is a crystallographic experimental technique that can be 

performed inside a TEM. Chemical analysis of CoO/CMK-3 nanocomposite was 

performed using an energy dispersive X-ray spectroscopy (EDX) system interfaced to 

the TEM. The TEM model used in this work was JEOL 2011 with a normal operation 

accelerating voltage of 2000 kV. Samples were prepared by loading the as-prepared 

materials onto a holey carbon support film on a copper grid. 
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2.4  Electrode Preparation and Cell Assembly 

2.4.1 Lithium-Ion Batteries 

The electrodes for lithium-ion batteries tests were fabricated by mixing the as-prepared 

materials with 10-40 wt% carbon black and 10 wt% polyvinylidene fluoride (PVDF) in 

N-methyl-2-pyrrolidone (NMP). The slurry was uniformly pasted onto Al foil (for 

cathode) or Cu foil (for anode) by a doctor blade and dried in an oven at 80-100 °C 

overnight under vacuum. Electrodes prepared in this way were then pressed under 

200 kg cm-2 and kept in an argon filled glove box. For testing the electrochemical 

properties of the as-prepared electrodes, coin-type cells (CR2032) were used. The cells 

contained the as-prepared electrode as the working electrode, lithium foil as the counter 

and reference electrode, a porous polypropylene (Celgard 2300) as the separator, and 

1M LiPF6 in a mixed aprotic liquid as the electrolyte. A schematic diagram of the 

configuration of the coin-type cell is shown in Figure 2-7. Two kinds of electrolyte 

solutions purchased from Zhangjiagang Guotai-Huarong New Chemical Materials Co., 

Ltd were used in this study. LB301 is 1M LiPF6 in a 1:1 mixture of ethylene carbonate 

(EC) and dimethyl carbonate (DMC). LB303 is 1M LiPF6 in a 1:1:1 mixture of 

ethylene carbonate (EC), diethyl carbonate carbonate (DEC) and dimethyl carbonate 

(DMC). The cells were assembled in an argon filled glove box (Unilab, Mbraun, 

Germany) with O2 and H2O levels less than 0.1 ppm.  
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Figure 2-7 Schematic diagram of the coin type cell configuration. 

 

2.4.2 Lithium-Oxygen Batteries 

The air cathode for lithium-oxygen batteries was fabricated as follows: the catalyst 

mash was prepared by mixing the as-prepared materials (90 wt%) with 

poly(tetrafluoroethylene) (PTFE) (10 wt%) in isopropanol with continuous stirring. The 

mixture was then pressed onto the stainless steel mesh to form the air cathode. The 

cathode film was punched into discs with a diameter of 14 mm and dried at 80°C in a 

vacuum oven for 12 h and then kept in the glove box. The typical loading of the air 

electrode is about 2 mg cm-2. A Swagelog type cell with an air hole (0.785 cm2) on the 

cathode side was used to investigate the electrochemical performance. A schematic 

diagram of the configuration of the lithium-oxygen battery is shown in Figure 2-8. The 

cell was assembled in an Ar filled glove box (UniLab, Mbraun, Germany) with water 
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and oxygen level less than 0.1 ppm. The as-prepared air cathode was used as the 

working electrode and a lithium foil was used as the counter and reference electrode. 

The electrodes were separated by a glass microfiber filter (No. 1825-257, Whatman). 

The electrolyte was 1 M LiClO4 (>99.99%, Aldrich) in propylene carbonate (PC, 

Sigma-aldrich). The cell was gas-tight except for the stainless steel mesh window that 

exposed the porous cathode film to the oxygen atmosphere. All experiments were tested 

in 1 atm dry oxygen atmosphere to avoid any negative effects of humidity and CO2. 

 

 
Figure 2-8 A schematic diagram of lithium-oxygen battery. 

 

2.5  Electrochemical Characterization 

The electrochemical measurements for evaluating the electrochemical performance of 

lithium-ion batteries and lithium-oxygen batteries included galvanostatic 

charge-discharge testing cyclic voltammetry and electrochemical impedance 

spectroscopy. 
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2.5.1 Galvanostatic Charge and Discharge 

Generally, the capacity of the electrode material was calculated by galvanostatic charge 

and discharge testing. The measurement was conducted under a constant current density. 

The charge/discharge capacities (Q) can be calculated using the following formula: 

 Q = I × t                                   (Eq. 2-7) 

where I is current density and t is the charge/discharge time. The galvanostatic testing 

voltage cut-offs for lithium-ion batteries were 2.0-4.3 V for cathode materials and 

0.01-3.0 V for anode materials. The galvanostatic testing voltage cut-offs for 

lithium-oxygen batteries were 2.0-4.6 V. In lithium-ion battery testing, the C-rate 

performance was used to evaluate the capacity of the electrode at different 

charge/discharge current densities. Charge/discharge the cell at C/n rate means 

completely charge/discharge the cell within n hour. In this doctoral work, the 

galvanostatic charge-discharge measurements were collected on a computer-controlled 

Neware battery testing system and a Land Battery testing system. 

 

2.5.2 Cyclic Voltammetry 

Cyclic voltammetry or CV is a type of potentiodynamic electrochemical measurement 

and has been widely used to characterize the electrochemical performance of 

lithium-ion batteries.235 In a cyclic voltammetry experiment the working electrode 

potential is ramped linearly versus time. This ramping is known as the experiment's scan 

rate (V/s). In three electrodes systems, the potential is applied between a reference 
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electrode and a working electrode and the current is measured between a working 

electrode and a counter electrode. In this doctoral work, the CV measurements were 

conducted in two electrode systems, where a lithium anode was acting as both counter 

and reference electrode. This collected data was plotted as current (i) vs. potential (E). 

The current peaks appear as the potential reaches the reduction or oxidation potential of 

the analyte. As a result, information about the redox potential and the electrochemical 

reaction rates of the electrode materials can be obtained. The CV measurements in this 

doctoral work were conducted via a CHI 660 C or CHI 660D electrochemical 

workstation (CH Instrument, Cordova, TN). 

 

2.5.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) has been widely used to examine a 

complex sequence of coupled electrochemical processes, such as electron transfer and 

mass transfer. A very small amplitude signal is applied to the testing system over a 

range of frequencies from 0.001 Hz to 100,000 Hz. By monitoring the current response, 

the variation of resistance with frequency can be examined. Charge-transfer resistance 

(Rct), which can qualitatively characterize the electrode reaction speed, can be 

calculated through EIS measurements. A typical impedance Nyquist curve of a 

lithium-ion battery system consists of a compressed semicircle in the 

medium-frequency region which is assigned to be the charge-transfer resistance Rct and 

an inclined line in the low frequency range which is assigned to be Warburg impedance, 

as shown in Figure 2-9.  
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Figure 2-9 Typical EIS Nyquist curve of lithium-ion battery. 

 

In this doctoral work, the EIS data were collected from a CHI 660 C or CHI 660D 

electrochemical workstation (CH Instrument, Cordova, TN). The amplitude of the AC 

signal applied to the cells was 5 mV and the frequency range was between 100 kHz and 

10 mHz at controlled temperature. 
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CHAPTER 3 LiFePO4 FACET NANOPLATES/GRAPHENE 

HYBRID MATERIALS FOR LITHIUM-ION BATTERIES 

 

3.1 Introduction 

Since its discovery in 1997, olivine LiFePO4 has emerged as a promising cathode 

material for lithium ion batteries, in particular for high power application.56,101,105,236 

However, LiFePO4 is insulating in nature with low electronic and ionic conductivity, 

inducing poor electrochemical performance. Tremendous efforts have been applied to 

overcome these obstacles including doping LiFePO4 with foreign atoms, minimizing the 

LiFePO4 particle size to the nanoscale and coating the particles with conductive 

materials, such as carbon, conductive polymers, metal or metal 

oxide.108,110,114,116,119-122,237,238 Decreasing the LiFePO4 particle size is now widely 

recognized as a way to improve the transport issues.49 LiFePO4 with different 

nanostructures such as nanoparticles, nanoplates, nanowires, and hierarchical porous 

spheres, has been synthesized to decrease the primary particle size of 

LiFePO4.114,127,131,239-242 

 

Recently, Islam’s group found that the lowest Li migration energy is along the [010] 

channel.125 This computational prediction was later confirmed by experimental 

investigation. The Li+ diffusion along the [010] direction in olivine type LiFePO4 

material has been clearly visualized by combining high-temperature powder neutron 
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diffraction and the maximum entropy method.126 Therefore, lithium ion conductivity of 

LiFePO4 can be improved by reducing the length of the [010] direction and increasing 

the (010) facet. LiFePO4 nanocrystals with a high percentage of (010) facets have been 

synthesized through a solvothermal method.127,128 

 

Furthermore, it is crucial to increase the electronic conductivity of LiFePO4 material. 

Graphene is an ideal carbon additive to increase the electronic conductivity of insulating 

materials due to its excellent electronic conductivity, large surface area and flexibility.147 

When used as an anode material, graphene based composites (such as graphene 

modified Fe2O3, Co3O4, Mn3O4, SnO2 and Sn nanoparticles) have shown significant 

improvement on cycling stability and high rate capability than that of the pristine 

materials in lithium-ion batteries.151,152,186,188,243,244 Modification of LiFePO4 

nanoparticles by graphene nanosheets as cathode materials has also achieved high 

electronic conductivity and high-rate performance.245,246 

 

In this chapter, LiFePO4 facet nanoplates/graphene hybrid materials were synthesized 

by a hydrothermal reaction combined with high temperature heat treatment. Application 

of LiFePO4 facet nanoplates/graphene hybrid materials as cathode materials for 

lithium-ion batteries was also investigated. 
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3.2  Synthesis of LiFePO4 Nanoplates/Graphene Hybrid Material 

The synthesis process of LiFePO4 nanoplates/graphene hybrid material is illustrated in 

Figure 3-1. LiFePO4 nanoplates were synthesized first by a hydrothermal method. In a 

typical synthesis process, 2 mmol iron (II) sulfate heptahydrate (FeSO4•7H2O, Sigma 

Aldrich) was dissolved in 10 ml pre-heated ethylene glycol at 50 °C. Two mmol 

phosphoric acid (H3PO4, Sigma Aldrich) and 200 mg PVP were dissolved in another 10 

ml pre-heated ethylene glycol at 50 °C. Meanwhile, 5.4 mmol lithium hydroxide (LiOH, 

Sigma Aldrich) was dissolved in 5 ml ethylene glycol at 50 °C. After complete 

dissolution, those solutions were mixed together by stirring. The mixture was then 

transferred to a 30 ml Teflon-lined stainless steel autoclave and kept at 180 °C for 10 h. 

After cooling naturally to room temperature, the precipitate was washed with water and 

ethanol several times, and dried at 60 °C, under vacuum, overnight. 

 

The synthesis of graphene oxide suspension was derived from the modified Hummers 

method as described in Chapter 2. Graphene oxide suspension (80 ml, 0.5 mg ml-1) was 

reduced by hydrazine hydrate to yield a graphene sheets suspension at 90 °C for 2h. 

Eighty mg as-prepared LiFePO4 nanoplates were dispersed in 40 ml distilled water by 

ultrasonification and quickly added to the freshly prepared graphene sheets suspension 

under vigorous stirring. The mixed suspension was filtrated by continuous stirring. The 

graphene sheets wrapped LiFePO4 nanoplate hybrid materials were obtained by 

sintering the precipitate at 650 °C for 2 h under Ar atmosphere. For comparison, 

LiFePO4 nanoplates without graphene were also calcinated under the same condition. 
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Figure 3-1 Illustration of the synthesis processes of LiFePO4 nanoplates/graphene 

hybrid material. 
 

3.3  Physical and Structural Characterization 

3.3.1 X-ray Diffraction and Raman Spectroscopy 

In this chapter, LiFePO4 nanoplates that were obtained after hydrothermal reaction are 

denoted as LFP-180; LiFePO4 nanoplates/graphene hybrid material that was obtained 

after calcination at 650 °C is denoted as LFP-GE650 and LiFePO4 nanoplates without 

graphene that was obtained after calcination at 650 °C is denoted as LFP-650. The 

crystalline phases of the as-prepared materials were determined by powder X-ray 

diffraction (Siemens D5000) using Cu-Kα radiation in the range of 10°-50° with a 

scanning rate of 1° min-1. Figure 3-2a shows XRD patterns of three as-prepared 

materials. All diffraction peaks can be indexed to an orthorhombic olivine phase, which 

matches well with the standard data (JCPDS card No: 81-1173). For LiFePO4 obtained 

from a hydrothermal reaction (LFP-180), the intensity of the (020) diffraction line is 

much higher than other diffraction peaks, indicating that LiFePO4 nanoplates have the 
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(020) face orientation (corresponding to the (010) facet). After sintered at 650 °C in Ar, 

the XRD pattern of LiFePO4 nanoplates/graphene hybrid material (LFP-GE650) shows 

pure olivine phase with the strongest (020) peak.  

 
Figure 3-2 (a) XRD patterns of the as-prepared materials. (b) Raman spectrum of the 

LiFePO4 nanoplates/graphene hybrid material. 
 

Therefore, the sintering process did not change the crystal orientation. In comparison, 
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LiFePO4 nanoplates without graphene were also sintered at 650 °C and the XRD pattern 

shows the strongest (311) diffraction peak, indicating a significant structure change 

without graphene. No obvious peaks corresponding to graphene are found in the XRD 

pattern of LFP-GE650 possibly due to its low content and homogeneous distribution 

among the LiFePO4 nanoplates. However, the Raman spectrum of LiFePO4 

nanoplates/graphene hybrid materials (Figure 3-2b) clearly shows two carbon peaks, the 

D line and G line, at 1333 cm-1 and 1598 cm-1, respectively. The D/G intensity ratio in 

the spectrum is significantly larger than that of well-crystallized graphite indicating the 

presence of exfoliated graphene layers.247 

 

3.3.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) was used to determine the carbon content in the 

hybrid materials; the weight loss was 13.52 wt % at 600 °C in air (Figure 3-3). Based on 

the oxidation products of Li3Fe2(PO4)3 and Fe2O3, the weight gain should have been 

5.07 wt % for pure LiFePO4.248 Therefore, the carbon content was about 18.59 wt % in 

LiFePO4 nanoplates/graphene hybrid material. The weight changes of the LiFePO4 

nanoplates before and after calcination was -1.36 wt% and +3.65 wt%, respectively. 

The reduced weight loss indicates the PVP surfactant had decomposed into carbon 

during the calcination process. During the hydrothermal reaction, the highly viscous 

ethylene glycol with low ion diffusion rate can slow down the particle growth and 

prevent the oxidation of Fe2+ to Fe3+. The PVP surfactant acted as the morphology 

directing agent for the formation of nanoplates. 
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Figure 3-3 Thermogravimetric analysis (TGA) curves of the as-prepared materials. 

 

3.3.3 Scanning Electron Microscopy (SEM) 

The morphologies of as-prepared materials were observed by field-emission scanning 

electron microscopy (FESEM, Zeiss Supra 55VP) (Figure 3-4). The LiFePO4 

nanoplates obtained after a hydrothermal reaction showed an oval plate shape with the 

length of ~200 nm. Figure 3-4b shows the flexible graphene sheets surrounding 

LiFePO4 nanoplates. After sintering, the nanoplate shape was preserved. A high 

magnification FESEM image (Figure 3-4c) clearly shows that a single LiFePO4 

nanoplate was wrapped by graphene nanosheets. The morphology of LiFePO4 

nanoplates without graphene was also investigated by FESEM. In Figure 3-4d, the 

nanoplates agglomerate to big particles and lose plate shape. The addition of graphene 

nanosheets can effectively inhibit agglomeration during the sintering process. 
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Figure 3-4 FESEM images of (a) LFP-180, (b) and (c) LFP-GE650 and (d) LFP-650 at 
different magnification. 

 

3.3.4 Transmission Electron Microscopy (TEM) 

More structure details were observed by transmission electron microscopy (TEM, JEOL 

2011). A low magnification TEM image of LiFePO4 nanoplates/graphene hybrid 

materials (Figure 3-5a) clearly illustrates that individual LiFePO4 nanoplates are 

embedded in graphene networks. The thickness of the nanoplate was measured to be 

about 40 nm. Figure 3-5b shows a single LiFePO4 nanoplate, which was surrounded by 

graphene nanosheets. Notably, the surface of a LiFePO4 nanoplate is not smooth, 

resembling craters. These craters could be formed by the decomposition of the PVP 

surfactants, which were adsorbed on the surface during the hydrothermal process.128 



- 86 - 

The thickness of the nanoplate inside those craters was been further reduced compared 

with the rest of the nanoplate, which would be beneficial for fast lithium ion migration. 

A TEM image of another LiFePO4 nanoplate (Figure 3-5c) shows a similar shape. 

Figure 3-5d shows a lattice resolved HRTEM image of a LiFePO4 nanoplate, in which a 

(100) crystal plane with a d-spacing of 1.03 nm can be determined. The selected area 

electron diffraction (SAED) pattern (the inset in Figure 3-5d) shows regular diffraction 

spot arrays along the [010] zone axis, indicating the single crystalline nature of LiFePO4 

nanoplates. Therefore, the dominantly exposed crystal planes are the two (010) basal  

 

Figure 3-5 (a),(b), (c) TEM images and (d) HRTEM image of LFP-GE650. Inset is the 
corresponding selected area electron diffraction (SAED) pattern. 

 

facets. Since Li ions diffuse fast along the [010] direction, the LiFePO4 nanoplates with 
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dominantly exposed (010) planes could achieve fast Li ion transport, leading to high 

rate capacity. 

 

3.4  Electrochemical Performance 

The electrochemical performance of the as-prepared materials was evaluated by 

galvanostatic charge-discharge and cyclic voltammetry (CV). The experiments were 

carried out in coin cells (CR2032). The electrode composition was 80 wt % of the 

as-prepared materials, 10 wt % of carbon black, and 10 wt % of polyvinylidene fluoride 

(PVDF). The electrolyte solution was 1M LiPF6 in a 1:1:1 mixture of ethylene 

carbonate (EC), diethyl carbonate (DEC) and dimethyl carbonate (DMC). 

 

3.4.1 Cyclic Voltammetry 

The cyclic voltammetry (CV) measurements of the cells were carried out using a 

CHI-660D electrochemical workstation. The scan rate of CV was 0.1 mV s-1 between 

2.0-4.5 V. Figure 3-6 shows the CV curves of the electrodes made from as-prepared 

cathode materials. A single pair of defined redox peaks was observed for all the samples, 

which can be attributed to the Fe3+/Fe2+ redox couple. For LiFePO4 nanoplates obtained 

after hydrothermal reaction, the potentials of anodic and cathodic peaks were located at 

3.63 V and 3.13 V vs Li/Li+, respectively, with a potential separation (ΔV) of 500 mV. 

The potentials of the sintered sample shifted to 3.53 V and 3.35 V vs Li/Li+, with a 

smaller ΔV of 180 mV. Moreover, the LiFePO4 nanoplates/graphene electrode showed 

similar peak positions to the calcinated LiFePO4 nanoplates, but with very sharp and 
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high redox current peaks. The smaller ΔV and higher current peak reflected the reduced 

over-potential. This implies that the hybrid materials have significantly improved 

electrode kinetics. 

 

Figure 3-6 Cyclic voltammetry of the electrodes made of as-prepared materials, scan 
rate 0.1 mV s-1, from 2.0 to 4.5 V vs Li/Li+. 

 

3.4.2 Galvanostatic Charge-Discharge 

The electrochemical performances of the as-prepared materials were further 

investigated by galvanostatic charge-discharge. The galvanostatic charge and discharge 

experiment was performed between 2.0-4.3 V at room temperature using a battery 

testing system (Neware). Figure 3-7 shows the charge-discharge curves and cycling 

performance of the electrodes made of as-prepared materials at different C-rates. The 

charge process was carried out at the same rate as the discharge process to 4.3 V 

followed by a constant voltage charge at 4.3 V until the current was less than 8.5 mA g-1 
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(C/20). For a LiFePO4 nanoplates/graphene electrode, typical single plateaus were 

observed at 3.4 V and 3.5 V during the discharge and charge process at 0.2 C, 

corresponding to the oxidation and reduction of Fe2+ and Fe3+, respectively. 

Furthermore, the discharge plateau could be maintained up to 10 C. The LiFePO4 

nanoplates/graphene electrode showed a discharge specific capacity of 163 mAh g-1 at 

0.2 C, which was very close to the theoretical capacity (170 mAh g-1). The electrode 

delivered a discharge capacity of 160 mAh g-1 at 1 C. Even at a high rate of 50 C, the 

hybrid materials achieved a discharge capacity of 75 mAh g-1. Furthermore, the 

LiFePO4 nanoplates/graphene hybrid materials delivered a specific energy of 554 Wh 

g-1 at 0.2 C (Figure 3-7e) and specific power >20 kW g-1 at 50 C (Figure 3-7f), 

respectively. For comparison, the charge-discharge performance of LiFePO4 nanoplates 

obtained after hydrothermal reaction (LFP-180) and sintered LiFePO4 nanoplates 

without graphene (LFP-650) were also tested (Figure 3-7b, c and d). The LiFePO4 

nanoplates obtained after hydrothermal reaction only exhibited a discharge capacity of 

106 mAh g-1 at 0.2 C and 16 mAh g-1 at 5 C. The sintered LiFePO4 nanoplates without 

graphene showed even lower discharge capacity of 42 mAh g-1 at 0.2 C, which may be 

due to the poor electronic conductivity and particle aggregation after calcination. 
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Figure 3-7 Charge and discharge profiles (a) LFP-GE650, (b) LFP-180 and (c) 
LFP-650. (d) High C-rate cycling performance of LFP-GE650. (e) Specific energy and 

(f) specific power of LiFePO4 nanoplates/graphene electrode at different C-rate. 

 

The long cycling stabilities of the LiFePO4 nanoplates/graphene (LFP-GE650) 

electrodes at 5 C and 10 C are shown in Figure 3-8. The first discharge capacities of 

LiFePO4 nanoplates/graphene hybrid materials (LFP-GE650) were 152 mAh g-1 at 5 C 

and 138 mAh g-1 at 10 C, respectively. After 200 cycles, the capacities were 147 mAh 
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g-1 and 132 mAh g-1. These correspond to about 96.7% and 95.6 % of the initial cycle 

capacities and represent 0.016 % and 0.022 % capacity decrease per cycle, respectively.  

 

 
Figure 3-8 Cycling stability of LFP-GE650 electrodes at 5 C and 10 C rates at room 

temperature. 
 

The LiFePO4 nanoplates/graphene (LFP-GE650) in this work showed higher C-rate 

performance than the graphene modified LiFePO4 reported by other groups through the 

co-precipitation method and spry pyrolysis method.245, 246 The adding of graphene 

nanosheets could significantly increase the conductivity of the as-prepared LiFePO4. 

Furthermore, the LiFePO4 nanoplate with dominantly exposed (010) facets showed the 

shortest Li-ion diffusion length compared with that of other LiFePO4/graphene 

composites in previous reports, which also should be contributed to the high C-rate 

performance. 

 

3.5  Summary 

LiFePO4 facet nanoplates/graphene hybrid materials were successfully synthesized by a 
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hydrothermal method combined with high temperature treatment. The as-prepared 

materials display a plate structure with dominated (010) surfaces that could enhance the 

lithium diffusion efficient through the solid state phase. The graphene nanosheets can 

form a three dimensional conductive network which significantly increased the 

electronic conductivity of the as-prepared composites. The nanoplates/graphene 

electrodes exhibit very high discharge capacities of 163 mAh g-1 at 0.2 C and 75 mAh 

g-1 at 50 C. These results suggest that the synthesis of nanocrystals with preferred facets 

and integration with graphene nanosheets is a promising strategy to increase both ionic 

conductivity and electronic conductivity of insulating LiFePO4 for lithium ion batteries. 
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CHAPTER 4 MESOPOROUS NANOLAYER CARBON 

COATED LiFePO4 MICROSPHERES FOR LITHIUM-ION 

BATTERIES 

 

4.1 Introduction 

As described in previous chapters, reducing the particles of LiFePO4 to the nanometer 

scale can significantly enhance its high C-rate performance. Although the down-sizing 

strategy combined with carbon coating is effective at increasing the electrochemical 

performance of a LiFePO4 electrode, it also significantly reduces the tap density and 

volumetric energy density.129 Recently, several reports have shown that LiFePO4 with 

mesoporous structures and microsphere structures can deliver high-rate 

capacity.105,130,242,249,250 Since the microspheres can easily form close packed arrays, a 

three-dimensional micro-nano porous hierarchical sphere structure is considered the 

ideal structure for LiFePO4 cathode materials. The nanosized primary particles with 

carbon coating can ensure the high rate capability and the micro-sized secondary 

structures can achieve a high tap density.131,132,251  

 

In this chapter, nanolayer carbon coated LiFePO4 cathode material with a mesoporous 

microsphere structure was prepared using a hydrothermal method combined with high 

temperature calcination. The electrochemical performance of carbon coated LiFePO4 

microspheres as cathode material for lithium-ion batteries was investigated by 
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galvanostatic charge and discharge testing. The effect of calcination temperature on the 

kinetic behaviors of a carbon coated LiFePO4 microsphere electrode was further 

investigated by cyclic voltammetry and electrochemical impedance spectroscopy. 

 

4.2 Preparation of Mesoporous Carbon Coated LiFePO4 Microspheres 

In a typical synthesis process, 2 mmol iron nitrate (Fe(NO3)3·9H2O, Sigma Aldrich), 2 

mmol ammonium phosphate (NH4H2PO4, Sigma Aldrich) and 1 mmol citric acid 

(C6H8O7, Sigma Aldrich) were dissolved in 10 ml distilled water. Meanwhile, 2 mmol 

lithium hydroxide (LiOH, Sigma Aldrich) was dissolved in 10 ml distilled water. After 

complete dissolution, the two solutions were mixed together by stirring. Two ml 

ethylene glycol was then added to the mixture. The mixture was then transferred to a 25 

ml Teflon-lined stainless steel autoclave and kept at 180 °C for 3h. After cooling 

naturally to room temperature, the suspension and precipitate were heated on a hotplate 

at 80 °C under stirring to obtain the dried precursor. The precursor was finally 

calcinated from 600 °C to 750 °C for 10 h under 5% H2/Ar atmosphere. 

 

4.3 Physical and Structural Characterization 

4.3.1 X-ray Diffraction 

The mesoporous carbon coated LiFePO4 microspheres were synthesized by using a 

hydrothermal method combined with high temperature calcination. The samples 

obtained after calcination at 600 °C, 650 °C, 700 °C and 750 °C, are denoted by 
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LFP-600, LFP-650, LFP-700, LFP-750, respectively. The crystalline phases of the 

as-prepared materials were determined by powder X-ray diffraction (Siemens D5000) 

using Cu-Kα radiation in the range of 10°-50° with a scanning rate of 1° min-1. X-ray 

diffraction patterns of the precursor obtained after the hydrothermal reaction and the 

sintered LiFePO4 samples are presented in Figure 4-1. The XRD matches well with the 

standard data JCPDS card No. 01-070-6442 for the precursor (Fe3(PO4)2(OH)2). All the 

calcinated samples are LiFePO4 phase with an ordered olivine structure (orthorhombic 

Pnma (JCPDS No. 83-2092)). The lattice parameters of the as-prepared carbon coated 

LiFePO4 calculated from the XRD patterns, are listed in Table 4-1. The crystallite size 

of LiFePO4 increased from 60.2 nm to 92.9 nm when the calcination temperature 

increased from 650 °C to 750 °C. Impurity phases started to appear when the sintering 

temperature increased above 700 C, which can be identified to Fe2P and Li3PO4. 

According to previous reports, Fe2P is a high-electronic conductivity phase leading to 

high rate charge-discharge.103,252 Diffraction lines from carbon did not appear in the 

XRD pattern, possibly due to its amorphous state. The carbon content calculated by 

thermal gravimetric analysis was about 4.3 wt% for sample LFP-700. 
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Figure 4-1 XRD patterns of LiFePO4 precursor and carbon coated LiFePO4 synthesized 
at different temperature. 

 

 

Table 4-1 The lattice parameters and the crystallite size of the as-prepared LiFePO4 
samples. 

Samples 
Lattice parameters (Å) Crystallite size 

(311) facet (nm) a b c 

LFP-600 

LFP-650 

LFP-700 

LFP-750 

10.30(4) 

10.30(7) 

10.30(9) 

10.33(6) 

5.98(9) 

6.00(1) 

6.00(0) 

6.00(9) 

4.68(2) 

4.67(6) 

4.68(5) 

4.69(6) 

60.2 

79.5 

81.8 

92.9 

 

4.3.2 Brunauer-Emmett-Teller 

Nitrogen adsorption-desorption measurements were conducted using a Quadrasorb SI 
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analyzer at 77 K. Figure 4-2 shows the nitrogen adsorption-desorption isotherm and the 

corresponding Barret-Joyner-Halenda (BJH) pore size distribution curve of mesoporous 

carbon coated LiFePO4 microspheres (LFP-700). The adsorption isotherm is a type IV 

adsorption-desorption isotherm with H3-type hysteresis, which is a feature of 

mesoporous materials. The measured Brunauer-Emmett-Teller (BET) area was 18.1 m2 

g-1. The average pore diameters was 3.65 nm, calculated from the desorption branch of 

the nitrogen isotherm using the BJH method. The corresponding BJH desorption 

cumulative pore volumes was 0.078 cm3 g-1. The mesoporous structure allows the facile 

infiltration of electrolyte into the pores of the microspheres and is beneficial for 

enhancing the electrochemical performance of LiFePO4. 

 
Figure 4-2 Adsorption-desorption isotherms of mesoporous LiFePO4/C microspheres 

(LFP-700). The insert is the pore size distribution calculated from the desorption 
isotherm. 
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4.3.3 Scanning Electron Microscopy 

The size and morphology of the LiFePO4 precursor obtained after hydrothermal reaction 

and carbon coated LiFePO4 microspheres (LFP-700) were observed by field emission 

scanning electron microscopy (FESEM, Zeiss Supra 55VP). From Figure 4-3a, we can 

observe that the LiFePO4 precursor consists of spherical microparticles with diameters 

of 1-3 μm. A higher magnification FESEM image (Figure 4-3b) reveals that each 

microsphere is actually a random aggregate of primary nanoparticles. After calcination, 

the as-prepared materials could still keep a microsphere structure, as shown in Figure 

4-3c. Furthermore, the high magnification FESEM image in Figure 4-3d shows each 

microsphere is actually an aggregate of primary LiFePO4 nanoparticles. The 

high-temperature calcination process didn’t significantly change the nanostructure, 

probably due to the carbon nanolayer that coated the primary LiFePO4 nanoparticles. 

The amorphous carbon coating layer, which was formed by the pyrolysis of citric acid 

during the calcination process, can inhibit particle growth during the calcination 

process. 

 

4.3.4 Transmission Electron Microscopy 

The morphology and structure of carbon coated LiFePO4 microspheres (LFP-700) was 

further analysed by transmission electron microscopy (TEM, JEOL 2011) and high 

resolution TEM (HRTEM). Figure 4-4a shows a TEM image of a carbon coated 

LiFePO4 microsphere, which reveals the porous structure characteristic of the LiFePO4 

microsphere. The HRTEM image (Figure 4-4b) clearly illustrates the crystal lattice with 
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a d-spacing of 0.393 nm, corresponding to the (120) planes of orthorhombic LiFePO4. 

Furthermore, amorphous carbon coating layer with a thickness of about 2 nm covering 

the surface of the LiFePO4 nanoparticles is clearly distinguishable. The amorphous 

carbon coating layer was formed by the pyrolysis of citric acid during the calcination 

process. 

 

 

Figure 4-3 (a) and (b) FESEM images of LiFePO4 microspheres precursor after 
hydrothermal reaction. (c) and (d) FESEM images of the as-prepared carbon coated 

LiFePO4 microspheres (LFP-700). 
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Figure 4-4 (a) TEM and (b) HRTEM images of the carbon coated LiFePO4 
microspheres (LFP-700). 

 

4.4 Electrochemical Performance 

The electrochemical performance of the as-prepared carbon coated mesoporous 

LiFePO4 microspheres was evaluated by galvanostatic charge-discharge, cyclic 

voltammetry (CV) and electrochemical impedance spectra. The experiments were 

carried out in coin cells (CR2032). The electrode composition was 80 wt % of the 
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as-prepared materials, 10 wt % of carbon black, and 10 wt % of polyvinylidene fluoride 

(PVDF). The electrolyte solution was 1M LiPF6 in a 1:1:1 mixture of ethylene 

carbonate (EC), diethyl carbonate (DEC) and dimethyl carbonate (DMC). 

 

4.4.1 Galvanostatic Charge-Discharge 

The galvanostatic charge and discharge experiment was performed between 2.0-4.3 V at 

room temperature using a battery testing system (Neware). Figure 4-5a shows the 

charge-discharge voltage curves of carbon coated LiFePO4 microspheres electrodes at 

0.2 C (C=170 mAh g-1). Two typical plateaus were observed at 3.4 V and 3.5 V for all 

the samples during the discharge and charge process. Carbon coated LiFePO4 sintered at 

700 C delivered the highest specific capacity. The lengthened voltage plateau and 

increased capacity should be attributed to the lower degree of polarization of the 

electrode materials during the charge-discharge process. The discharge capacities of the 

LiFePO4 electrode at 0.2 C were 115 mAh g-1, 144 mAh g-1, 150 mAh g-1 and 137 mAh 

g-1 for the electrodes made of LFP-600, LFP-650, LFP-700 and LFP-750, respectively. 

The cycling stabilities of the as-prepared LiFePO4 electrodes are shown in Figure 4-5b. 

The first cycle discharge capacity of carbon coated LiFePO4 (LFP-600) was 42 mAh g-1 

at the current rate of 10 C. After cycling for 200 cycles, the specific discharge capacity 

decreased to 29 mAh g-1. The capacity retention is about 69%. The first cycle discharge 

capacity of carbon coated LiFePO4 (LFP-650) was 99 mAh g-1 at the current rate of 10 

C. After cycling for 200 cycles, the specific discharge capacity decreased to 67 mAh g-1, 

which represents capacity retention of about 67.7%. The first cycle discharge capacity 
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of carbon coated LiFePO4 (LFP-700) was 112 mAh g-1 at the current rate of 10 C. After 

cycling for 200 cycles, the specific discharge capacity decreased to 108 mAh g-1. The 

capacity retention is about 96.4% and the electrode has a 0.018% capacity decrease per 

cycle. The first cycle discharge capacity of carbon coated LiFePO4 (LFP-750) was 100 

mAh g-1 at the current rate of 10 C. After cycling for 200 cycles, the specific discharge 

capacity decreased to 87 mAh g-1. The capacity retention is about 87%. The carbon 

coated LiFePO4 calcinated at 700 C (LFP-700) showed the highest discharge capacity 

and best cycle stability. 

 

Different rates of charge-discharge were also used to evaluate the electrochemical 

performance of the as-prepared carbon coated LiFePO4 microspheres. The 

charge-discharge voltage curves, cycle stability and power density of the as-prepared 

mesoporous LiFePO4/C microspheres at different current rates are shown in Figure 4-6. 

The charge-discharge plateaus of the LFP-600 and LFP-650 electrodes started to slope 

with the increase of the charge-discharge current rate, while the electrodes made of 

LFP-700 and LFP-750 still showed discharge voltage plateau even discharge at 30 C. 

The sample LFP-600 delivered discharge capacities of 115 mAh g-1, 104 mAh g-1, 89 

mAh g-1, 81 mAh g-1, 64 mAh g-1, 42 mAh g-1, 21 mAh g-1 and 12 mAh g-1 at the 

discharge current rates from 0.2 C to 30 C with the rate capacity retention of 10.4 %. 

The sample LFP-650 showed discharge capacities of 144 mAh g-1, 143 mAh g-1, 140 

mAh g-1, 132 mAh g-1, 118 mAh g-1, 101 mAh g-1, 66 mAh g-1 and 38 mAh g-1 at the 

discharge current rates from 0.2 C to 30 C with the rate capacity retention of 26.3 %. 
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The sample LFP-700 showed similar discharge capacity to the sample LFP-650 at low 

C-rate (<2 C), but showed much higher discharge capacity at high C-rate (>10 C) with a 

rate capacity retention of 60.6 % from 0.2 C to 30 C. The sample LFP-750 showed 

lower discharge capacity than the sample LFP-650 and LFP-700 at low C-rate (<2 C). 

However, at a high C-rate (>10 C), sample LFP-750 showed a higher discharge capacity 

than the sample LFP-650 with a rate capacity retention of 51.1 % from 0.2 C to 30 C. 

The improved high C-rate performance may be due to the high electronic conductivity 

Fe2P impurity phase for the sample LFP-700 and LFP-750. As Fe2P and Li3PO4 are 

inactive phases for lithium ion insertion-extraction during the charge-discharge process 

and the Fe2P and Li3PO4 content will rise with increasing the calcination temperature, 

the LiFePO4 sample synthesized at 750 °C showed lower discharge capacity than the 

sample synthesized at 650 °C and 700 °C at low C-rate (<2 C). Figure 4-6f shows the 

energy and power density of sample LFP-700 at different C-rates. Sample LFP-700 can 

deliver specific energy of 485 Wh g-1 at 0.2 C and specific power >14.3 kW g-1 at 30 C, 

respectively. The excellent high-rate performance of sample LFP-700 should be related 

to the higher crystallinity, the small particle size, the carbon coating treatment and high 

electronic conductivity Fe2P impurity phase, which facilitates the diffusion of the 

lithium ion within the intercalation host and increases the electric conductivity of the 

electrode. The mesoporous structure of the material also facilitates the penetration of the 

electrolyte into the electrode. 
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Figure 4-5 (a) The charge-discharge voltage curves of the as-prepared mesoporous 
carbon coated LiFePO4 microspheres electrodes in the voltage range from 2.0 to 4.3 V 

at 0.2C. (b) The discharge capacity vs cycle number for mesoporous carbon coated 
LiFePO4 microspheres electrodes at the high rate of 10 C (C=170 mA g-1). 
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Figure 4-6 The charge-discharge voltage curves of the electrodes made of as-prepared 
carbon coated LiFePO4 microspheres (a) LFP-600, (b) LFP-650, (c) LFP-700 and (d) 
LFP-750, in the voltage range from 2.0 to 4.3 V at different current rates (C=170 mAh 

g-1). (e) Cycle life of as-prepared carbon coated LiFePO4 microspheres at different 
current rate. (f) Specific energy and specific power of sample LFP-700 electrode at 

different current rate. 
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4.4.2 Cyclic Voltammetry and Electrochemical Impedance Spectra 

To further investigate the electrode kinetics of the as-prepared mesoporous LiFePO4/C 

microspheres, cyclic voltammetry (CV) and electrochemical impedance spectra (EIS) 

were used to calculate the apparent activation energies and the Li-ion diffusion 

coefficient. Cyclic voltammetry (CV) measurements and electrochemical impedance 

spectroscopy (EIS) of the cells were carried out using a CHI-660D electrochemical 

workstation. The scan rate of CV was from 0.1~2.0 mV s-1 between 2.0-4.5 V. For EIS 

measurements, the amplitude of the AC signal applied to the cells was 5 mV and the 

frequency range was between 100 kHz and 10 mHz. 

 

Figure 4-7 shows the CV curves of the as-prepared LiFePO4 electrodes at various 

scanning rates between 2.0 and 4.5 V. A single pair of well-defined redox peaks is 

observed for all the samples, which can be attributed to the Fe3+/Fe2+ redox couple. The 

height and area of the redox peaks increased with increased scanning rates. Meanwhile, 

the anodic and cathodic peaks move to the higher and lower potentials, respectively, as 

scanning rates increased. Even at high scanning rate of 2.0 mV s−1, the very 

well-defined sharp redox reaction peaks are still maintained for sample LFP-650, 

LFP-700, LFP-750, indicating good kinetics for lithium intercalation and 

de-intercalation. A Li-ion diffusion coefficient D (cm2 s−1) can be calculated from the 

Randles Sevcik equation:235 

               Ip =2.69×105ACD1/2n3/2v1/2                           (Eq. 4-1) 

where Ip is the peak current (A), A is the surface area of the electrode (1 cm2), C is the 
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concentration of Li-ion in solid (0.0228 mol cm−3), n is the number of electrons 

involved in the half-reaction for the redox couple (n = 1 for Fe2+/Fe3+ redox couple), and 

v is the potential scan rate (V s−1). As shown in Figure 4-8, Ip is indeed proportional to 

v1/2, confirming a diffusion-controlled behavior. From the slope of the lines and based 

on Eq. 4-1, the diffusion coefficients Da (a peak) are 9.12×10−12 cm2 S-1, 2.28×10−11 cm2 

S-1, 2.34×10−11 cm2 S-1, 3.32×10−11 cm2 S-1 for electrodes made of LFP-600, LFP-650, 

LFP-700 and LFP-750, respectively. The diffusion coefficients Da’ (a’ peak) are 5.05

10 12 cm2 S-1, 1.45 10 11 cm2 S-1, 1.64 10 11 cm2 S-1, 1.81 10 11 cm2 S-1 for 

electrodes made of LFP-600, LFP-650, LFP-700 and LFP-750, respectively. The lithium 

diffusion coefficient calculated from CV is increased with increased calcination 

temperature, indicating that high temperature treatment can greatly increase the lithium 

diffusion kinetics of LiFePO4. 

 

The electrochemical impedance spectra were measured at the discharge potential of 3.4 

V (vs Li/Li+) at different temperatures from 100 kHz to 10 mHz. The Nyquist plots are 

shown in Figure 4-9. All the profiles exhibit a semicircle in the medium frequency 

region and an inclined line in the low frequency range. The numerical value of the 

diameter of the semicircle on the Zre axis gives an approximate indication of the charge 

transfer resistance (Rct). From the Nyquist plots in Figure 4-9, the electrode made of 

LFP-700 showed the lowest charge transfer resistance, indicating its good electrode 

kinetics, consistent with the galvanostatic charge-discharge testing results. The inclined 

line can be considered to be the Warburg impedance (Zw), which is associated with 



- 108 - 

 

Figure 4-7 CV curves of the carbon-coated LiFePO4 microsphere electrodes at different 
scan rate. (a) LFP-600, (b) LFP-650, (c) LFP-700 and (d) LFP-750. 

 

Figure 4-8 Peak current Ip versus square root of scan rate v -1/2 at 25 °C for the 
electrodes made of the mesoporous carbon coated LiFePO4 microspheres (LFP-700). 
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Figure 4-9 Nyquist plots of electrodes made of as-prepared mesoporous carbon coated 
LiFePO4 microspheres synthesized at (a) LFP-600, (b) LFP-650, (c) LFP-700 and (d) 
LFP-750 at 3.4 V (discharge) at different temperatures from 100 kHz to 10 mHz. (e) 

Equivalent circuit used for fitting the experimental EIS data. 

 

lithium ion diffusion in the LiFePO4 particles. The Rct is calculated using the equivalent 
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circuit shown in Figure 4-9e. The exchange current (i0) and the apparent activation 

energy (Ea) for the LiFePO4 samples synthesized at different temperature can be 

calculated from Eq. 4-2 and the Arrhenius equation, Eq. 4-3, respectively. 

i0=RT / nFRct                                       (Eq. 4-2) 

i0=A exp(-Ea / RT)                                   (Eq. 4-3) 

where R is the gas constant, T is the absolute temperature, n is the number of transferred 

electrons, and F is the Faraday constant, A is a temperature-independent coefficient.  

 

Figure 4-10 shows the Arrhenius plots of log i0 as a function of 1/T. The activation 

energies of the electrodes made of sample LFP-600, LFP-650, LFP-700 and LFP-750 

are 15.73, 14.31, 13.50 and 14.07 kJ mol-1 (error is within 2%), respectively. These 

values are comparable to the previously reported activation energy (13 kJ mol-1) derived 

from the Avrami-Johnson-Mehl-Eroofev equation.253 The electrode made of mesoporous 

LiFePO4 microspheres synthesized at 700 °C shows the lowest activation energy. 

 

The EIS is also an important method for calculating the lithium diffusion coefficient. 

The Warburg impedance in the low frequency is directly related to the lithium ion 

diffusion process. The lithium ion diffusion coefficient DLi+ can be calculated by using 

the following equation: 

DLi+=R2T2 / 2An4F4C2σ2                                  (Eq. 4-4) 

where R is the gas constant, T is the absolute temperature, A is the surface area of the 
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cathode (1 cm2), n is the number of electrons per molecule during oxidization, which is  

 
Figure 4-10 Arhenius plots of log i0 versus 1/T for the electrodes made of as-prepared 

mesoporous carbon coated LiFePO4 microspheres synthesized at different temperatures. 
The lines are the linear fitting results. 

 

equal to 1, F is the Faraday constant, C is the concentration of Li-ion in solid (0.0228 

mol cm-3),254 and σ is the Warburg factor, which is relative to Z’re. σ can be obtained 

from the slope of the lines in Figure 4-11. The lithium diffusion coefficients were 3.47

10−14 cm2 S-1, 4.49 10−14 cm2 S-1, 6. 57 10−14 cm2 S-1 and 6. 33 10−14 cm2 S-1 for 

the electrodes made of sample LFP-600, LFP-650, LFP-700 and LFP-750, respectively, 

at 25 °C. The lithium diffusion coefficient increases when the calcination temperature 

increases from 600 °C to 700 °C and slightly decreases after calcinations at 750 °C. The 

increasing lithium ion diffusion kinetics should be attributed to the improved 

crystallinity after calcination. The lithium diffusion coefficient calculated from the EIS 

measurement is lower than that calculated from the CV measurement, which is 
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consistent with the experimental results from another group.255 The EIS measurements 

were carried out at a certain voltage with constant material composition. The lithium 

diffusion coefficient decreases with the lithium ions extracting from the olivine LiFePO4 

structure.256 The lithium diffusion coefficient calculated from the CV measurement is 

from the peak current which should be the largest lithium diffusion coefficient of the 

Li1-xFePO4 (0<x<1). 

 
Figure 4-11 Real parts of the complex impedance versus ω-1/2 at 25 °C at 3.4 V 
(discharge) for the electrodes made of the mesoporous carbon coated LiFePO4 

microspheres synthesized at different temperatures. 

 

4.5 Summary 

Porous LiFePO4/C microspheres were successfully synthesized by a hydrothermal 

reaction combined with high-temperature calcinations. The as-prepared materials 

showed secondary mesoporous microsphere morphology with sphere diameters of 1-3 
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μm. Each microsphere is actually a random aggregate of primary 100-200 nm carbon 

coated LiFePO4 nanoparticles. The LiFePO4 /C microspheres synthesized at 700 °C 

delivered a discharge capacity of 150 mAh g-1 at 0.2 C and 91 mAh g-1 at 30 C. The 

excellent high C-rate performance may be due to the mesoporous secondary sphere 

structure facilitating penetration of the electrolyte and to the small amount of Fe2P 

impurity increasing the electronic conductivity of the materials. Through material 

architecture design, LiFePO4 cathode material can meet the stringent requirements for 

high power applications such as electric vehicles and energy storage for smart grids. 

 

Both the LiFePO4 nanoplates/graphene composite in Chapter 3 and the porous 

LiFePO4/C microspheres in this chapter showed high discharge capacities, high C-rate 

performances and good cycling stabilities. Both of them are promising cathode 

materials for lithium-ion batteries. The C-rate performance of LiFePO4 

nanoplates/graphene composite is higher than that of LiFePO4/C microsphere, which 

makes it more suitable for high power lithium-ion batteries. While the tape density of 

the porous LiFePO4/C microsphere is much higher than that of the LiFePO4 

nanoplates/graphene composite, which makes it more suitable for high energy 

lithium-ion batteries in energy storage application. 
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CHAPTER 5 MESOPOROUS HEMATITE 

NANOSTRUCTURES FOR HIGH CAPACITY ANODE 

MATERIALS IN LITHIUM-ION BATTERIES 

 

5.1 Introduction 

As an n-type semiconductor, hematite (α-Fe2O3) has attracted a great deal of attention 

from researchers in different fields because of its non-toxicity, low cost, high stability 

under ambient conditions, and multiple functions. It has been intensively investigated 

for applications in lithium batteries, sensors, catalysts, pigments, and magnetic 

devices.257-262 The performance of α-Fe2O3 strongly depends on the particle size, 

morphology, and structure. For use as an anode material in lithium-ion battery, the 

reversibility of lithium intercalation in α-Fe2O3 depends strongly on the nanostructure 

and particle size.263,264 Nanosize α-Fe2O3 exhibits better performance than microscale 

samples as the smaller particle size can greatly reduce the diffusion length of the lithium 

ions. There is growing interest in the preparation of nanostructure materials with 

specially designed structures. Nanostructured α-Fe2O3 with one-dimensional 

nanowire/nanotube structures,177,265 two-dimensional flake/film structures,266,267 and 

three-dimensional hollow/porous structures262,268 has already been synthesized by a 

variety of methods, such as a sol-gel method,269,270 electrostatic spray deposition,271 a 

hydrothermal method,272,273 and a template method.179,274 
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Since the discovery of MCM-41 mesoporous silica in 1992, mesoporous materials have 

been developed into an important class of materials and occupy a very important 

position in materials science.275 The mesopore structure can dramatically increase the 

surface area/volume ratio, which makes mesoporous materials very useful 

surface-related applications. There is intense interest in preparing mesoporous 

transition-metal oxides because of their unique catalytic, magnetic, adsorptive, and 

electrochemical properties in applications as catalysts, magnetic materials, absorbents, 

and energy conversion and storage materials.57,276-278 Several mesoporous transition 

metal oxides have already been synthesized, such as Co3O4, Mn2O3, Fe2O3, TiO2, and 

V2O5, etc.277,279-282 Nonetheless, it is still much more difficult to synthesize mesoporous 

transition-metal oxides than mesoporous silica. The materials with three-dimensional 

mesoporous architectures are normally obtained through template directed methods, 

which can be simply classified into the hard template method and the soft template 

method. The hard templates (usually mesoporous silica or carbon) normally possess 

well-defined channels and pores, which strongly influence the structure of the resulting 

solid product. Soft templates are usually surfactants, long-chain polymers, and viruses, 

which function as structure-directing agents that assist in the assembly of reacting 

species.179 Yang et al. first reported the synthesis of a series of metal oxides by 

employing nonionic polymer surfactants as templates which could be easily removed by 

solvent extraction or thermal treatment.283,284 The hard template methods usually 

involve a multistep synthesis process. Mesoporous silica or carbon must be prepared 

first. Then, the inorganic precursors are combined with the templates by impregnation 
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or incorporation. The final product can be obtained by template removal after the solid 

species has formed through reaction, nucleation, and growth. However, for the soft 

template methods, the templates can form by self-assembly in liquid solution and can be 

easily removed by solvent or calcination. Therefore, the soft template method is, 

generally, more easily scaled up for large-scale production than the hard template 

method. However, it is difficult to control the regularity, pore size, and pore structure 

using the soft template method. In this chapter, use of a soft template method in a 

nonaqueous solution to synthesize of mesoporous α-Fe2O3 nanostructures with large 

mesopores is reported. The as-prepared mesoporous α-Fe2O3 materials exhibit excellent 

high reversible lithium storage capacity in lithium ion cells. 

 

5.2 Preparation of Mesoporous α-Fe2O3 

In a typical synthesis, the triblock copolymer (HO(CH2CH2O)106(CH2-CH(CH3)O)70 

(CH2CH2O)106H) (F127) and iron nitrate were used as the template and inorganic source, 

respectively. F127 block copolymer (1 g) was dissolved in a mixture of isopropanol (5 g) 

and ethylene glycol (EG; 5 g). To this solution, 0.01 mol Fe(NO3)3·9H2O was added 

with vigorous stirring over 2 h. The resulting sol solution was then aged in air at 40 °C 

for 7 days before being gradually heated to 150 °C (1 °C min-1) and then maintained at 

150 °C for 24 h. Finally, the samples were further sintered at 400 °C for 5 h to remove 

the block copolymer surfactant (heating rate: 1 °C min-1). 
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5.3 Physical and Structural Characterization 

5.3.1 X-ray Diffraction  

The crystal structure of the as-prepared material was first characterized by X-ray 

diffraction (XRD, GBC MMA) using Cu KR radiation with 2θ ranging from 20° to 70°. 

Figure 5-1 shows the powder X-ray diffraction (XRD) pattern of the as-prepared 

mesoporous α-Fe2O3 and the commercial α-Fe2O3 powder (Sigma-Aldrich). All 

diffraction peaks could be indexed to the standard hematite (α-Fe2O3) crystal structure 

(JCPDS card number 33-0664)265 indicating that a pure and highly crystalline product 

was obtained by calcinating an iron oxide precursor. The average crystal size of 

mesoporous α-Fe2O3 was calculated to be about 20.6 nm on the basis of the broadening 

of the (104) diffraction peak using the Scherrer formula.  

 

 
Figure 5-1 X-ray diffraction pattern of the as-prepared mesoporous and commercial 

α-Fe2O3. 
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5.3.2 Raman Spectroscopy 

Raman spectra were collected on a JOBIN Yvon Horiba Confocal Mico Raman 

spectrometer model HR 800 with 632.8 nm diode laser excitation on a 300 lines mm-1 

grating at room temperature. Figure 5-2 shows the Raman spectrum of the as-prepared 

mesoporous α-Fe2O3 along with a hematite reference spectrum (RRUFF ID 

R050300).285 The spectrum indicates a typical α-Fe2O3 crystal structure showing Raman 

peaks at 224, 292, 410, 496, and 613 cm-1, which matches well with the hematite 

reference spectrum. Compared to a previous report on α-Fe2O3 microcrystalline 

powders, all Raman peaks of our mesoporous α-Fe2O3 are slightly blue-shifted.286 This 

may be due to the small size of the component nanocrystals. The Raman peak around 

660 cm-1 in the spectrum has been reported in several published papers and is attributed  

 
 Figure 5-2 Raman spectrum of as-prepared mesoporous α-Fe2O3 and a hematite 

reference spectrum. 
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to a large amount of defects and local lattice disorder at the interfaces and interior faces, 

which leads to a reduction of space symmetry and the appearance of the new peak.267,287 

Both the XRD and Raman spectroscopy measurements confirmed the pure phase nature 

of mesoporous α-Fe2O3. 

 

5.3.3 Ultraviolet-Visible Spectroscopy 

The optical absorption property of the as-prepared mesoporous α-Fe2O3 was 

investigated at room temperature by UV-vis spectroscopy on a Shimadzu UV-1700 

spectrophotometer (Figure 5-3). The band gap of hematite can be calculated by the 

following equation: 

(αhν)2 = B × (hν - Eg)                             (Eq. 5-1) 

Where α is the absorption coefficient, hν is the photon energy, B is a constant, and Eg is 

the band gap. The (αhν)2 versus hν curve is shown as the inset in Figure 5-3. The band 

gap of the as-prepared mesoporous α-Fe2O3 calculated from Eq. 5-1 is 2.14 eV, which 

agrees well with previously reported values of 1.9-2.2 eV for n-type semiconductor 

α-Fe2O3.288,289 



- 120 - 

 

Figure 5-3 UV-vis spectrum of mesoporous α-Fe2O3. 

 

5.3.4 Brunauer-Emmett-Teller 

To examine the specific surface area and the pore size distribution, N2 

adsorption-desorption isotherm measurements were carried out on a Quantachrome 

Autosorb analyzer at 77 K with the samples degassed at 120 °C overnight under 

vacuum before measurements. The curve shown in Figure 5-4a depicts a typical 

H2-type hysteresis loop, which makes it clear that the distribution of the pore sizes and 

shapes is heterogeneous.262 The pore size distribution, obtained from the 

Barrett-Joyner-Halenda (BJH) method, is shown in Figure 5-4b. The plot shows that the 

dominant peaks are in the mesoporous range with a wide main peak around 7 nm and a 

small narrow peak at 15 nm.290 The two main peaks in pore size distribution suggest 

that the mesopores are distributed over a wide range of sizes. The surface area estimated 
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from the Brunauer-Emmett-Teller (BET) method is 128 m2 g-1. The high surface area of 

the mesoporous structures will be of benefit for increasing reversible lithium storage 

capacity as anode material in lithium-ion batteries. 

 

 

Figure 5-4 (a) Adsorption-desorption isotherms of mesoporous α-Fe2O3, and (b) Pore 
size distribution calculated from the desorption isotherm. 
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5.3.5 Transmission Electron Microscopy 

The morphology and microstructures were characterized by transmission electron 

microscopy (TEM) and high-resolution TEM (HRTEM, JEOL 2011). Figure 5-5 shows 

the TEM and HRTEM images of the as-prepared mesoporous α-Fe2O3 powders. The 

prepared material exhibits an ordered porous structure with different shapes of pores as 

shown in Figure 5-5a. Pores in the iron oxide materials originate from the regions 

previously occupied by the polymer surfactants. After the removal of the surfactant, 

some walls of the porous structure collapse and form a wormhole-like morphology. The 

selected area electron diffraction (SAED) pattern is presented in the inset of Figure 5-5a 

showing a single crystalline-like SAED dot pattern. The HRTEM image in Figure 5-5b 

clearly presents the lattice fringes of the (110) and (102) planes of α-Fe2O3 

corresponding to d-spacings of 0.250 and 0.388 nm. Both the HRTEM images and the 

SAED pattern confirm the formation of single-crystalline mesoporous α-Fe2O3. 

 

5.4 Electrochemical Performance 

The electrochemical performance of the as-prepared mesoporous α-Fe2O3 and 

commercial α-Fe2O3 (mico-size particles) was evaluated by cyclic voltammetry (CV) 

and galvanostatic charge-discharge. The experiments were carried out in coin cells 

(CR2032). The electrode composition was 50 wt % of the as-prepared materials, 40 

wt % of carbon black, and 10 wt % of polyvinylidene fluoride (PVDF). The electrolyte 

solution was 1 M LiPF6 dissolved in a mixture of ethylene carbonate (EC) and dimethyl 

carbonate (DMC) with a volume ratio of 1:1. 
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Figure 5-5 (a) TEM image of mesoporous α-Fe2O3. The inset is the corresponding 
selected area electron diffraction (SAED) pattern. (b) HRTEM image of mesoporous 

α-Fe2O3, in which the Fe2O3 lattice can be clearly resolved. 

 

5.4.1 Cyclic Voltammetry 

The electrochemical behavior of the electrode made from the as-prepared mesoporous 

α-Fe2O3 was first evaluated by cyclic voltammetry (CV), which was carried out on a 

CHI 660C electrochemistry workstation with a scan rate of 0.1 mV s-1 from 0.005 to 3.0 
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V in a two-electrode system. Figure 5-6 shows the CV curves of the mesoporous 

α-Fe2O3 and commercial α-Fe2O3 anode. During the cathodic polarization in the first 

cycle, a spiky peak was observed at 0.65 V with two small peaks appearing at 1.0 and 

1.6 V indicating the following three lithiation steps.263,264 

α-Fe2O3 + xLi+ + xe- → α-LixFe2O3                                       (Eq. 5-2) 

α-LixFe2O3  + (2-x)Li+ + (2-x)e- → Li2Fe2O3 (cubic)            (Eq. 5-3) 

Li2Fe2O3 (cubic) + 4Li+ + 4e- ↔ 2Fe0 + 3Li2O                  (Eq. 5-4) 

α-Fe2O3 + 6Li+ + 6e- → 2Fe0 + 3Li2O                         (Eq. 5-5) 

At the initial stage of lithium intercalation (peak I), a small amount of lithium can be 

inserted into the crystal structure of the as-prepared mesoporous α-Fe2O3 without 

causing change in the structure. In the next step of lithium intercalation (peak II), the 

hexagonal α-LixFe2O3 is transformed to cubic Li2Fe2O3. The spiky peak (peak III) 

corresponds to the complete reduction of iron from Fe2+ to Fe0+ and decomposition of 

the electrolyte. On the other hand, in the anodic polarization process, two broad 

overlapping peaks were recorded at about 1.7 and 1.85 V corresponding to the oxidation 

of Fe0 to Fe2+ and further oxidization to Fe3+.291 The curves of the subsequent cycles are 

significantly different from that of the first cycle as only one cathodic peak appears at 

about 0.8 V with decreased peak intensity, while the anodic polarization only showed 

one broad peak with a little decrease in peak intensity. The difference between the first 

and the second cathodic curves is due to an irreversible phase transformation during the 

process of lithium insertion and extraction in the initial cycle. After the first discharge  
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Figure 5-6 Cyclic voltammentry (CV) curves of the cell with anode prepared from (a) 
mesoporous and (b) commercialα-Fe2O3 (scanning rate: 0.1 mV s-1 in the range of 

0.005-3.0 V). 

 

process, α-Fe2O3 was completely reduced to iron nanoparticles and was dispersed in a 

Li2O matrix.173 The disappearance of the peaks at 1.6 V and 1.0 V from the second 

cathodic process indicates that the lithium insertion reaction and phase transformation 
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from hexagonal α-LixFe2O3 to cubic Li2Fe2O3 are irreversible.291 The decrease of the 

redox peak intensity implies that the capacity is decreased during cycling. After the 

second cycle, the CV curves are very stable for the mesoporous α-Fe2O3 electrode 

indicating enhanced stability during the lithiation and delithiation processes.  

 

The CV curves of the commercial electrode also showed a spiky cathodic peak at about 

0.55 V and two broad anodic peaks around 1.7~1.8 V, corresponding to the reduction 

and oxidation of Fe3+. The peak position also significantly changed from the second 

cycle indicating an irreversible structure change after first cycle lithiuation and 

delithiation. From the second cycle, the current peaks continue to decrease for the 

commercial α-Fe2O3 electrode indicating capacity loss during cycling. The electrode 

made of mesoporous α-Fe2O3 showed higher electrochemical activity than the 

commercial product. 

 

5.4.2 Galvanostatic Charge-Discharge 

The charge-discharge measurements were carried out at ambient temperature at 

different current densities in the voltage range from 0.005 to 3.0. The charge-discharge 

curves of the mesoporous and commercial α-Fe2O3 electrode during the first and second 

cycles are shown in Figure 5-7, and these are typical charge-discharge curves for 

transition metal anode materials.173 For the discharge curve of the mesoporous α-Fe2O3 

electrode in the first cycle, the voltage initially decreased quickly to approximately 1.6 
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V followed by a weak slope corresponding to the initial lithium insertion into the 

α-Fe2O3 without causing any change of the α-Fe2O3 structure. There was also a wide 

slope located at 1.2-0.85 V, where there was a phase transformation from the hexagonal 

α-LixFe2O3 to the cubic Li2Fe2O3. An obvious plateau was observed at 0.85 V indicating 

the complete reduction of iron from Fe2+ to Fe0+. This electrochemical behavior is 

consistent with the results of the CV measurement. The capacity obtained above 0.8 V 

was 940 mAh g-1 (5.6 mol of Li per mole of α-Fe2O3), which is very close to the 

theoretical capacity of 1007 mAh g-1 (6 mol of Li per mole of α-Fe2O3). After 

discharging the voltage to 0.005 V, the total specific capacity of the as-prepared 

mesoporous α-Fe2O3 was 1730 mAh g-1 corresponding to 10.3 mol of Li per mole of 

α-Fe2O3, which is much higher than the theoretical capacity. For the discharge curve of 

the commercial α-Fe2O3 electrode in the first cycle, the voltage quickly decreased to 

0.85 V and then sloped to 0.005 V. The initial discharge capacity of the commercial 

α-Fe2O3 was 1435 mAh g-1 corresponding to 8.5 mol of Li per mole of α-Fe2O3, which 

is much lower than the mesoporous α-Fe2O3, but still higher than the theoretical capacity 

of α-Fe2O3. The large excess capacity could be ascribed to decomposition of the 

electrolyte at low voltage (generally below 0.8 V vs Li+/Li) to form a solid electrolyte 

interphase (SEI) layer and to further lithium storage via interfacial charging at the 

metal/Li2O interface.51,52,292,293 During the second cycle, the discharge curve only 

showed a slope at 1.0-0.8 V, and the capacities were reduced to 1360 mAh g-1 for 

mesoporous α-Fe2O3 electrode and 999 mAh g-1 for commercial α-Fe2O3 electrode. 

Usually, the slope behavior during the discharge process of metal oxide anode materials 
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is considered to relate to the irreversible formation of a nanocomposite of crystalline 

grains of metals and amorphous Li2O matrix.51,294 For the charge curves of the first and 

second cycles of mesoporous α-Fe2O3 electrode, no obvious plateau can be observed 

and the charge capacities are 1200 mAh g-1 and 1250 mAh g-1, respectively, 

corresponding to the oxidation of Fe0 to Fe2+, with part of the Fe further oxidized to 

Fe3+, along with some contribution from the reversible surface layer formed during the 

discharge process. The commercial α-Fe2O3 exhibited much lower charge capacity, with 

a charge capacity of 974 mAh g-1 in the first cycle and 958 mAh g-1 in the second cycle, 

respectively. It has been demonstrated in previous reports that the morphology of Fe2O3 

plays a significant role in the discharge performance.266,295 Materials that have small 

particles with high surface area always yield high charge-discharge capacities indicating 

that high surface area can enhance the interfacial charge storage. Our experimental 

results are consistent with those previous reports. 

 

The cycling performances of the mesoporous α-Fe2O3 electrode and the commercial 

electrode are shown in Figure 5-8. The mesoporous α-Fe2O3 electrode demonstrates an 

excellent cycling performance. The second discharge cycle for the mesoporous α-Fe2O3 

electrode capacity was 1360 mAh g-1 at a current rate of 200 mA g-1 (0.2C). After 50 

cycles, the specific discharge capacity was 1293 mAh g-1, which is about 95% of the 

second cycle discharge capacity and represents a 0.1% capacity drop per cycle if the 

first cycle is excluded. In contrast, the cycle discharge capacity of the commercial 

α-Fe2O3 electrode, continued decreasing as the cycle number increased: from 999 mAh 
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g-1 at the second cycle to 656 mAh g-1 at the fiftieth cycle, with the capacity loss more 

than 34% of the second cycle discharge capacity. Both samples showed good coulombic 

efficiencies from the fifth cycle, above 95%. The excellent capacity retention of 

mesoporous α-Fe2O3 should be related to the mesoporous structure of the material, 

which can accommodate the volume change of the Li+ insertion/extraction during the 

charge-discharge process and prevent the active materials from falling off the current 

collector.52,296 

 

The charge-discharge performances of mesoporous α-Fe2O3 and commercial α-Fe2O3 

electrodes at different current densities were also investigated (as shown in Figure 5-9). 

The discharge capacities of the electrodes made of mesoporous α-Fe2O3 were 1381 mAh 

g-1, 1259 mAh g-1, 1150 mAh g-1, 1087 mAh g-1 and 877 mAh g-1, at 0.1 C, 0.2 C, 0.5 C, 

1 C and 2 C, respectively, which is much higher than the theoretical capacity of graphite 

(372 mAh g-1). The capacity retention of mesoporous α-Fe2O3 was 63.5 % from 0.1 C to 

2 C. The discharge capacities of the electrodes made of commercial α-Fe2O3 were 1021 

mAh g-1, 843 mAh g-1, 629 mAh g-1, 557 mAh g-1 and 309 mAh g-1, at 0.1 C, 0.2 C, 0.5 

C, 1 C and 2 C, respectively, with a capacity retention of 30.2 % from 0.1 C to 2 C. The 

mesoporous α-Fe2O3 showed much better C-rate performance than the commercial 

micro-size α-Fe2O3. The mesoporous structure with its high surface area provides high 

surface contact with the electrolyte and decreases the current density per unit area. The 

excellent cycling stability and high rate specific capacity of the as-prepared mesoporous 
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α-Fe2O3 indicate its attractive potential for use as an anode material in lithium-ion 

batteries. 

 

 

Figure 5-7 Charge-discharge voltage profiles of the electrodes made of (a) mesoporous 
α-Fe2O3 and (b) commercial α-Fe2O3. 
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Figure 5-8 Cycling performance and coulombic efficiencies of the electrodes made of 
(a) mesoporous α-Fe2O3 and (b) commercial α-Fe2O3. 
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Figure 5-9. Discharge voltage profiles of the electrode made of (a) mesoporous and (b) 
commercial α-Fe2O3 at different C-rates (1 C=1000 mA g-1). The insert is the capacity 

retention at different C-rates. 
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5.5 Summary 

A soft template synthesis method was used to successfully prepare mesoporous α-Fe2O3. 

The as-prepared material shows a highly porous structure with a large surface area of 

128 m2 g-1. As an anode material in lithium-ion batteries, the as-prepared mesoporous 

α-Fe2O3 shows much better electrochemical performance than the commercial 

micro-sized α-Fe2O3, with a high discharge specific capacity of 1730 mAh g-1 at the first 

cycle and 1293 mAh g-1 at the fiftieth cycles. The mesoporous α-Fe2O3 also showed 

excellent high-rate performance with a discharge capacity of 877 mAh g-1 at 2 C-rate. 

The good cycling stability and high rate specific capacity indicate it could potentially be 

applied to the lithium-ion battery industry. 
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CHAPTER 6 MnO/C CORE-SHELL NANORODS FOR 

LITHIUM-ION BATTERIES 

 

6.1 Introduction 

Transition metal oxides have attracted great attention as anode materials for lithium-ion 

batteries. However, there are still many challenges in using them as anode materials for 

lithium-ion batteries. One of them is the poor cycling performance, resulting from large 

volume expansion during the charge-discharge process due to the generation of Li2O. 

Another obstacle is their poor electronic conductivity, which limits their power 

performance. It has been demonstrated that electrode materials with a deliberately 

designed nanostructure can partly accommodate the strains of Li+ intercalation and 

de-intercalation, and the cycling performance can be improved.271 Furthermore, coating 

these semiconducting materials with carbon or a conductive polymer can significantly 

enhance the electronic conductivity of the electrode materials with a resultant 

improvement in rate performance.297,298 Recently, various manganese oxides (MnOx) 

(e.g. MnO2, Mn2O3, Mn3O4 and MnO) have been investigated for their potential use as 

anode materials. Fang et al. reported that, for all the different manganese oxides, 

metallic Mn and Li2O are the end discharge products at 0.01 V and MnO is the end 

charge product at 3.0 V. MnO is the most promising anode material among all the 

manganese oxides for lithium-ion batteries due to its high reversible capacity.299 

Furthermore, MnO has a relatively low electromotive force (emf) value (1.032 V vs. 
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Li+/Li) and high density (5.43 g cm-3).300,301 In this chapter, MnO/C core-shell nanorod 

material was prepared through a thermal reduction reaction and its electrochemical 

performance as an anode material for lithium-ion batteries. In use as an anode material 

for lithium-ion battery, the prepared MnO/C core-shell nanorods showed much higher 

specific capacity than that of MnO microparticles and MnO2 nanowires. 

 

6.2 Preparation of MnO2 Nanowires, MnO/C Core-Shell Nanorods and 

MnO Microparticles 

MnO/C core-shell nanorods were synthesized by the reduction of carbon precursor 

coated MnO2 nanowires. The MnO2 nanowires were synthesized by a typical 

hydrothermal method according to previously reported procedures.302 Thirty five ml of 

distilled water was used in dissolving 0.7 mmol KMnO4 (Sigma-Aldrich) and 0.7 mmol 

NH4Cl to form a transparent solution under stirring. The solution was sealed in a 

Teflon-lined stainless steel autoclave and kept at 140 °C for 24 h. After cooling down to 

room temperature, the precipitate was collected by filtration and rinsed with distilled 

water and absolute alcohol several times, and then dried in a vacuum oven at 60 °C 

overnight. Non-ionic block co-polymer poly (ethylene oxide)-block-poly (propylene 

oxide)-block-poly (ethylene oxide)-(EO106PO70EO106) Pluronic® F127 (Sigma-Aldrich) 

was used as the carbon precursor for carbon coating in this work. Twenty nine mg F127 

was first dissolved in 10 ml ethanol to form a transparent solution. Then, 56 mg MnO2 

nanowires were added to the solution and ultrasonicated for 30 min in a sealed bottle. 

After drying under stirring at room temperature, the product was ground into powder 
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and sintered at 500 °C for 5 h in flowing Ar containing 5 vol.% H2.  

 

6.3 Physical and Structural Characterization 

6.3.1 X-ray Diffraction 

The crystal structure of the as-prepared materials was characterized by X-ray diffraction 

(XRD, GBC MMA) using Cu Kα radiation, with 2θ ranging from 10° to 80°. The XRD 

patterns of as-prepared MnO2 nanowires, MnO/C nanorods and MnO microparticles are 

shown in Figure 6-1. For the MnO2 nanowires, all the diffraction peaks of the XRD 

pattern can be indexed to the body-centered tetragonal α-MnO2 phase (JCPDS 44-0141). 

MnO/C nanorods and MnO microparticles were obtained from the reduction of MnO2 

nanowires in flowing Ar containing 5 vol.% H2. As shown in Figure 6-1, the crystal 

structure of both the MnO/C nanorods and the MnO microparticles can be indexed to 

the face-centered cubic phase of MnO (JCPDS 07-0230).  

 

6.3.2 Field Emission Scanning Electron Microscopy 

The morphologies of the as-prepared materials were observed by field emission 

scanning electron microscopy (FESEM, JEOL 7500) and are shown in Fig. 6-2. The 

as-prepared MnO2 shows a nanowire structure with length up to several micrometers 

and diameters ranging from 20-50 nm (Figure 6-2a and b). After reducing to carbon 

coated MnO, the nanowire structures fractured into nanorod structures (Figure 6-2c). 

There was no significant change in diameter. Figure 6-2d shows the morphology of 
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MnO obtained from the reduction of MnO2 nanowires without carbon coating. The 

nanowire structure agglomerated into big microsized particles, indicating the carbon 

coating technique can prohibit particle growth during the calcination process. 

 

Figure 6-1 X-ray diffraction patterns of the as-prepared MnO/C core-shell nanorods, 
MnO microparticles and MnO2 nanowires. 
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Figure 6-2 FESEM images of (a) and (b) MnO2 nanowires, (c) MnO/C core-shell 

nanorods and (d) MnO microparticles. 

 

6.3.3 Transmission Electron Microscopy 

More structural details of the MnO/C core-shell nanorods were further analyzed by 

transmission electron microscopy (TEM, JEOL 2011) and selected area electron 

diffraction (SAED). Low magnification TEM images are shown in Figure 6-3a and b. 

The nanorods show a polycrystalline feature and are agglomerated into bundles with a 

length extending to a few hundred nanometers. The fracturing of the nanowire structure 

into nanorods may be caused by the reduction of MnO2 to MnO. An individual nanorod 

consists of nanoparticles with diameters from 20nm to 30 nm. The corresponding SAED 

pattern is shown as the inset in Figure 6-3b. All the diffraction rings can be indexed to 
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the face-centered cubic Fm-3m crystal structure. A HRTEM image is presented in 

Figure 6-3c. In the region A, we can clearly observe that the image is in focus on the 

surface of the MnO crystal, and the lattice can be clearly resolved with a d-spacing of 

0.255nm for the (1 1 1) planes. However, in region B at the same level, the image is 

focused on the carbon layer, which presents numerous black spots, indicating that the 

surface of the nanorod is covered with a thin layer of amorphous carbon. On the edge of 

the nanorod, a thin carbon layer with a thickness of 1-2 nm is clearly visible. 

 

 

Figure 6-3 (a and b) TEM images of MnO/C core-shell nanorods, with the inset in (b) 
showing the corresponding SAED pattern, and (c) HRTEM image of MnO/C core-shell 

nanorods. 
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6.4 Electrochemical Performance for Lithium-Ion Batteries 

The electrochemical performance of the as-prepared materials was evaluated by 

galvanostatic charge-discharge and cyclic voltammetry (CV). The experiments were 

carried out in coin cells (CR2032). The electrode composition was 70 wt % of the 

as-prepared materials, 20 wt % of carbon black, and 10 wt % of polyvinylidene fluoride 

(PVDF). The electrolyte solution was 1M LiPF6 in a 1:1 mixture of ethylene carbonate 

(EC) and dimethyl carbonate (DMC). 

 

The electrochemical behavior of the prepared MnO/C nanorods, MnO microparticles 

and MnO2 nanowires were initially characterized by cyclic voltammetry (CV) using a 

CHI660C electrochemical workstation, as shown in Figure 6-4. The CV curves of 

MnO/C core-shell nanorod electrode showed two small peaks at 1.86 V and 1.53 V in 

the first negative scan process; these disappeared in the subsequent cycles. These 

reduction peaks may correspond to the reduction of Mn3+ or Mn4+ to Mn2+; the Mn3+ or 

Mn4+ could have originated from a trace MnO1+x impurity resulting from the incomplete 

reduction of MnO2 in the sintering process. The main cathodic peak was close to 0.1 V, 

corresponding to the complete reduction of Mn2+ to Mn0 and the formation of a solid 

electrolyte interphase (SEI) layer with a reversible polymer/gel like film.303,304 From the 

second cycle, the reduction current peaks shifted to 0.3 V, indicating an irreversible 

phase transformation due to the formation of Li2O and metallic manganese. In the 

anodic polarization process, one main peak appeared at around 1.3 V, and a weak peak 

was recorded at 2.1 V, corresponding to the oxidation of Mn0 to Mn2+ and the 
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decomposition of the polymer/gel layer at a high oxidation potential above 2.0 V.303 

After the second cycle, the CV curves became stable and overlapped. The MnO 

microparticle electrode and the MnO2 nanowire electrode showed CV curves similar to 

the MnO/C nanorod electrode. However, the peak intensities of the MnO microparticle 

electrode and MnO2 nanowire electrode continued to decrease with cycling, indicating 

poor cycling stability. 

 

Figure 6-4 Cyclic voltammetry (CV) curves of (a) MnO/C core–shell nanorod electrode, 
(b) MnO microparticle electrode and (c) MnO2 nanowire electrode. Scanning rate: 0.2 

mV s 1 in the range of 0.01-3.0V. 

 

The electrochemical performances were further investigated by charge-discharge 

measurements with cycling at a current density of 200 mA g-1 between 0.01 and 3.0 V 
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at ambient temperature. In the first discharge curve of the MnO/C core-shell nanorod 

electrode shown in Figure 6-5a, the voltage dropped quickly to a plateau at about 0.28 V, 

and then decreased slowly to 0.01 V, associated with the complete reduction of Mn2+ to 

Mn0. The initial charge curve of the MnO/C core-shell nanorod electrode showed a 

slope in the voltage range between 1.0 and 1.5 V, related to the oxidation of Mn0 to 

Mn2+. The voltage plateau for this reaction should be at the emf value of 1.032V vs. 

Li+/Li at 298K for perfect bulk materials.300,301 The difference in the plateau position is 

considered to be caused by the cathodic over-potential, which has already been studied 

by Zhong et al. using the galvanostatic intermittent titration technique (GITT).305 The 

voltage profiles of the MnO microparticle electrode and MnO2 nanowire electrode were 

similar to the MnO/C core-shell nanorod electrode except for the position of the 

charge-discharge plateau (Figure 6-5b and c). The initial discharge capacities of the 

MnO/C nanorods, MnO microparticles and MnO2 nanowires were 1090 mAh g-1, 881 

mAh g-1 and 1319 mAh g-1, respectively, which are larger than their theoretical 

capacities. The theoretical capacity for MnO is 755 mAh g-1 and MnO2 has a theoretical 

capacity of 1232 mAh g-1. The exceeding capacities could be ascribed to the 

decomposition of the electrolyte at low voltage (generally below 0.8 V vs Li+/Li) to 

form a solid electrolyte interphase (SEI) layer and further lithium storage via interfacial 

charging at the metal/Li2O interface.51 As shown in Figure 6, the discharge plateaus of 

the MnO/C core-shell nanorod electrode, MnO microparticle electrode and MnO2 

nanowire electrode shifted to about 0.5 V from the second cycle, indicative of the 

irreversible formation of crystalline metal nanoparticles and an amorphous Li2O matrix.  
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Figure 6-5 Voltage profiles of the electrodes made of (a) MnO/C core–shell nanorods, 
(b) MnO microparticles and (c) MnO2 nanowires. Current density: 200 mA g 1. 

 

The long cycling performance results of MnO/C nanorod, MnO microparticle and 

MnO2 nanowire electrodes are shown in Figure 6-6. The MnO/C core-shell nanorod 

electrode exhibited much higher capacity retention than that of the MnO microparticle 

and MnO2 nanowire electrode after 40 cycles. The second cycle discharge capacity of 

the MnO/C core-shell nanorod electrode is 783 mAh g-1 at a current rate of 200 mA g-1. 

After 40 cycles, the specific discharge capacity was 602 mAh g-1, which is about 77 % 

of the second cycle discharge capacity. In contrast, the capacities of the MnO 

microparticle and MnO2 nanowire electrodes, continued decreasing to 309 mAh g-1 and 
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191 mAh g-1 as the number of cycles increased, with the capacity retention of 35 % and 

14 % of the second cycle discharge capacity, respectively. The C-rate performances of 

the as-prepared materials were also investigated and are shown in Figure 6-7. The 

MnO/C core-shell nanorod electrode also showed much better C-rate performance than 

the MnO microparticle and MnO2 nanowire electrodes. The good electrochemical 

performance of MnO/C core-shell nanorod electrode is a result of the combined 

advantages of the nanorod structure and the porous carbon coating layer. Nanosize 

materials with a large surface area can provide more active sites for Li+ 

intercalation/de-intercalation and shorten the diffusion length for lithium ions in the 

solid phase. The nanoporous carbon coating layer with mesopores can form a mixed 

conducting three-dimensional network that facilitates the migration of both the Li+ and 

the e-, so that they reach each surface of the MnO nanorods.56 

 
Figure 6-6 Cycling performance of MnO/C core–shell nanorod, MnO microparticle and 

MnO2 nanowire electrodes at discharge and charge current rate of 200 mA g 1. 
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Figure 6-7 Cycling performance of MnO/C core–shell nanorod, MnO microparticle and 

MnO2 nanowire electrodes at different discharge and charge current rate. 
 

6.5 Summary 

Using block copolymer F127 as the carbon source, MnO/C core-shell nanorods were 

successfully prepared from MnO2 nanowires by calcination in a gas flow of 5 vol.% H2 

in Ar. The XRD pattern shows that the product has a face-centered cubic phase structure. 

FESEM and TEM images showed that a thin carbon layer was coated on the surfaces of 

the MnO nanorods. The MnO/C core-shell nanorod electrodes delivered a higher 

capacity retention and better C-rate capability than that of MnO microparticle electrodes 

and MnO2 nanowire electrodes.  

 

Both of the mesoporous α-Fe2O3 in Chapter 5 and the MnO/C core-shell nanorods in 
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this chapter showed higher discharge capacities than the commercial graphite, which 

demonstrated that nanostructure transition metal oxides are suitable as anode materials 

for high energy lithium-ion batteries. Three-dimensional mesoporous structure and 

one-dimensional nanowire structure can both significantly increase the surface area and 

reduce the lithium ion diffusion length in the solid state of the as-prepared materials. 

The mesoporous α-Fe2O3 electrode showed higher discharge capacity than that of the 

MnO/C core-shell nanorods electrode at 0.2 C, which is benefit to increase the energy 

density of lithium-ion batteries. While the MnO/C core-shell nanorods showed lower 

discharge voltage plateau, which can increase the out-put voltage for whole-cell 

lithium-ion batteries. 
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CHAPTER 7 GRAPHENE NANOSHEETS AS CATHODE 

CATALYSTS FOR LITHIUM-OXYGEN BATTERIES 

 

7.1 Introduction 

Various approaches to improving the electrochemical performance of rechargeable 

lithium-oxygen batteries have been reported, including the use of nanostructured 

transition metal oxide;191,211,219,306 mesocellular carbon foam;213 superfine platinum 

particles;307 bi-functional platinum–gold nanoparticles loaded onto carbon221 and carbon 

modified by long-chain hydrophobic molecules.308 Recently, Zhou’s group firstly 

successfully fabricated multilayer graphene electrodes for lithium-oxygen batteries by 

drawing the pencil rods on a ceramic separator.309 They also examined metal free 

graphene nanosheets (GNSs) for use in air electrodes in a lithium-oxygen battery with a 

hybrid aqueous/nonaqueous electrolyte. As the cathode, the GNSs exhibited higher 

catalytic activity than that of acetylene carbon black and were considered to be a 

promising candidate for use in an air electrode for rechargeable lithium-oxygen 

batteries.310 Although GNSs have been widely investigated as the catalyst or catalyst 

hosts in an air electrode with an aqueous electrolyte, the electrochemical performance of 

GNSs as a cathode catalyst in a lithium-oxygen battery with a non-aqueous electrolyte 

has not yet been studied. 

 

In this chapter, the use of GNSs as high efficiency cathode catalysts for rechargeable 
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lithium-oxygen batteries in an alkyl carbonate electrolyte was investigated. The GNSs 

were prepared by the chemical reduction of exfoliated graphite oxide nanosheets. The 

electrochemical properties of GNSs as cathode electrode materials were studied in 

lithium-oxygen batteries with an alkyl carbonate electrolyte.  

 

7.2  Preparation of Graphene 

The synthesis of GNSs was derived from the modified Hummers method as described in 

chapter 2; graphene oxide was first prepared and then reduced to yield GNSs by 

hydrazine hydrate. Vulcan XC-72 carbon was purchased from Cabot Australia. 

 

7.3 Physical and Structural Characterization 

7.3.1 Scanning Electron Microscopy and Transmission Electron Microscopy 

The microstructure of the as-prepared GNSs agglomerate was observed by field 

emission scanning electron microscope (FESEM, Zeiss Supra 55VP) (shown in Figure 

7-1a). The as-prepared GNSs consist of almost transparent, wrinkle-like, thin 

nanosheets. Vulcan XC-72 carbon, another widely used catalyst host, was also observed, 

for comparison. Figure 7-1b shows that the Vulcan XC-72 carbon consists of 

nanoparticles around 100 nm. The morphology of the as-prepared GNSs was further 

investigated by transmission electron microscope (TEM, JEOL 2011) and high 

resolution TEM (HRTEM). Figure 7-1c shows a bright-field TEM image of graphene 

nanosheets, which resemble repelled and entangled silk veil waves. Figure 7-1d further 
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presents a HRTEM image of the as-prepared GNSs, in which the featureless basal 

planes of graphene nanosheets are clearly visible. 

 

Figure 7-1 FESEM images of the as-prepared GNSs (a) and commercial Vulcan XC-72 
carbon (b). TEM images of the as-prepared GNSs (c) and (d) at different 

magnifications. 

 

7.3.2 X-ray Diffraction and Raman Spectroscopy 

X-ray diffraction (XRD) of as-prepared GNSs was conducted on a Siemens D5000 

X-ray diffraction meter (Figure 7-2a). The as-prepared GNSs display broad a (002) peak 

and a weak (100) peak, implying breaking of the inter-planar carbon bonds of the 

pristine graphite and the formation of graphene nanosheets.311,312 The Raman spectrum 

was acquired on a Jobin Yvon HR800 confocal Raman system with 632.81 nm diode 

laser excitation on a 300 lines per mm grating at room temperature. Figure 7-2b shows 
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the Raman spectrum of the as-prepared GNSs. Two typical Raman peaks of carbon are 

observed at 1330 and 1592 cm-1, corresponding to the D line and G line, respectively. 

The D line is stronger than the G line, and the D/G intensity ratio in the spectrum is 

significantly higher than that of well-crystallized graphite, indicating the graphene 

nanosheets have smaller sized in-plane sp2 domains than that of graphite and a partially 

disordered crystal structure.149,247 

 

Figure 7-2 (a) XRD pattern and (b) Raman spectrum of the as-prepared GNSs. 
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7.3.3 Brunauer-Emmett-Teller 

The surface area and microstructure of the carbon source play an important role in the 

electrochemical performance of lithium-oxygen batteries.212 In order to examine the 

specific surface area and the pore size distribution of the as-prepared GNSs and Vulcan 

XC-72 carbon, N2 adsorption–desorption isotherm measurements were carried out. In 

Figure 7-3a, the GNSs exhibit a typical IV shape, indicating theey are mesoporous. The 

pore size distribution, obtained from the Barrett-Joyner-Halenda (BJH) method, is 

shown as the inset in Figure 7-3a. The plot shows that the dominant peaks are in the 

mesoporous range with a peak around 3.63 nm. The surface area of the GNSs, estimated 

from the Brunauer-Emmett-Teller (BET) method, is 309 m2 g-1 and the pore volume is 

0.3666 cm3 g-1. The nitrogen adsorption/desorption isotherm of Vulcan XC-72 carbon is 

shown in Figure 7-3b. The pore size distribution of Vulcan XC-72 carbon exhibits 

mesoporous structure with broad pore size distribution. The surface area estimated from 

the BET method is 240m2 g-1 and the pore volume is 0.3834 cm3 g-1. 

 

7.4 Lithium-Oxygen Batteries Performance 

The electrocatalytic activity of graphene nanosheets was examined in lithium-oxygen 

cells and compared with Vulcan XC-72 carbon. The charge–discharge measurement was 

carried out in the voltage range of 2.0–4.4 V for graphene nanosheet electrodes and 

2.0–4.6 V for Vulcan XC-72 carbon electrodes at room temperature. The third cycle 

charge/discharge voltage profiles are shown in Figure 7-4. The discharge capacity of the 

as-prepared GNSs electrode was 2332 mAh g-1; whereas the Vulcan XC-72 carbon 
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electrode showed a lower discharge capacity of 1645 mAh g-1. During the discharge 

process, the GNSs electrode showed a discharge potential plateau of 2.75 V vs. Li/Li+, 

which was higher than that of the Vulcan XC-72 carbon electrode (2.60 V vs. Li/Li+). 

During the charge process, the charge potential plateau of the GNSs electrode was 3.97 

V vs. Li/Li+ (half charge capacity), which was much lower than that of the 

 

Figure 7-3 The nitrogen adsorption/desorption isotherm of (a) GNSs and (b) Vulcan 
XC-72 carbon. The insets are the pore size distribution curves. 



- 153 - 

Vulcan XC-72 carbon electrode (4.29 V vs. Li/Li+). The GNSs electrode exhibited a 

charge potential similar to that of a α-MnO2 nanowires electrode,191 which is lower than 

that of any other pure carbon material reported previously.219,220 Using the data shown in 

Figure 7-4, we can determine that the potential difference (ΔV) between the charge and 

discharge potentials of the GNSs electrode was 1.22 V, which is significantly lower than 

that of the Vulcan XC-72 carbon electrode (1.69 V). Therefore, the air electrode with 

GNSs was found to have a higher round-trip efficiency than that of the Vulcan XC-72 

carbon electrode. The significant difference in the electrochemical performance between 

the GNSs and the Vulcan XC-72 carbon in lithium-oxygen cells could be ascribed to the 

differences in their catalytic activities. 

 

Figure 7-4 Charge-discharge voltage profiles (third cycle) of the as-prepared GNSs and 
Vulcan XC-72 carbon. Capacities are per gram of carbon in the electrode. Cycling was 
carried out at a current density of 50 mA g-1 (0.1 mA cm-2) in 1 atm O2 atmosphere at 

room temperature (20 °C). The cut voltage ranges were 2.0-4.4 V for the GNSs 
electrode and 2.0-4.6 V for the Vulcan carbon electrode, respectively. 
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Previous studies described the electrochemical reaction of lithium-oxygen batteries, 

during discharge, as the reduction of oxygen by lithium ions to form Li2O or Li2O2 and, 

during the charging process, as the electrochemical decomposition these oxides to 

lithium ions and oxygen.197 To identify the reaction products on the GNSs and Vulcan 

XC-72 carbon electrodes in the Li-air cell, we performed FTIR measurements on the 

cathode in both the discharge and charge states. Figure 7-5 shows the FTIR spectra of 

GNSs and Vulcan XC-72 cathodes. The FTIR spectrum of the discharged electrodes 

showed that the discharge products were dominated by Li2CO3 instead of the expected 

Li2O2, and that peaks associated with C=O, C-O, C-C and C-H groups were also present. 

These absorbance peaks associated with Li2CO3 and the above mentioned functional 

groups disappeared after charging. The XRD patterns in Figure 7-6 further confirmed 

that Li2CO3 is the dominant phase of the discharged electrode. In the discharged state, 

the Li2CO3 phase can be identified on both the GNSs and the Vulcan carbon electrodes; 

whereas in the charged state it cannot be seen on either of these electrodes. This result is 

consistent with the FTIR measurement. Recently, several publications have 

demonstrated that when alkyl carbonate electrolytes are used in the lithium-oxygen 

batteries, the electrochemistry is much more complicated than a simple combination 

reaction.204,206 The discharge reaction is the decomposition of the electrolyte, with 

oxygen involved, leading to the formation of Li2CO3, CH3CO2Li, HCO2Li, 

C3H6(OCO2Li)2, CO2 and H2O. The charge reaction is the oxidation of Li2CO3, 

CH3CO2Li, HCO2Li, C3H6(OCO2Li)2. This explains the large over-potential between 

the charge and discharge curves of the Li-air batteries. Our results are consistent with 
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the recent report by Bruce et al.206 The reduced over-potential indicates the as-prepared 

GNSs used with an alkyl carbonate electrolyte are more electrochemically active for the 

above reactions than Vulcan XC-72. The increased electrocatalytic activity probably 

arises from the presence of many carbon vacancies and defects on the surface of GNSs. 

These vacancies and defects are formed during the preparation process by chemical 

reduction of exfoliated graphite oxide sheets. The zigzag edges of graphene nanoribbons 

have been reported to have a unique edge state’s electronic structure.313 The carbon 

atoms at the edge of graphene nanosheets are considered to be ‘‘partially radical’’, 

which can offer special chemical reactivity, differing from that of non-edge carbon 

atoms. This means that the sp3-bonded carbon atoms in GNSs contribute to edge states 

and defects and might serve as active sites for the electrochemical reaction of oxygen. 

Although the detailed mechanism for the oxygen involved electrochemical reaction in 

alkyl carbonate electrolytes is still not completely clear and is under intense 

investigation, graphene nanosheets have shown an efficient catalytic effect as the air 

electrode in rechargeable lithium-oxygen batteries with an organic electrolyte. 

 

The cycling performance of the GNSs and the Vulcan carbon electrodes is shown in 

Figure 7-7. The initial capacity of the electrode made of GNSs was 1597 mAh g-1. It 

then dramatically increased to 2332 mAh g-1 on the second cycle and was sustained at 

2359 mAh g-1 on the fifth cycle. Whereas, the 1918 mAh g-1 initial capacity of the 

Vulcan XC-72 carbon electrode steadily declined to 1342 mAh g-1 by the fifth cycle. 

The GNSs electrode exhibited a better cycling performance than that of the Vulcan 
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XC-72 carbon electrode. For the lithium-oxygen batteries with alkyl carbonate 

electrolytes, the cycling involves the repeated decomposition of the electrolyte during 

discharge and oxidation of the decomposed products during charge.206 The fading of the 

lithium-oxygen cell during cycling is associated with the accumulation of these products 

in the electrode and the starvation of the electrolyte. The FTIR spectrum of the charged  

 

Figure 7-5 FTIR spectra of the pristine air electrode and after first discharge, then 
recharge in 1 M LiClO4 in PC under O2. (a) As-prepared GNSs electrode and (b) Vulcan 

XC-72 carbon electrode. 
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electrode in Figure 7-5 demonstrated the decomposition of the discharge products of 

GNSs and Vulcan XC-72 electrode. However, there are still weak peaks associated with 

discharged products present in the Vulcan XC-72 electrode due to incomplete 

decomposition of the discharge products. The accumulation of the discharge product on 

the GNSs electrode is slower, and less, than on the Vulcan XC-72 electrode. Therefore, 

the GNSs electrode shows better cyclability. 

 

Figure 7-6 XRD patterns of the air electrodes in the first discharged and charged states: 
(a) the as-prepared GNSs electrode and (b) the Vulcan XC-72 carbon electrode. 
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Figure 7-7 Cycling performances of the as-prepared GNSs and Vulcan XC-72 carbon 
electrode. Capacities are per gram of carbon in the electrode. Cycling was carried out at 

a current density of 50 mA g-1 (0.1 mA cm-2) in 1 atm O2 atmosphere. 

 

The morphologies of the GNSs and Vulcan XC-72 air electrodes before and after 

cycling were investigated by FESEM (as shown in Figure 7-8). The GNSs air electrode 

before cycling presents sufficient pores between GNSs agglomerates. These pores can 

facilitate oxygen diffusion and electrolyte impregnation. After cycling, the pores inside 

the air electrode were partially filled by insoluble reduction products (Figure 7-8b). The 

pores between the carbon nanoparticles of the Vulcan XC-72 air electrode were 

similarly filled by the reduction products after discharge. This filling of pores with 

insoluble reduction products could reduce further oxygen diffusion, leading to increased 

polarization of the air electrode and is a phenomenon that remains a big challenge for 
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lithium-oxygen batteries. 

 

 

Figure 7-8 FESEM images of the GNSs electrode before (a) and after (b) discharge and 
the Vulcan XC-72 carbon electrode before (c) and after (d) discharge. 

 

7.5 Summary 

Graphene nanosheets have been prepared and applied as cathode catalysts for 

lithium-oxygen batteries with an alkyl carbonate electrolyte. The as-prepared GNSs 

electrode exhibited better cyclability and lower over-potential than that of the Vulcan 

XC-72 electrode. The reduced over-potential is indicative of the high electrochemical 

activity of the GNSs towards oxygen involved reactions in lithium-oxygen cells which 

could arise from the presence of many carbon vacancies and defects on the GNSs 
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surface. It is expected that graphene nanosheets could be an efficient cathode catalyst 

for lithium-air batteries. 
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CHAPTER 8 MESOPOROUS CoO/CMK-3 

NANOCOMPOSITE FOR LITHIUM OXYGEN 

BATTERIES 

 

8.1 Introduction 

For practical application of lithium-oxygen batteries, there are still many challenges that 

need to be overcome. These include reducing the charge-discharge over-potential in 

order to increase the round-trip efficiency, improving the rate capability, and enhancing 

the cycle life stability. The lithium anode has very little polarization, thus the large 

over-potential observed during cell charge-discharge is mainly caused by the cathode. 

Many studies have been devoted to exploring cathode catalysts for the oxygen reduction 

reaction (ORR) and the oxygen evolution reaction (OER) as described in previous 

chapters. The structure of the carbon material used in the air electrode is another critical 

factor that affects the electrochemical performance of lithium-oxygen batteries. The 

insoluble discharge products will accumulate inside the pores of the porous electrode 

and will eventually clog the oxygen diffusion path inside the electrode. Therefore, the 

capacity of a lithium-oxygen battery is determined by the carbon air electrode. It is 

critical to choose a carbon source with the appropriate microstructure to facilitate the 

ORR and accommodate the maximum amount of discharge products. Xiao et al. showed 

that the capacities can increase with increasing mesopore volume of the carbon 

materials.212 Yang et al. used a mesocellular carbon foam as the cathode electrode 
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materials and achieved a high discharge capacity.213 

 

In the past few years, the development of self-ordered mesoporous carbon materials 

with uniform hexagonal or cubic mesopore structures as electrode materials for 

lithium-ion batteries, fuel cells and supercapacitors has attracted attention.105,146,314-319 

Wang et al. reported high electrocatalytic performance of a mesoporous carbon 

Mn3O4/CMK-3 nanocomposite for oxygen reduction in an alkaline solution.320 The 

good performance of the Mn3O4/CMK-3 nanocomposite as the air diffusion electrode 

material is due to the unique arrangement of ordered and interconnected pores within 

the bulk CMK-3 carbon which can provide effective gas diffusion channels. The 

electrochemical performance of mesoporous CMK-3 carbon as an air electrode for a 

lithium oxygen battery with a nonaqueous electrolyte has not yet been studied. In this 

chapter, the use of mesoporous CMK-3 carbon and CMK-3 carbon loaded with CoO 

nanoparticles as cathode catalysts for lithium-oxygen batteries is reported. The 

mesoporous CoO/CMK-3 nanocomposite exhibited excellent capacity retention in 

nonaqueous electrolytes, when compared with bare mesoporous CMK-3 carbon, 

Super-P carbon and CoO/Super-P composites. 

 

8.2 Preparation of a CoO/CMK-3 Nanocomposite 

Mesoporous silica SBA-15 was used as the template to synthesize CMK-3 and was 

prepared according to a previous report.321 In the first step, Pluronic P123 

(EO20PO70EO20) (12.0 g, 0.0207 mol, Aldrich) and potassium chloride (KCl, 99%, 
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Aldrich) were dissolved in 360.0 g of 2 M HCl. Then, 24.96 g (0.119 mol) 

tetraethylorthosilicate (TEOS, 99%, Aldrich) was added to the transparent solution with 

vigorous stirring for 8 min and the mixture was left quiescent at 40 °C for 24 h. The 

mixture was subsequently treated at 130 °C for another 24 h in a Teflon lined autoclave. 

The as-synthesized SBA-15 was collected by filtration, dried and calcinated at 550 °C 

for 6 h in air. 

 

Mesoporous carbon CMK-3 was synthesized by a similar method to that reported by 

Jun et al.322 In a typical preparation process, 1.25 g (3.63 mmol) of sucrose (99.5%, 

Sigma) was dissolved in 5.0 mL of water containing 0.14 g (1.4 mmol) of H2SO4 (98%, 

Aldrich). SBA-15 template (1.0 g) was then dispersed in the above solution and the 

mixture was ultrasonicated for 1 h. The mixture was then heat-treated at 100 °C for 6 h 

and subsequently at 160 °C for another 6 h. The impregnation process was repeated 

again with another aqueous solution containing 5 g of water, 0.8 g (2.32 mmol) of 

sucrose and 0.09 g (0.90 mmol) of H2SO4. The composite was completely carbonized at 

900 °C for 5 h in an inert argon atmosphere. To remove the SBA-15 silica template, the 

composite was stirred in 2 M hot NaOH (98%, pellets, Aldrich) solution and the process 

then repeated. 

 

CoO/CMK-3 nanocomposite was prepared by a the wet impregnation method. An 

ethanolic solution (50 mL) of cobalt nitrate (8 mmol) was stirred for 24 h at room 

temperature with 100 mg of dried CMK-3 template. The carbon–cobalt nitrate mixture 
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was separated from the solution by centrifugation (3000 revolutions/min, 5 min). After 

drying in air at room temperature for 24 h, the resulting material was sintered at 873 K 

for 2 h under flowing Ar gas. The CoO/Super-P carbon composite was obtained by the 

following procedures. First, 100 mg Super-P carbon (TIMCAL) was dispersed in 20 ml 

of ethanolic cobalt nitrate solution (0.022mol L-1). Then, the suspension was dried at 

333 K under stirring. The resulting powders were sintered at 873 K for 2 h under 

flowing Ar to obtain the final product. 

 

8.3 Physical and Structure Characterization 

8.3.1 X-Ray Diffraction  

Mesoporous CMK-3 carbon before and after loading with CoO nanoparticles was 

characterized by X-ray diffraction (XRD) (as shown in Figure 8-1). The XRD pattern of 

CMK-3 (Figure 8-1a) shows two very broad weak diffraction peaks (002) and (100) of 

the graphite structure – indicating that the CMK-3 is not highly graphitized. After 

impregnation with CoO nanoparticles, two broad weak diffraction peaks appeared in the 

XRD pattern of CoO/CMK-3 nanocomposite and these can be indexed to the (111) and 

(200) crystal planes of the cubic CoO (PDF No. 43-1004). The low peak intensity was 

probably due to the small crystal size of CoO nanoparticles. Therefore, the XRD pattern 

confirmed the deposition of CoO in the nanocomposite. Small angle X-ray diffraction 

(SAXRD) measurements were performed on both the CMK-3 carbon and CoO/CMK-3 

nanocomposite (as shown in Figure 8-1b). For the CMK-3 mesoporous carbon, the 

SAXRD peaks can be indexed to the (100), (110), and (200) diffraction lines of the 
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hexagonal mesoporous structure (p6mm), and confirm the long range regularity and 

highly ordered nature of the mesoporous structures. After impregnation with CoO 

nanoparticles, the (110) and (200) diffraction peaks disappeared, indicating that the pore 

channels inside the mesoporous carbon were partially filled by CoO nanoparticles.  

 

Figure 8-1 (a) Wide angle powder X-ray diffraction patterns and (b) Small angle X-ray 
diffraction patterns of mesoporous CMK-3 carbon and CoO/CMK-3 nanocomposite. 
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8.3.2 Brunauer-Emmett-Teller  

In order to determine the Brunauer-Emmett-Teller (BET) surface area of mesoporous 

CMK-3 carbon, CoO/CMK-3 nanocomposite, Super-P carbon black and CoO/Super-P 

nanocomposite, N2 adsorption-desorption isotherm measurements were carried out. As 

shown in Figure 8-2a, both the mesoporous CMK-3 carbon and CoO/CMK-3 

nanocomposite exhibited a typical  shape, indicating their mesoporous characteristic. 

The surface areas estimated by the BET method were 1264 m2 g-1 for the mesoporous 

CMK-3 carbon and 849 m2 g-1 for the CoO/CMK-3 nanocomposite. The decrease in the 

surface area for the CoO/CMK-3 nanocomposite further demonstrates that the pore 

channels inside the mesoporous carbon are partially filled by CoO nanoparticles. The 

Super-P carbon and CoO/Super-P composites showed a BET area of 881 m2 g-1 and 660 

m2 g-1, respectively (Figure 8-2c). 

 

The pore size distribution, obtained from the Barrett-Joyner-Halenda (BJH) method, is 

shown in Figure 8-2b and d. The mesoporous CMK-3 carbon has a primary pore size of 

5.08 nm, and the CoO/CMK-3 nanocomposite has a similar pore size distribution. This 

result confirms that most of the pore channels in CMK-3 carbon are not blocked by the 

loading of CoO nanoparticles. Therefore, the mesopore channel nanoarchitecture is 

maintained in the CoO/CMK-3 nanocomposite, as is desirable for the air electrode in 

lithium-oxygen batteries. The Super-P carbon black and CoO/Super-P composite 

showed a broad pore size distribution as shown in Figure 8-2d. The pore size of 

CoO/Super-P decreased slightly after the impregnation of CoO nanoparticles. 
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Figure 8-2 The nitrogen adsorption/desorption isotherm of (a) mesoporous CMK-3 

carbon and CoO/CMK-3 nanocomposite; (b) Super-P and Super-P/CoO nanocomposite. 
(c) and (d) The corresponding pore size distribution curves. 

 

8.3.3 Scanning Electron Microscopy and Transmission Electron Microscopy 

The morphology and microstructure of the mesoporous CMK-3 carbon and 

CoO/CMK-3 nanocomposite were analyzed by field emission scanning electron 

microscopy (FESEM), transmission electron microscopy (TEM) and high resolution 

transmission electron microscopy (HRTEM). FESEM images of CMK-3 and 

CoO/CMK-3 nanocomposite are shown in Figure 8-3. The CMK-3 carbon template has 

a worm-like morphology and a porous structure. After loading with CoO nanoparticles, 

the CoO/CMK-3 nanocomposite maintained the same shape and morphology as that of 

the CMK-3 template.  
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Figure 8-3 FESEM images of (a) CMK-3 and (b) CMK-3/CoO nanocomposite. 

Figure 8-4 shows a TEM image of the mesoporous CMK-3 carbon, in which mesopore 

channel structures are clearly visible. To investigate the dispersion of CoO nanoparticles 

in the CMK-3 mesoporous carbon matrix, we performed TEM and HRTEM 

observations of the CoO/CMK-3 nanocomposite. Figures 8-4b and 8-4c present the 

TEM images of the CoO/CMK-3 nanocomposite at different magnifications. It can be 

clearly seen that CoO nanoparticles are homogeneously dispersed on the mesoporous 

carbon matrix. Elemental mapping by energy-dispersive X-ray (EDX) spectroscopy also 
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confirmed the presence and fine distribution of C, Co and O (Figure 8-5). Figure 8-4d 

illustrates a HRTEM image of the CoO/CMK-3 nanocomposite. Two CoO nanocrystals 

can be clearly identified with crystal sizes in the range of a few tens of nanometers. This 

illustrates that some CoO nanoparticles are loaded on the outer surface of the 

mesoporous CMK-3 carbon. Therefore, the BET results and TEM observations, confirm 

that the CoO nanoparticles are loaded both inside and outside the pore channels of the 

mesoporous CMK-3 carbon matrix. The mesopore channels still exist in the 

nanocomposite structure, which should ensure facile infiltration of the electrolyte and 

the diffusion of oxygen into mesopores in lithium-oxygen batteries. 

 

 

Figure 8-4 TEM images of (a) mesoporous CMK-3 carbon and (b, c) CoO/CMK-3 
nanocomposite. (d) HRTEM image of CoO/CMK-3 nanocomposite. 
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8.3.4 Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was used to determine the carbon content in the 

composite materials. The TGA curves of the CoO/CMK-3 and CoO/Super-P 

nanocomposites are shown in Figure 8-6. The CoO/CMK-3 nanocomposite started to 

lose weight from 100 °C, due to loss of absorbed water. The main weight loss was at 

about 450 °C corresponding to the oxidation of carbon to CO2. The loading of CoO in 

the as-prepared CoO/CMK-3 nanocomposite was determined to be about 25 wt.%. For 

the CoO/Super-P nanocomposite, the temperature at which carbon is oxidized is lower 

than for the CoO/CMK-3 nanocomposite, which may because the Super-P carbon black 

is less graphite than the mesoporous CMK-3 carbon. The weight percentage of CoO in 

the as-prepared CoO/Super-P nanocomposite was determined to be about 17.5 wt.%. 

 

Figure 8-5 EDX elemental maps of the CoO/CMK-3 nanocomposites. 
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Figure 8-6 Thermogravimetric analysis (TGA) curve of the CoO/CMK-3 and 

CoO/Super-P nanocomposite. 
 

8.4 Lithium-Oxygen Battery Performance 

The electrocatalytic activities of the as-prepared samples as cathode catalysts were 

examined in lithium-oxygen cells. All the cells were discharged to 2.0 V and charged to 

4.15~4.6 V. The charge-discharge voltage profiles are shown in Figure 8-7. During the 

first discharge process, the CMK-3 electrode exhibited a discharge plateau between 

2.6-2.7 V. In the first charging process, the charge curve first reached a plateau at 4.15 V 

and then slowly increased to 4.5 V. During the following cycles, the discharge potential 

decreased quickly and the potential plateau disappeared at the 10th cycle. The first 

discharge plateau position for the Super-P electrode was similar to that for the CMK-3 

electrode during the charging process. The charge potential of the Super-P electrode 

quickly increased to 4.5 V and reached a plateau between 4.5~4.6 V. The CMK-3 
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electrode showed a lower charge potential than the Super-P electrode. This may be due 

to the unique ordered mesopore structure of the former facilitating the infiltration of the 

electrolyte and the diffusion of the oxygen into the electrode. Previous studies have 

confirmed that transition metal oxides can efficiently reduce the charge 

over-potential.191,219 The charge-discharge profiles of the CoO/CMK-3 electrode (in Fig. 

8-7c) showed much lower charge over-potential than for the CMK-3 electrode. The 

charge voltage first increased to 4.0 V. It then reduced to 3.8 V and increased back to 

4.15 V. This behavior is similar to the results reported by Lu. et al.221 The CoO/Super-P 

electrode also showed much lower charge over-potential than the Super-P electrode as 

shown in Figure 8-7d.  

 

The cycling performances of the as-prepared electrodes were further investigated and 

the results are shown in Figure 8-8. The initial discharge capacities of the mesoporous 

CMK-3 carbon and Super-P electrode were 1324 mAh g-1 and 964 mAh g-1, respectively. 

The capacities quickly decreased for both samples from the second cycle. The discharge 

capacity of mesoporous CMK-3 carbon decreased to 521 mAh g-1 in the 15th cycle 

whilst the Super-P electrode could not survive more than 13 cycles. After loading with 

CoO nanoparticles, both mesoporous CMK-3 carbon and Super-P carbon electrodes 

showed improved capacity retention. The CoO/CMK-3 electrode exhibited an initial 

discharge capacity of 1021 mAh g-1 and 970 mAh g-1 at the 15th cycle, with a capacity 

retention of 95 %. However, the discharge capacity of the CoO/CMK-3 electrode 

decreased significantly after the 15th cycle. Therefore, improving the cyclability of 
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lithium-oxygen batteries remains a big challenge. 

 

Figure 8-7 Charge-discharge voltage profiles of (a) mesoporous CMK-3 carbon, (b) 
Super-P, (c) CoO/CMK-3 nanocomposite and (d) CoO/Super-P nanocomposite. 

Capacities were calculated based on the weight of carbon in the electrode. Cycling was 
carried out at a current density of 100 mA g-1 (0.2 mA cm-2) in 1 atm O2 atmosphere. 

 

The good electrochemical performance of the CoO/CMK-3 electrode may be due to the 

unique mesoporous nanostructure of CMK-3 carbon combined with the loading of CoO 

nanoparticles. There are several reasons for the capacity fading of an air electrode. The 

formation of a large amount of discharge products can cause the expansion of the 

electrode which will lead to a loss of the contact between electrode particles during the 

subsequent recharge process.191 The morphologies of the CoO/CMK-3, CoO/Super-P, 
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CMK-3 and Super-P air electrodes before and after the first discharge were investigated 

by FESEM (as shown in Figure 8-9). The pores between the Super-P carbon black and 

CoO/Super-P particles in the air electrode were filled by the reduction products after 

discharge, which will cause large a volume expansion. The CoO/CMK-3 electrode 

consists of wormlike microsized particles. After discharge, the CoO/CMK-3 particles 

were covered by discharge products. The micropores between the CoO/CMK-3 particles 

were still present after discharge. The CMK-3 electrode showed similar morphology 

before and after discharge. Mesoporous CMK-3 carbon contains micro-sized particles, 

which are assemblies of hexagonally ordered carbon nanorods separated by meso-sized 

pore channels.322,323 Due to the small pore size of around 5 nm, the capacity of CMK-3 

electrode mainly comes from the outer surface of CMK-3 and the mesopores near the 

outer surface; not all of the interior surface of the mesopores can be used. Therefore, the 

good cycling performance of the CoO/CMK-3 electrode may be due to the catalytic 

effect of CoO nanoparticles and the unique mesoporous nanostructure of CMK-3 

carbon. 

 

Another reason for the capacity fading of the air electrodes is the decomposition of the 

electrolyte during the charge and discharge processes. Several recent publications have 

demonstrated that the lithium-oxygen electrochemistry when alkyl carbonate 

electrolytes are used is much more complicated than a simple combination 

reaction.204,206,207,324,325 A recent report by Bruce et al. demonstrated that the discharge 

reaction in the most widely used alkyl carbonate electrolyte is the oxygen-involved 
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decomposition of the electrolyte and the formation of Li2CO3, CH3CO2Li, HCO2Li, 

C3H6(OCO2Li)2, CO2 and  

 

Figure 8-8 (a) Cycling performances and (b) capacity retention of the CMK-3, 
CoO/CMK-3, Super-P and CoO/Super-P nanocomposite electrodes. Cycling was carried 

out at a current density of 100 mA g-1 (0.2 mA cm-2) in 1 atm O2 atmosphere. 
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Figure 8-9 FESEM images of the mesoporous CoO/CMK-3 nanocomposite electrode 
before (a) and after (b) discharge, the CoO/Super-P nanocomposite electrode before (c) 

and after (d) discharge, mesoporous carbon CMK-3 electrode before (e) and after (f) 
discharge and the Super-P electrode before (g) and after (h) discharge. 
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H2O. The charging reaction is the oxidation of the discharge products accompanied by 

CO2 and H2O evolution and the continuous decomposition of the electrolyte at high 

charged voltage.206 Cycling involves the repeated decomposition of the electrolyte 

during discharge and oxidation of the deposited products during charge. The capacity 

fading of a lithium-oxygen cell during cycling is associated with the accumulation of 

these products in the air electrode and the starvation of the electrolyte. Bruce et al. also 

investigated the electrochemical reaction in lithium-oxygen batteries with ether-based 

electrolytes.207 The ether-based electrolytes are more stable than carbonate electrolytes 

and can generate Li2O2 as the discharge product in the first cycle. However, the 

electrolytes also decompose to Li2CO3, HCO2Li, CH3CO2Li, CO2, and H2O. The 

oxygen diffusion coefficient in an ether-based electrolyte is much higher than that of a 

carbonate electrolyte. This leads to an increase in capacity and rate performance. 

However, oxygen more easily diffuses through an ether-based electrolyte and reacts 

with lithium metal, which will reduce the cycling stability. Therefore, PC was used as 

the electrolyte in this investigation. The reaction products on the air electrodes in the 

lithium-oxygen cell were examined by Fourier transform infrared spectroscopy (FT-IR). 

The FT-IR spectra (Figure 8-10) of the discharged electrodes showed that the discharge 

products were dominated by Li2CO3 instead of the expected Li2O2, and that peaks 

associated with C=O, C-O, C-C and C-H groups were also present. Notably, the 

absorbance peaks associated with Li2CO3 and the above mentioned functional groups 

almost disappeared after charging of the mesoporous CMK-3 carbon electrode. The 

CoO/CMK-3 nanocomposite electrode showed similar FT-IR spectra after discharge and 
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recharge (Figure 8-10a). However, for the Super-P carbon black and CoO/Super-P 

nanocomposite electrodes, the absorbance peaks associated with the discharge products 

were still observed after recharge (Figure 8-10b and Figure 8-10d). These differences 

demonstrate that a mesoporous CMK-3 carbon electrode can more easily decompose the 

discharge products, which may also be attributed to its unique nanostructure. The 

discharge products mainly deposit on the outer surface and the mesopores near the outer 

surface. The micropores between the CMK-3 carbon micro-particles are retained as 

shown by the FESEM images (Figure 8-9). The presence of micropores between the 

CMK-3 carbon particles and ordered open pores throughout the CMK-3 carbon particles 

can facilitate the diffusion of the CO2 and H2O during the charging process. Therefore, 

the discharge products can be efficiently decomposed. After decomposition of the 

discharge products during the charging process, the remaining electrolyte can more 

easily penetrate into the ordered open mesopores occupied by the discharge product. 

Furthermore, after loading CoO nanoparticles, the CoO/CMK-3 electrode showed much 

lower charge voltage compared with the pristine CMK-3 carbon electrode. This 

significantly increased the round-trip efficiency. The detailed mechanism of the 

oxygen-based electrochemical reaction in alkyl carbonate electrolytes is still not 

completely clear, and we are still searching for a stable electrolyte for lithium-oxygen 

batteries. However, the as-prepared CoO/CMK-3 nanocomposite has shown an efficient 

catalytic effect as the air electrode in rechargeable lithium-oxygen batteries with organic 

electrolytes. 
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Figure 8-10 FT-IR spectra of pristine air electrodes, after the first discharge, and after 
subsequent recharge in 1 M LiClO4 in PC under O2. (a) mesoporous carbon CMK-3 

electrode, (b) Super-P carbon black electrode (c) mesoporous CoO/CMK-3 electrode 
and (d) CoO/Super-P electrode. 

 

8.5 Summary 

A mesoporous CoO/CMK-3 nanocomposite has been synthesised by an impregnation 

method. FESEM and TEM analysis confirmed that CoO nanoparticles were mainly 

loaded on the outer surface of the mesoporous CMK-3 carbon matrix. The as-prepared 

CoO/CMK-3 nanocomposite electrode exhibits better capacity retention than the bare 

mesoporous CMK-3 carbon, Super-P or the CoO/Super-P nanocomposite. The improved 
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catalytic performance can be attributed to the synergistic effect of the ordered open pore 

structure of CMK-3 carbon combined with the CoO nanocatalyst. The microsized 

CMK-3 carbon with its mesopores can facilitate the diffusion of oxygen during the 

discharge process and the release of the charge products (CO2 and H2O) during the 

charging process. The CoO nanoparticles can significantly reduce the charge 

over-potential and increase the round-trip efficiency. The use of microsized carbon 

particles with optimized mesopores as the supporting matrix and the loading of 

appropriate metal or metal oxide nanoparticles could be a promising strategy for the 

development of highly active catalyst materials for lithium-oxygen batteries. 

 

Both of the graphene in Chapter 7 and the mesoporous CoO/CMK-3 nanocomposite in 

this chapter demonstrated that cathode catalyst can significantly enhance the 

electrochemical performance of lithium-oxygen batteries. The cathode catalysts can 

facilitate the oxygen reduction reaction, which can significantly increase the discharge 

capacities of lithium-oxygen batteries. They can also catalyse the decomposition of the 

discharge products during charge process, which greatly reduce the charge potential and 

increase the cycle efficiency. 
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CHAPTER 9 CONCLUSIONS 

 

9.1 General Conclusion 

This doctoral work has explored a series of methods for designing nanostructure 

materials for lithium-ion batteries and lithium-oxygen batteries, including a 

hydrothermal method, a soft template method, a hard template method and a chemical 

reduction method. Novel nanostructure materials were successfully synthesized, 

including one-dimensional nanorods, two-dimensional nanoplates and nanosheets, 

three-dimensional microsphere and mesoporous structures. The nanostructure materials 

show several advantages as the electrode materials or catalysts for lithium-ion batteries 

or lithium-oxygen batteries. The nanostructure materials for lithium-ion batteries can 

increase the electrode/electrolyte contact surface and shorten the lithium diffusion 

length. The nanostructure materials for lithium-oxygen batteries can reduce the 

charge-discharge over-potential and increase the round-trip efficiency. 

 

9.1.1 Nanostructure LiFePO4 as Cathode Materials for Lithium-Ion Batteries 

LiFePO4 facet nanoplates/graphene hybrid material with dominantly exposed (010) 

surfaces was successfully synthesized by a hydrothermal method and high temperature 

treatment. The as-prepared LiFePO4 nanoplates were observed, via SEM, to be 

homogeneously distributed in a three-dimensional conductive graphene nanosheets 
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network. The carbon content of LiFePO4 nanoplates/graphene hybrid material is about 

18.59 wt% by thermogravimetric analysis. The LiFePO4 nanoplates/graphene electrode 

showed discharge specific capacities of 163 mAh g-1, 160 mAh g-1, 138 mAh g-1, 75 

mAh g-1 at 0.2 C, 1 C, 10 C and 50 C, respectively. The hybrid material also delivered a 

specific energy of 554 Wh g-1 at 0.2 C and specific power >20 kW g-1 at 50 C. Further, 

the LiFePO4 nanoplates/graphene hybrid material showed good cycle stability with a 

capacity retention of 96.7 % after 200 cycles at 5C. The excellent high-rate performance 

demonstrated that increasing the (010) surface and reducing the distance of the [010] 

direction of LiFePO4 particles can significantly enhance lithium transport in the cell. 

 

Porous LiFePO4/C microspheres were successfully synthesized by a hydrothermal 

method and high temperature treatment. X-ray diffraction patterns showed Fe2P and 

Li3PO4 impurities appeared when the calcination temperature increased higher than 

700 C. The as-prepared materials showed mesoporous microspheres morphology with 

a BET surface area of 18.1 m2 g-1. Each microsphere is actually a random aggregate of 

primary 100-200 nm carbon coated LiFePO4 nanoparticles. The LiFePO4/C 

microspheres synthesized at 700 °C delivered a discharge capacity of 150 mAh g-1 at 0.2 

C and 91 mAh g-1 at 30 C. The mesoporous structure can facilitate the penetration of the 

electrolyte into the microspheres and the small amount of Fe2P impurity can increase the 

electronic conductivity of the materials.  
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9.1.2 Nanostructure Transition Metal Oxide as Anode Materials for Lithium-Ion 

Batteries 

Mesoporous α-Fe2O3 was successfully synthesized by a soft template method. The 

hematite crystal structure was confirmed by X-ray diffraction pattern and Raman 

spectroscopy. The as-prepared material exhibited an ordered porous structure with 

different shapes of pores and a large surface area of 128 m2 g-1. When used as an anode 

material in lithium-ion batteries, the as-prepared mesoporous α-Fe2O3 electrodes showed 

a high discharge specific capacity of 1730 mAh g-1 for the first cycle and 1293 mAh g-1 

at the fiftieth cycle. The mesoporous α-Fe2O3 electrode also showed excellent high-rate 

performance with a discharge capacity of 877 mAh g-1 at 2 C. The higher surface area of 

mesoporous α-Fe2O3 can provide high surface contact with the electrolyte and decreases 

the current density per unit area. The porous structure can accommodate the volume 

change of the Li+ insertion/extraction during the charge-discharge process, which can 

prevent the active materials falling off the current collector. 

 

MnO/C core-shell nanorods were successfully prepared from the reduction of MnO2 

nanowires, which were synthesized by a hydrothermal method. Non-ionic block 

co-polymer poly (ethylene oxide)-block-poly (propylene oxide)-block-poly (ethylene 

oxide)-(EO106PO70EO106) Pluronic® F127 (Sigma-Aldrich) was used as the carbon 

source for carbon coating. The X-ray diffraction pattern shows that after calcination 

α-MnO2 converted to body-centered tetragonal MnO. Transmission electron microscopy 

images showed that a thin carbon layer was coated on the surfaces of the MnO nanorods. 
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The initial discharge capacity of the MnO/C nanorod electrode was 1090 mAh g-1. After 

40 cycles, the specific capacity decreased to 602 mAh g-1, which is higher than that of 

the MnO microparticle and MnO2 nanowire electrodes. A one-dimension nanowire 

structure can greatly shorten the diffusion length for lithium ions in the solid phase. The 

nanoporous carbon coating layer with mesopores can form a mixed conducting 

three-dimensional network that facilitates the migration of both the Li+ and the e-, so 

that they each reach each the surface of the MnO nanorods. 

 

9.1.3 Nanostructure Materials as Cathode Catalyst for Lithium-Oxygen Batteries 

Graphene nanosheets (GNSs) have been prepared by a chemical reduction reaction. The 

SEM images showed the as-prepared GNSs consist of almost transparent wrinkle-like 

thin nanosheets.  The specific surface area estimated from the BET method was 309 

m2 g-1. When directly used as cathode catalysts for lithium-oxygen batteries in alkyl 

carbonate electrolyte, the as-prepared GNSs electrode exhibited better cyclability and 

lower over-potential than that of the Vulcan XC-72 electrode. The initial capacity of the 

electrode made of GNSs was 1597 mAh g-1. It then dramatically increased to 

2332 mAh g-1 on the second cycle and was sustained at 2359 mAh g-1 on the fifth cycle. 

The discharge reaction in the cathode electrode of the lithium-oxygen battery is the 

decomposition of the electrolyte and the charge reaction is the oxidation of those 

discharge products. The reduced over-potential shows the as-prepared GNSs are more 

electrochemically active than the Vulcan XC-72 towards those reactions in an alkyl 

carbonate electrolyte. The increased electrocatalytic activity of the as-prepared GNSs 
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was proposed to arise from the presence of many carbon vacancies and defects on the 

surface of GNSs.  

 

Mesoporous CoO/CMK-3 nanocomposite was synthesised by an impregnation method 

using mesoporous carbon CMK-3 as the template. FESEM and TEM analysis confirmed 

that CoO nanoparticles were mainly loaded on the outer surface of the mesoporous 

CMK-3 carbon matrix. The loading of CoO in the as-prepared CoO/CMK-3 

nanocomposite was determined to be about 25 wt% by thermogravimetric analysis. 

When used as the cathode catalyst in lithium-oxygen batteries, the as-prepared 

CoO/CMK-3 nanocomposite electrode exhibits better capacity retention than that of 

bare mesoporous CMK-3 carbon, Super-P or CoO/Super-P nanocomposite electrodes. 

The CoO/CMK-3 electrode exhibited an initial discharge capacity of 1021 mAh g-1 and 

970 mAh g-1 at the 15th cycle with capacity retention of 95%. The improved catalytic 

performance was attributed to the synergistic effect of the ordered open pore structure of 

CMK-3 carbon conbined with the CoO nanocatalyst. The microsized CMK-3 carbon 

with mesopores can facilitate the diffusion of the oxygen during the discharge process 

and the release of the charge products (CO2 and H2O) during the charging process. The 

CoO nanoparticles can significantly reduce the charge over-potential and increase the 

round-trip efficiency.  

 

9.2 Outlook 
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This doctoral work mainly focuses on the synthesis of nanostructure materials and their 

application in lithium-ion batteries and lithium-oxygen batteries. The synthesis methods 

presented are also applicable to the preparation of other nanostructure materials.  

 

For facet LiFePO4 nanoplates, the experimental results demonstrated that increasing the 

(010) surface can facilitate the lithium ion diffusion through the solid phase. This 

strategy can be applied to other olivine structure materials, such as LiMnPO4, LiCoPO4, 

Li2FeSiO4, etc. The hierarchical LiFePO4 microsphere showed good electrochemical 

performance and relative high tap density; the technique for its synthesis can be used to 

synthesize other electrode materials with a hierarchical structure. For mesoporous 

transition metal oxides, the pores and the nanoscale walls are both beneficial for lithium 

diffusion. However, the electronic conductivity of the transient metal oxides is still poor. 

Coating a nano-layer of carbon inside the nanopores could be a promising strategy for 

increasing the electronic conductivity. It should be noted that the electrochemical 

performance testing only focused on the specific capacity, cycling life and rate 

capability. Other electrochemical performance, such as high/low temperature behaviour, 

has not been investigated. For the future commercialization of lithium-ion batteries, the 

synthesis processes for those materials in this doctoral work are also complicated, which 

makes it difficult to scale up.  

 

Nanostructure catalyst materials have shown increased electrocatalytic activity in the 
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electrochemical reactions in lithium-oxygen batteries with organic electrolytes. 

However, the high activity may also accelerate the decomposition of the organic 

electrolyte. Searching for a stable electrolyte becomes a major challenge for 

rechargeable lithium-oxygen batteries. An ionic liquid electrolyte or a solid state 

electrolyte may serve as alternative electrolytes in the future development of 

lithium-oxygen batteries. For the future commercialization of lithium-oxygen batteries, 

the biggest barriers are the cycling life and the charge-discharge electricity efficiency. 
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