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Abstract 

Renewable energy sources, such as solar energy, tide energy, and hydroelectric energy, 

are attracting numerous attentions on the grounds that they are able to effectively alleviate 

the effect of global warming induced by CO2 emission. Owing to the intermittent nature 

of these renewable energy sources, energy storage devices are needed to store surplus 

energy and release the energy in demand. Lithium-ion batteries (LIBs) as energy storage 

devices have stimulated a surge of interests due to the high energy density, extended 

longevity, and low-discharge rate. LiCoO2(LCO)-graphite is the first commercialised 

materials system for LIBs and is being widely used. However, most of the current 

research endeavours focus on improving the power density of LIB rather than energy 

density, especially volumetric energy density. This thesis presents an account of a novel 

sintering technique, termed cold sintering process (CSP), leading to the fabrication of 

high-performance LCO/graphene composite cathodes which significantly improve the 

volumetric energy density of LIBs whilst still maintain its appealing electrochemical 

properties, such as high working potential and promising rate capability.  

In this thesis, the concept of CSP feasibility on densification of monolithic LCO ceramics 

via a dissolution-precipitation process at ultralow temperature and high pressure with 

appropriate processing time was first verified. CSP variables were investigated and 

optimised in achieving high bulk density and preferable materials properties for CSP-ed 

LCO. With the integration of multi-walled carbon nanotubes (CNTs) or microwave 

reduced graphene oxide (MWrGO) into CSP-ed LCO matrix, a thick binder-free 

composite cathode was achieved in one-step synthesis at temperature as low as 250 ℃ 

for the first time, which is impossible to realise in conventional high-temperature 
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sintering methodology because of inevitable carbon decomposition. The abovementioned 

MWrGO was synthesised from graphene oxide using microwave irradiation at a super-

fast heating rate (within seconds) and was incorporated in the dense CSP-ed LCO body 

to compensate the adverse effects induced by sintered ceramics, such as intrinsically low 

electrical conductivity, rigid LCO matrix and slow Li+ ion diffusion in dense ceramics, 

due to its high electrical conductivity, planar character and porous structure. With the 

systematic investigation in this project, the property-structure relationship of MWrGO 

was thoroughly elucidated and found that the quality of MWrGO can be carefully tuned 

by controlling microwave power and inert atmosphere to meet the specific expectation of 

high-performance electrode for LIBs.  

The merits of MWrGO to the electrochemical performance of thick LCO composite 

cathode were demonstrated as compared to CNTs. The addition of 1 wt% MWrGO in 

LCO matrix (LCO/1%MWrGO) provided a comparable electrical conductivity to the 

addition of 3 wt% CNTs (LCO/3%CNTs). Owing to less addition of carbon materials and 

absence of binder/current collector, the LCO/1%MWrGO cathodes delivered a superior 

volumetric discharge capacity of ~501.5 mAh cm-3 in the first cycle and a promising 

capacity retention of 80.9% after 40 cycles with respect to ~459 mAh cm-3 and 62% 

retention after 40 cycles for LCO/3%CNTs. More notably, the LCO/1%MWrGO 

cathodes can still afford ~50 mAh g-1 at 1 C and ~30 mAh g-1 at 2 C, whereas no capacities 

were attained for LCO/3%CNTs cathodes at current rates > 1 C. 

This research ultimately advances the understanding of the processing of pressure-

assisted sintered electrode composites for use in LIBs. The main scientific and technical 

contributions of this project are as follows: 
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1. The concept of CSP feasibility on fabrication of LCO-based electrode expands the 

materials spectrum of CSP applicability. 

2. The realisation of high energy density without compromising other electrochemical 

properties expands the field for binder-free electrode fabrication exploration beyond 

conventional strategies and structural motifs. This promising electrochemical 

performance of binder-free electrodes is expected to bring them a step closer to use 

in practical LIBs. 

3. The versatility of CSP opens up the possibility of ‘all-in-one-step’ densification of 

two materials with substantial dissimilar physical properties to produce advanced 

functional devices (such as solar panel, supercapacitors, and sensors) but not limiting 

to LIBs, demonstrating CSP is a valuable asset within ceramic processing toolbox for 

both research and industrial production. 

 

Key words: cold sintering process; lithium-ion batteries; LiCoO2; microwave-assisted 

synthesis; graphene; high volumetric energy density; binder-free cathode; annealing 

treatment; microwave arcing; coagulation bath. 
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Chapter 1. Introduction 

1.1. The energy dilemma 

The carbon dioxide emission caused by combustion of fossil fuel in vehicles and power 

plants has been recognised as one major sources towards the greenhouse effect across the 

world. It is reported that 34% of the world’s total primary energy consumption was 

generated from oil and it was responsible for 40% of the total carbon dioxide emission 

[1]. According to the figures quoted in World Meteorological Organisation (WMO) 

Bulletin, the long-lasting greenhouse gases resulted in a 43% increase in total radiative 

forcing, which is the warming effect on the climate, in the past 3 decades [2]. Among the 

common greenhouse gases, carbon dioxide is responsible for the 81% of the increase, 

leading to the rapid temperature rising and the sea level rising. However, it is predicted 

that the energy demand will far overtake the energy supplies by the mid-term of 21 

century and thus the preservation of a consistent energy supply is a formidable challenge. 

The ambition to alleviate the environmental impact of CO2 emission and the upcoming 

power shortage will together lead to an energy dilemma in short future [3].  

In efforts to tackle these impending “energy crisis”, some major technological actions 

should be immediately taken: (i) to exploit renewable energy sources to reduce the 

reliance on the fossil fuels, such as crude oil, coals and natural gas; and (ii) to store the 

renewable energies in electrochemical energy devices which can be later used to power 

up the world. There are, however, numerous challenges found for the exploitation and the 

storage of the renewable energies generated. Many alternative renewable energy sources 

can be the potential contenders to replace fossil-fuel energy, such as solar energy, wind 
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energy, tide energy and geothermal energy, etc. Albeit that they do not produce any 

greenhouse gases during exploitation, the intermittent nature plagues their wide 

applications. For example, solar energy is solely generated during the daytime when the 

sunlight is accessible for only 8-12 hours which depends on the geographic location. 

Additionally, the intensity of the sunlight is affected to a great extent by the weather and 

the environment. Thus. the generation of electricity from solar energy is not stable. On 

the other hand, solar power devices and plants are unable to store the excess electricity 

generated during the daytime and supply it in peak times at night or in weak sunlight 

condition. Similar problems can also be identified for other renewable energy sources 

during exploitation and storage other than solar energy. 

To surmount these problems, electrochemical energy storage devices/systems are 

demanded for improving the energy resilience because they can soak up excess energies 

in chemical form and release them when needed. The common electrochemical energy 

storage devices/systems include primary/secondary batteries, (super)capacitor and fuel 

cell, etc. Among them, primary/secondary batteries, such as Zinc-carbon/air, lead-acid 

(Pb-acid), Nickel-Cadmium (Ni-Cd), Nickel-Metal hydride (Ni-MH), lithium-ion 

batteries (LIBs), and sodium ion batteries (SIBs), have garnered enormous attentions in 

terms of the reliability, the cost and the performance. They are suitable for various storage 

applications, from small-scale format cells for portable electronic devices, to medium-

scale format batteries for electric vehicles/trains, and further to large-scale format for 

stationary energy storage devices/uninterrupted power sources [4-6]. The global battery 

market is estimated to be > $30 billion in 2020 and its growth is drastically driven by the 

burgeoning demand for electric vehicles and stationary energy storage devices [7]. To 

meet the scope of this thesis, we primarily focus on the evolution, fundamentals, and 
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challenges of LIBs because they exhibit apparent advantages over the counterparts, like 

high energy density, lightweight, long cycle life, low self-discharge rate, and 

environmental benign. 

Since the first market introduction of LIBs in 1991, the electrochemical performances in 

terms of gravimetric/volumetric energy densities have been greatly improved as they 

were promoted by the rapid development of portable devices in which the weight and 

volume of LIBs are seriously concerned. A typical example that deserves the special 

attentions is the evolutions of LiCoO2-carbon rechargeable LIBs developed by Sony 

Corporation. By replacing the soft carbon (first generation) with hard carbon (second 

generation) as anode, a significant electrochemical improvement was observed in terms 

of gravimetric energy density (80 Wh kg-1 → 120 Wh kg-1) and volumetric energy density 

(200 Wh L-1 → 295 Wh L-1) [8-10]. Following that, with the newly designed mesocarbon 

microbeads (MCMB) and bespoke electrolyte recipe, the gravimetric and volumetric 

energy densities were further raised to 155 Wh kg-1 and 400 Wh L-1, respectively [9].  

In recent years, the majority focus of research to improve the electrochemical 

performances of LiCoO2-carbon batteries lies in increasing the gravimetric energy 

density by increasing the specific capacity and the operating voltage of the LiCoO2 (LCO) 

cathode materials. However, if the operating voltage is raised beyond 4.2 V to achieve a 

higher capacity (> 140 mAh g-1), the LCO-based electrodes likely suffer many problems, 

such as large crystallographic volume change, decomposition of organic electrolyte and 

fast capacity decay. To ameliorate these problems, some approaches have been adopted, 

such as coating LCO particles with passivation layers, developing new high-voltage 

electrolyte, etc. These approaches have been reported to effectively optimise the 

gravimetric energy density. However, the volumetric energy density is neglected in many 
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previously published papers to emphasize their superior gravimetric energy density. In 

some cases where the volumetric energy densities were reported, it did not consider the 

occupations of electrochemically inactive components, such as conductive additives, 

polymeric binder, current collector and probably dispersant agents, leading to an 

overestimated value. It is a common sense that the volumetric energy density metric is 

becoming more critical when rechargeable batteries for portable electronic devices and 

electricity-driven vehicles have to be installed in a limited space. Therefore, the 

volumetric energy density needs to be appropriately assessed to provide a valuable 

estimation. 

It is widely accepted that the usage of conductive additives, polymeric binder and current 

collector should be minimised to achieve the highest energy output of conventional 

electrode (i.e., thin-filmed electrode). However, there seems to have little room for further 

improvement. In efforts to achieve a high volumetric energy density without the expense 

of rate performance, a bulk electrode prototype with high density and high electrical 

conductivity should be developed. Many techniques have been employed for this purpose, 

including conventional sintering [11], co-extrusion [12] and rotating magnetic field 

method [13], to produce thicker bulk LiCoO2 electrodes. However, their reversible 

capacities suffered from a rapid degradation at high current density due to the absence of 

conductive fillers, which normally is carbonaceous materials, in the LCO matrix. It 

should point out that the carbonaceous materials in LCO matrix are readily decomposed 

at the high sintering temperature during conventional sintering, resulting in a poor 

electrical conductivity. Therefore, a novel sintering technique which can consolidate bulk 

LCO composite electrode at low temperature is needed. 

Inspired by a hydrothermal-assisted hot pressing technique in which high-density 
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ceramics (> 90% relative density) can be fabricated via combining hydrothermal 

synthesis with uniaxial pressing, an innovative cold sintering process (CSP) is recently 

proposed by C. A. Randal’s group [14-16]. The densification induced by CSP is typically 

achieved via a mediated dissolution-precipitation process in which an appropriate 

aqueous solution (e.g., water, acid or base) is incorporated to dissolve the sharp edges of 

ceramic particles under reduced temperatures (from ambient temperature to 300 ℃) and 

then densify the ceramic body after evaporation. CSP has been successfully utilised to 

fabricate bulk composite cathodes, such as LiFePO4 [17, 18], which have achieved 

superior electrochemical performances in terms of the volumetric energy density. 

However, the densification of LCO using CSP and its most eminent application for LIBs 

remains insufficiently studied, which needs to be explored.  

Last but not least, the rate performance of bulk LCO-based composite cathode cannot be 

compromised by minimising the conductive additive to achieve a higher volumetric 

energy density. Henceforth, a conductive additive with high electrical conductivity, such 

as carbon nanotube and graphene, is required for LCO-based composite cathode produced 

by CSP. 
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1.2. Thesis structure  

This thesis first starts with a literature review in Chapter 2 which covers the following 

fundamental aspects: (i) a brief introduction of the principles and the developments of 

LIBs; (ii) the densification mechanism for cold sintering process (CSP) of ceramics; (iii) 

the influences of CSP processing variables, including temperature, pressure, holding time, 

transient liquid, particle size of starting materials, and post-CSP annealing treatment; (iv) 

an up-to-date review of CSP application for LIBs; (vi) graphene properties and production 

methods; (v) a critical review of graphene produced via microwave-assisted reduction 

method; and (vii) the percolation theory of conductive fillers, mainly CNTs and graphene, 

in electrode.  

Chapter 3 details the experimental procedures to fabricate (i) bulk LiCoO2 cathode via 

CSP method and (ii) high-quality graphene via microwave-assisted reduction method, 

including processing procedures, materials characterisation techniques, and 

electrochemical studies.  

Chapter 4 is devoted to proving the successful application of CSP to fabricate bulk 

LiCoO2 cathode composite with multi-walled carbon nanotubes as conductive filler, 

along with its electrochemical performance.  

Chapter 5 presents an ultra-fast production method to fabricate high-quality graphene via 

microwave irradiation and preliminarily demonstrates its potential use in conventional 

LIBs.  

Chapter 6 demonstrates the improvement of microwave-synthesised graphene to the 

electrochemical performances of bulk LiCoO2 cathode prepared by CSP.  
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The project conclusions are then provided in Chapter 7 and finally the future 

developments that can be continued in the lines of this project are given Chapter 8.  
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Chapter 2. Literature review 

2.1. Lithium-ion batteries 

A battery can be classified as primary or secondary batteries based on whether it is 

repeatedly chargeable or not. Primary batteries store energies once manufactured and will 

be disposed once drained. While secondary batteries can be recharged back to original 

chemical state even after the stored energies are completely consumed up. The best-

known primary battery is based on zinc-carbon system. However, this initial battery 

prototype has been soon replaced by secondary battery, such as lead-acid battery which 

was invented by Plante in 1859 [19]. It is nowadays still widely used in vehicles to ignite 

the fuel engines due to its excellent power density at low temperature conditions. 

However, owing to the heavy package of lead-acid batteries, alkaline Ni-Cd batteries 

were then invented and used on some occasions where portability is the main concern. 

Since then, Ni-Cd batteries were used for a few decades, but engineers still manged to 

find alternative batteries because of the pollution-related issues and low capacity caused 

by the cadmium element. Metal hydride was then proved to be an excellent substitution 

to cadmium electrode and formed Ni-MH batteries. In comparison with the energy 

density (20-50 Wh kg-1) of Ni-Cd battery system, Ni-MH batteries are able to deliver 

improved energy density of 70-100 Wh kg-1 for batteries of the same size [20, 21]. 

However, with the ambitions to drive vehicles in a longer range, even Ni-MH batteries 

are unable to supply sufficient energy density. More importantly, the memory effect of 

Ni-Cd and Ni-MH batteries further reduces the practical battery capacity and thus the 

energy density if the batteries are repeatedly subjected to shallow-depth discharge [22]. 

Therefore, a more advanced battery system is needed to fulfil the increasing demand for 

high energy density, affordable price, and practical usage. 
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Developed by Asahi Kasei Company in Japan, lithium-ion batteries (LIBs) was then first 

commercialised by Sony Corporation for practical purpose in 1991. Soon after, LIBs 

gained a big part of energy storage markets as diverse as laptops, mobile phones, 

electric/hybrid vehicles and even grid systems. The increasing growth of LIBs in energy 

storage market is believed to be related to the high energy density (80 Wh kg-1; 200 Wh 

L-1 [21]) and lightweight. This is ascribed to lithium being the lightest metal element and 

also lithium being the electronegative metal (-3.04 V vs standard hydrogen reference 

electrode [23]). In Fig. 2-1, the performances of the abovementioned battery systems have 

been assessed in terms of gravimetric energy density and volumetric energy density, 

indicating the overwhelming superiority of LIBs [24]. In addition, LIBs can be 

manufactured with different commercial configurations/designs which can flexibly tailor 

to the needs of industry and customers due to the differences in the volume utilisation in 

housing case and in the packing density in battery module/system, as shown in Fig. 2-2. 

Among them, the coin and cylindrical cells possess the higher volume occupancy in 

housing case due to less accessories, whereas the pouch and prismatic cells are now 

prevalently adopted due to the efficient packing arrangement [25]. 
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Fig. 2-1. The evolution of gravimetric/volumetric energy density with the development of commercial 

batteries [26]. 

  

Fig. 2-2. The representation of different commercial LIBs configurations: (a) cylindrical, (b) coin, (c) 

prismatic, and (d) film [27]. 
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A typical commercial LIB consists of three major components (cathode, anode, and 

electrolyte), along with other essential components, such as current collectors, separators, 

polymeric binder, and conductive fillers. The relative volume, relative mass and relative 

costs of each component are given for comparison in Fig. 2-3. However, the performances 

of a given battery are mainly dependent on the properties of cathode, anode, and 

electrolyte. This is why they receive immense attentions from academic community and 

industry. Note that special attention should be given to the volume breakdown of 

porosity/electrolyte which takes up around 1/3 of the total volume in Fig. 2-3.  

 

Fig. 2-3. The comparison of each component of commercial LIBs in terms of (a) volume, (b) mass, and (c) 

cost [28].  

  



 
12 

 

2.1.1. Underlying electrochemistry for LIBs 

Prior to discussing how LIBs work to supply energy to external loadings, it is necessary 

to elaborate the basic electrochemistry behind the LIBs as well as how the voltage and 

the electrochemical capacity of a typical LIBs are derived. Afterwards, the intrinsic 

factors that can affect the kinetics of LIBs are also discussed to fully understand the 

working mechanism of LIBs, which can guide the future work to optimise the design of 

LIBs. To fully rationalise the working mechanism of LIBs, LiCoO2-graphite system (Fig. 

2-4) is exemplified in this thesis on the grounds that it is the first breakthrough 

commercial LIBs and it has been being widely used.  

 

Fig. 2-4. Schematic representation of the intercalation/deintercalation process of Li ions between cathode 

and anode for LIBs [29]. 

The commercial LiCoO2 and graphite are typically intercalation/deintercalation-type 

materials in which Li ions are able to insert and extract from the layered structure without 

causing structural collapsing. Specifically, during charging, the Li ions are released from 

“lithium source” cathode matrix and travel to “lithium sink” anode via electrolyte and 

separator, forming a Li-ion flow from the cathode to anode. Simultaneously, the free 

electrons are forced to travel from cathode to anode via the external load and form a 
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complete circuit with the Li-ion flow. Upon discharging process, the electrochemical 

reaction reversely takes place with the Li ions traveling from the anode to the cathode. 

Also, the current flow proceeds in a reverse way and drives the external loading to work. 

Owing to this unique working mechanism, LIBs are collectively known as rocking-chair 

cell. The electrochemical reactions taking place on cathode and anode are shown below, 

together with the overall electrochemical reaction: 

Cathode: 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2 

𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐿𝐿𝐿𝐿1−𝑥𝑥𝐶𝐶𝐶𝐶𝑂𝑂2 + 𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝑥𝑥𝑒𝑒− 

Anode: 𝐶𝐶 + 𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝑥𝑥𝑒𝑒−
𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶 

Total: 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2 + 𝐶𝐶 
𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐿𝐿𝐿𝐿1−𝑥𝑥𝐶𝐶𝐶𝐶𝑂𝑂2 + 𝐿𝐿𝐿𝐿𝑥𝑥𝐶𝐶 

Generally speaking, the theoretical chemical potential of a battery system is determined 

by the Gibbs free energy (ΔG0) difference between positive electrode and negative 

electrode based on the following equation [30]: 

ΔG0 = -nFE0 [Equation 1] 

Where, n is the transfer number of electrons involved in the electrochemical reaction 
F is the Faraday’s constant, 96485.33 C mol-1. 
E0 is the theoretical chemical potential. 

The standard electrode potentials of various electrode reactions are summarised in Table 

2-1. Among them, the battery system of Cu/Zn in acid electrolyte, also called Daniel cell, 

is the well-known electrochemical storage device which was discovered in 1836. 
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Table 2-1. Standard electrode potentials of redox reactions taking place at 25 ℃ [31]. 

 

The corresponding redox half reactions that occur on the positive and the negative 

electrodes are given: 

Cu2+ + 2e- → Cu E0=0.340 V 

Zn → Zn2+ + 2e-  E0=-0.763 V 

The overall redox reaction for the Cu/Zn battery system is: 

Cu2+ + Zn → Cu + Zn2+ 

Therefore, the overall electrochemical potential of Cu/Zn battery system can be simply 

obtained from the potential difference between positive electrode and negative electrode 

according to the following equation: 

∆𝑉𝑉 = 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝0 −  𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛0  [Equation 2] 

It is worth noting that the standard chemical potentials shown above are the values given 
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at 298.15 K, 191.325 KPa and the concentrations of products and reactants have to be 1 

M. Henceforth, the standard overall electrochemical potential of Cu/Zn battery system is 

E0 = 1.103 V. However, the electrochemical reactions are virtually hard to satisfy the 

standard conditions for temperature and pressure. Also, the concentrations of products 

and reactants usually deviate away from 1 M. Those factors can alter the chemical 

potentials of electrochemical reactions and Nernst equation distinctly tells the 

relationship amongst them, as shown below: 

𝐸𝐸 = 𝐸𝐸0 − 𝑅𝑅𝑅𝑅
𝑛𝑛𝑛𝑛
𝐼𝐼𝐼𝐼 (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)𝐶𝐶𝐶𝐶.𝑍𝑍𝑍𝑍2+

(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅)𝑍𝑍𝑍𝑍𝐶𝐶𝐶𝐶2+
 [Equation 3] 

Where E is the real electrochemical potential 

E0 is the standard electrochemical potential, 1.103 V for Cu/Zn battery system 

R is the gas constant; 8.3145 J mol-1 K-1 

n represents the number of transfer electrons involved in the electrochemical reaction 

F is the Faraday’s constant, 96485.33 C mol-1 

T is the absolute temperature in the unit of K. 

Apart from the variations in temperature, pressure and product/reactant concentrations, 

there are a few practical factors which can deviate the battery potential from the ideal 

value. It can be explained from the view of reaction polarisations and they are illustrated 

in Fig. 2-5. The polarisations for a battery are very complex but they can be identified in 

terms of three important sources: (i) activation polarisation; (ii) ohmic polarisation; and 

(iii) concentration polarisation. The activation polarisation is ascribed to the charge-

transfer electrochemical reactions occurring on the electrode surfaces and is greatly 

influenced by the electroactive materials itself and the surface physical properties of 

electrode, such as porosity, surface areas, and tortuosity [31]. By appropriate surface 
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manipulation to increase the surface areas and improve the tortuosity, it can reduce the 

microstructurally-induced activation polarisation and thus lead to a uniform current flow 

across the electrode surfaces [32]. The ohmic polarisation is closely related to the intrinsic 

resistance of each constituent in the battery and the contact/interfacial impedances 

between constituents. The concentration polarisation is largely attributed to the kinetics 

of mass transport of chargers in electrolyte and it may become significant at reaction sites 

where it is difficult for the liquid electrolyte to reach, especially at the core part of dense 

electrode. These aforementioned polarisations are nonlinear and become significant at 

tough current rates, which result in large IR drop, lower potential plateau, and premature 

termination of charge/discharge process [33].  

 

Fig. 2-5. The illustration of the effect of various polarisations on discharge behaviour of LIBs [30]. 

To reduce the detrimental effect of polarisations on LIBs, a number of approaches have 

been pursued to fully utilise the performance of battery: 

 Conductive fillers with higher electrical conductivity and larger surface area, such as 
carbon nanotubes and graphene, can greatly lower the ohmic polarisation by building 
up 3D electrical network and providing more contact points [34] 
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 The non-conductive polymeric binder which is typically employed to “glue” together 
electrode particles can be completely eliminated from the electrode as long as the 
electrode particles are capable to “bond” together themselves, such as via sintering 
process 

 An electrode with large surface areas and optimised structure will benefit the mass 
transport and the formation of homogeneous current density 

 An electrolyte with lower viscosity and higher ionic conductivity can reduce both the 
ohmic polarisation and concentration polarisation [35] 

 An electrolyte with large potential window can avoid the undesired side reaction 
taking place at the interfaces of electrode and electrolyte, which may substantially 
increase the activation polarisation [31] 

 The separator with high porosity can uptake sufficient electrolyte to facilitate the 
rapid transportation of lithium ion between positive and negative terminals [36] 

 The current collectors should be chemically stable in the battery potential window 
and cannot react with any electrolyte to become corroded [37]. Also, the lower ohmic 
resistance is beneficial to reduce the overall ohmic resistance of the whole battery 

After discussing the fundamentals of chemical potentials of a battery system as well as 

the associated factors affecting the performance of battery, the theoretical capacity of 

electroactive materials needs to be discussed. Normally, the overall capacity of a battery 

is highly restrained by the quantity of electroactive materials used in a battery. Thus, for 

reliable comparison, the specific capacity should be calculated in terms of either 

gravimetric or volumetric unit. The theoretical specific gravimetric capacity of a given 

battery can be obtained using the following equation [38, 39]:  

𝑄𝑄 = 𝑛𝑛 𝐹𝐹
𝑀𝑀

 [Equation 4] 

Where, Q is the theoretical specific gravimetric capacity for a given electroactive material 
(mAh g-1) 
n represents the number of transfer electrons involved in the electrochemical reaction 
F is the Faraday’s constant, 96485.33 C mol-1 
M is the molecular weight of the electroactive materials (g mol-1). 
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Let us take LiCoO2 for example because it is the most widely commercial cathode 

materials for use in LIBs. It has the molecular weight of 97.87 g mol-1 and it releases one 

electron during charging/discharge process, representing that n is 1. 

𝑄𝑄 =
𝑛𝑛(1) 𝐹𝐹�96485 𝐶𝐶

𝑚𝑚𝑚𝑚𝑚𝑚 × 𝐴𝐴∙𝑠𝑠𝐶𝐶  × 1ℎ
3600 𝑠𝑠�

𝑀𝑀 �97.87 𝑔𝑔
𝑚𝑚𝑚𝑚𝑚𝑚�

 = 274 mAh g-1 

Even though LiCoO2 exhibits a superior theoretical gravimetric capacity (274 mAh g-1) 

in comparison with other commercial spinel-type LiMn2O4 (148 mAh g-1 [40]) and 

olivine-type LiFePO4 (170 mAh g-1 [41]), it can only deliver a practically reversible 

capacity of ~140 mAh g-1 up to 4.2 V due to the structural instability. The more details 

regarding the relationship between microstructure and practical capacity will be discussed 

in this thesis. It is worth noting that the chemical potential and capacity are all essential 

battery metrics because they altogether determine the overall gravimetric energy density 

(in Wh kg-1) of a given battery.  

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝 − 𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛

1
𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝

+ 1
𝐶𝐶𝑛𝑛𝑛𝑛𝑛𝑛

 

Where, E represents the equilibrium potential (in V) and C represents the specific capacity 

(in Ah kg-1) [33].  

The specific gravimetric capacity and gravimetric energy above can be readily converted 

to the corresponding specific volumetric capacity and volumetric energy density as long 

as the density is provided. When it comes to the calculation of electrode density, all the 

components involved in the electrode need to be taken into consideration, even for those 

electrochemically inactive materials, such as conductive filler, polymeric binder, current 
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collector, or probably dispersant agents. As the major component in electrode formulation, 

the crystallographic density of electroactive materials plays a pivotal role in determining 

the volumetric energy density and the crystallographic densities of common intercalation-

type lithium transition-metal oxides vary in the order density(layer) > density(spinel) > 

density(olivine) [42]. It suggests that the layered LiCoO2 can provide higher energy density 

per volume unit among the three intercalation-type compounds. Volumetric energy 

density metric is becoming more critical when LIBs are used in grid-scale energy storage 

system, portable electronic devices and electricity-driven vehicles [42]. 
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2.1.2. Anode 

In the early development of LIBs, lithium metal has long been considered the “holy grail” 

in lithium battery research, due to its superhigh specific capacity (3 860 mAh g-1; 2 047 

mAh cm-3 [43]) and the lowest potential amongst all lithium anode materials [44]. 

However, the lithium metal was then quickly phased out following the observation of Li 

dendrites formed on the surface. The occurrence of Li dendrites is ascribed to the 

ununiform deposition of Li+ ions extracted from the cathode terminal on lithium metal 

surfaces during charging process. Upon repetitious galvanostatic (dis)charging process, 

the Li dendrites may grow and eventually penetrate the polymeric separator and short-

circuit the battery, leading to the vigorous dissipation of a large amount of heat and even 

explosion. Consequently, the Li metal anode was initially replaced by coke (250 mAh g-

1) from the view of safety concern [45]. However, coke was quickly withdrawn as a result 

of low capacity and was soon replaced by Mesocarbon Microbeads (MCMB) (300 mAh 

g-1). Afterwards, graphite started to garner recognition as anode-active materials in 

commercial LIBs due to the higher capacity (372 mAh g-1), better structural stability, high 

electrical conductivity (bandgap of ≈ 0.4 eV), and lower cost [31].  

Graphite has an interlayer spacing of 0.337 nm and is believed to freely accommodate Li 

ions (0.76 Å) to form stoichiometric substance LiC6 via a “staging” intercalation 

mechanism in which Li ions are likely to reside in the distant graphene layers before in 

the neighbour graphene layers [46]. This reversible intercalation process ultimately yields 

a promising capacity of 372 mAh g-1. Nevertheless, the intercalation process of Li ions in 

graphite is also accompanied with the inevitable formation of solid electrolyte interface 

(SEI) at low potential (<0.1 V vs Li+/Li) when in contact with many commonly used 

carbonate solvents. Even though the formation of SEI reduces the first cycle coulombic 
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efficiency and increases the interfacial resistance between graphite and electrolyte, the 

presence of SEI prevents the further decomposition of electrolyte but is still permeable 

for the transport of Li ions, enabling the safe operation of graphite anode (because LiC6 

is a strong reducing agent). It has been proved that the thickness of SEI may greatly affect 

the performance of LIBs in terms of rate capability [47, 48]. Thus, the formation of 

controllable thickness of SEI has attracted increasing attentions and was achieved with 

the introduction of electrolyte additives, such as NaNO3, 12-crown-4, 15-crown-5, aza-

ethers, and boranes [35]. The formation of SEI is corelated to the reduction reaction of 

electrolyte solvents with lithium, mainly ethylene carbonate (EC). Sanyo’s group [49] 

first reported the successful lithium intercalation of graphite in EC-based electrolyte and 

Dahn [50] proved that EC was prone to generate a graphite intercalation compound with 

high anion population, such as PF6
-, in Li+ solvation shell, resulting in high F-containing 

SEI compositions, whose energy gap is wide enough to insulate the electron tunnelling. 

Since then, EC became an indispensable solvent for carbon-based anode in LIBs. It is 

believed that the main compositions of naturally formed SEI are LiF, Li2CO3, Li2O, ROLi, 

ROCO2Li, etc., which are all electrically insulated but ionically conductive [51, 52]. It is 

readily predicted that without the spatial separation of SEI the graphite would continue 

to consume the electrolyte and eventually result in the failure of LIBS in just few cycles. 

With the ambition to further increase the energy density of LIBs, researchers are 

enthusiastic to find out carbonaceous active materials with higher capacity. In this sense, 

many carbonaceous materials with different dimensions were proposed and investigated. 

1D carbon materials, such as carbon nanotubes, carbon fibre and carbon nanowires, are 

developed. Their unique physical properties (large surface area and high aspect ratio) 

offer promising capacity of > 372 mAh g-1 [53, 54]. Additionally, two-dimensional 
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carbon, i.e. graphene, has a carbon hexagonal structure and is able to accommodate Li 

ions on both sides of every single layer, yielding a theoretical capacity of 744 mAh g-1 

[55]. Furthermore, this capacity value can be further increased with the presence of 

structural defects, such as nanovoids, disorders and plane edges. These structural defects 

can serve as additional active sites to store Li ions and thus contribute to an improved 

capacity, as shown in Fig. 2-6 (a). Encouraged by the defect-enhanced theory, graphene 

with defects that were purposely produced by electron beam irradiation and low-

temperature pyrolysis surprisingly exhibited 1013~1054 mAh g-1 [56]. However, it is 

believed that the presence of structural defects has high chemical reactivity and tend to 

decompose the contacting electrolyte, leading to a thick SEI and a reduced first-cycle 

efficiency, as depicted in Fig. 2-6 (b) [57, 58]. In this thesis, high-quality graphene was 

synthesised using a microwave-assisted thermal reduction method and it had proved to 

possess less structural defects. It was used as electroactive materials in anode for LIBs 

and the electrochemical properties were evaluated in half cell, which will be discussed in 

detail below.  

 

Fig. 2-6. (a) The presence of nanovoids on graphene permits extra lithium ions to be accommodated and 

released, and (b) the surface defects give a higher surface area and thus result in formation of substantial 

SEI [56]. 
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2.1.3. Electrolyte 

An electrolyte is made of a blend of organic carbonate solvents with Li salts dissolved. 

The existence of electrolyte is quite essential in battery as it serves as a medium to 

transport lithium ions between negative and positive electrodes upon 

charging/discharging. Therefore, an electrolyte with high ionic conductivity is preferable 

in efforts to alleviate the concentration polarisation as discussed above. The common Li-

containing salts used in electrolyte include Lithium Perchlorate (LiClO4), Lithium 

Hexafluoroarsenate (LiAsF6), Lithium Trifluoromethanesulfonate (LiTf), Lithium 

Trifluoromethanesulfonate (LiCF3SO3), Lithium Tetrafluoroborate (LiBF4), and Lithium 

Hexafluorophosphate (LiPF6) [35]. Among them, LiPF6 is the most widely used Li-

containing salt and overperformances the other Li-containing salts in terms of high ionic 

conductivity (> 10-3 S cm-1), high lithium ion transference number (~0.35), promising 

thermal stability, and stable chemical stability [31]. Previously, aqueous electrolyte was 

used in some specific types of battery because it has higher conductivity than its non-

aqueous peer. However, aqueous electrolyte is not suitable in LIBs with Li metal being 

anode because it is chemically reactive to Li metal and its derived products. Also, the 

high working potential of LIBs (> 3.0 V) will decompose the water in aqueous electrolyte.  

Upon selecting proper electrolyte solvents to dissolve Li salts, carbonate solvents gain 

the priority because they have a high dielectric constant which is able to solvate lithium 

salt to a high concentration (> 1 M) [31]. Fig. 2-7 shows the commercially available 

organic solvents used in LIBs, along with their structures and physical properties. It is 

clearly seen that an appropriate solvent is typically assessed in terms of viscosity, 

dielectric constant, melting point and boiling point [35].  
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Fig. 2-7. Commonly used non-aqueous solvents for LIBs, along with their physical properties. ε: Dielectric 

constant, M.P.: melting point, B. P.: Boiling point (The physical data were obtained from [31, 59, 60]). 

The basic principle in selecting solvents for LIBs is low viscosity, high dielectric constant, 

low melting point and high boiling point which can give a highest ionic conductivity no 

matter at low temperature and high temperature. From this sense, the binary solvents of 

EC and PC were initially proposed in preference to others, but the high viscosity reduced 

the Li ion mobility. Additionally, it was reported that PC had a tendency to react with 

lithiated carbon-based materials because the curving chain structure of PC’s reductive 

product is likely to form loose deposits with weak cohesion on the carbon particles [61]. 

Therefore, it resulted in graphite exfoliation and deteriorated the electrochemical 

properties, especially poor cycle life [31, 35]. Henceforth, in order to take advantage of 

extremely high dielectric constant and low capacity fade of EC, the PC is normally 

replaced by DME or DMC that have rather low viscosity. Even though the dielectric 

constants of DME and DMC are relatively low, the melting points are rather attractive. 

And they can be used to dissolve EC which is in solid state at ambient condition. However, 

the DME is not widely accepted since the SEI layer formed by reduction of DME with Li 



 
25 

 

metal is not stable, which may result in premature death of LIBs [35]. By varying the 

relative ratio between EC and DMC, one can obtain specific-purpose electrolyte to be 

used in different environment [62]. There is no universal electrolyte and the choice is 

dependent on the electrochemical system of interest. Therefore, the electrolyte of 1 M 

LiPF6 dissolved in EC/DMC (50 vol%:50 vol%) which is the most common formulation 

in the community of LIBs, was used throughout this project.  

In summary, a promising electrolyte should consider the following aspects: 

 Wide electrochemical window (> 4.6 V for most commercial LIBs) 

 High ionic conductivity (> 10-4 S cm-1) and high transfer number to minimise 
concentration polarisation [63] 

 Formation of stable SEI layer with suitable thickness 

 Environmentally friendly and low cost 

 Low safety concern  
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2.1.4. Cathode 

From the view of development of LIBs, MoS2 was the first cathode used in commercial 

LIBs. In nature, the MoS2 is abundant in the earth so as that the price is quite affordable. 

Moreover, the synthesis process of MoS2 is facile, making the manufacturing process cost 

effective. Nevertheless, MoS2 was quickly withdrawn from the market because the low 

chemical potential and low capacity, thereby giving a low energy density [31]. Afterwards, 

MoS2 was substituted by intercalation-type cathode materials, such as titanium disulfide 

(TiS2). TiS2 maintains a stable microstructure upon charging/discharging, thereby giving 

a stable voltage platform [27]. However, the high production cost of TiS2 imposes a 

hurdle during commercialisation. Even so, the successful utilisation of intercalation-type 

cathode materials shed a light on investigating this group of material because it can 

deliver a promising capacity with an intact microstructure. Following that, other 

intercalation-type cathodes, chiefly lithium transition metal oxides, were developed for 

use in LIBs, including LiCoO2, LiMn2O4, and LiFePO4. This type of cathode materials 

exhibits high energy density as a result of both high working potential and high capacity, 

which are mainly ascribed to the highly oxidised Co3+/4+, Mn3+/4+, and Fe3+/4+ redox 

couples [24]. The electrochemical properties of these three cathode materials and their 

derivatives are compared in Table 2-2. Among them, LiCoO2 is more well-known than 

the other two due to the high practical capacity and high working potential. The other two 

are typically needed on the demand for higher safety and fast discharge as well as the cost 

is the main concern. Li-Co chemistry was first suggested as intercalation-type cathode in 

rechargeable LIBs by Mizushima and Goodenough et al. in 1980 [64]. Nevertheless, until 

1991, the first successful commercialisation of LiCoO2 was accomplished by SONY Corp. 

with its integration in classical LiCoO2/graphite battery system.  
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Table 2-2. Electrochemical properties of the common intercalation-type cathode compounds [65]. 

 

LiCoO2 exhibits a layered structure with the rhombohedral R3�m space group and is 

isostructural to α-NaFeO2 in which Co atoms take up octahedral 3c sites and oxygen 

atoms surround the Co atoms with Li atoms occupying 3b sites in the alternate layers [66, 

67], as schematically illustrated in Fig. 2-8. The adjacent CoO2 layers are separated by a 

Li layer in which the positively charged Li+ ions effectively screen and stabilise the 

negatively charged CoO2 skeletal structure [67]. It is clearly seen that Li ions can be freely 

intercalated/deintercalated in a 2-dimensional pathway between two strongly bonded 

CoO2 slabs. However, with the deintercalation process of electrostatically stabilised Li+ 

ions, the adjacent CoO2 layers electrostatically repulse each other, leading to a volume 

swelling along c direction and volume shrinkage along a direction [67]. 

 

Fig. 2-8. Schematic illustration of LiCoO2 crystal structure with R3�m space group [68]. 
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With the desire to develop LiCoO2 electrode with high volumetric energy density, two 

approaches have been generally employed, by (i) increasing the practical capacity and/or 

working voltage of LiCoO2, and/or (ii) decreasing the overall volume of electrode. 

As calculated above, LiCoO2 is able to provide a high theoretical capacity of 274 mAh g-

1 in the case where one Li ion is extracted from each unit of LiCoO2 cell. However, with 

the removal of Li ions from the layered structure, the delithiated LiCoO2 compound 

undergoes anisotropic changes along the c direction and α direction due to the increases 

in the electrostatic repulsion between O-Co-O sheets and cobalt oxidation, respectively 

[69]. This anisotropic host lattice changes accompanied with volume changes of LiCoO2 

structure generally result in ‘electrochemical grinding’ of the LiCoO2 particles, thereby 

leading to the formation of micro-cracks and related structural instability [70]. Based on 

extensive studies on the relationship between practical capacity and structural stability, it 

has been accepted that LixCoO2 (0.5 < x < 1) can still maintain a stable microstructure 

over extending galvanostatic cycling, yielding a reversible capacity of only 140 mAh g-1 

at the corresponding voltage of 4.2 V [67, 71-75]. If the operating voltage is raised beyond 

4.2 V, higher capacity (> 140 mAh g-1) can be achieved but it may bring about additional 

issues, such as larger crystallographic volume change induced by phase transition in 

LiCoO2 and decomposition of carbonate-based electrolyte at the particle surface [76]. 

To mitigate the phase transition, the approach to coat LiCoO2 particles with passivation 

layers, such as ZrO2 [77], CeF3 [78], Al2O3 [79, 80], MgO [81] and ternary layer 

containing Li, Al, and F elements [82], has been widely adopted. These coated LiCoO2 

particles exhibited better electrochemical performances in terms of reduced capacity 

degradation when being operated up to 4.6 V. The high cut-off voltage was ascribed to 

the modification to the surface chemistry of the LiCoO2 particles [81]. Despite that some 
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successes have been achieved for various oxides coating, the presence of the 

electrochemically inactive layer on LiCoO2 particles increases the overall volume of 

particles and therefore compromises the volumetric energy density of LIBs. 

In order to improve the volumetric energy density of LIBs, the most effective way is to 

reduce the overall volume of electrode, including lowering the volume fraction of the 

inactive components and/or increasing the pack density of electrode. A close looking on 

the recipe of traditionally tape-cast LiCoO2 electrodes (LiCoO2 + polymeric binders + 

conductive fillers + metallic current collector) may readily lead to the awareness that the 

volumetric energy density of electrode could be greatly degraded by the increasing 

occupation of low-density battery accessories, such as polymeric binders, current 

collector, and even conductive fillers. It has been reported that the conventional 

calendered tape-cast electrode structure is consisted of < 50% electroactive materials 

loading by volume if the thickness of electrode goes down to 100 μm or less [12, 83]. 

Henceforth, the removal of electrochemically inactive components, i.e., conductive fillers, 

polymeric binders and current collector, would be an alternative strategy to effectively 

improve the volumetric capacity of LIBs.  

Given that the electrical conductivity of LiCoO2 is relatively low (~10-4 S m-1) [84], the 

incorporation of conductive filler is essential. However, it is practical to employ 

conductive fillers with higher electrical conductivity, such as carbon nanotubes (CNTs) 

or graphene, in LIBs to reduce the dosage. They possess large surface area and distinct 

morphology, which enable to form an electrically conductive network at lower 

percolation content. Even though LCO electrode without the addition of conductive filler 

has been produced by taking advantage of its intrinsic semiconductor-metal structural 

transition (band gap Eg=2.7 eV [85, 86]), the rate performance was inferior at high current 
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rate and it can be only used in niche application, such as microdevices where power 

density of LIBs is less concerned [11]. With regard to polymeric binder and metallic 

current collector, it has been reported that they can be completely removed away if LCO 

is produced in the form of bulk electrodes because high compactness of LCO electrode 

can guarantee the mechanical handling [11].  

In addition to providing sufficient electrical conductivity and mechanical strength, a 

rational design of bulk LCO electrodes should consider the mobility of ionic species [87]. 

A bulk LCO electrode with too high density (> 90% relative density) is generally not 

pursued because of the poor kinetics caused by high tortuosity and long ionic diffusion 

paths. Both of them impede the transportation of electrolyte ions, mainly solvated Li+ 

ions, across bulk electrodes and results in high concentration polarisation at tough 

charge/discharge rate [88, 89], which increases the proportion of electroactive materials 

that become inaccessible to Li ions during battery operation, especially the core part of 

electrode. 

So far, bulk LiCoO2 electrodes have been produced by a wide range of techniques, such 

as radio frequency (RF) magnetron sputtering [90], screen printing [91], pulsed laser 

deposition [92, 93], electrostatic spray pyrolysis [94] and sol-gel [95]. Despite that the 

resultant bulk LiCoO2 electrodes can attain high volumetric energy density and promising 

rate performance, the electrode preparations generally require a layer of substrate or 

current collector to support the electrode, which apparently leads to a sacrifice in the 

volumetric energy density of individual electrode. Additionally, the thickness of LiCoO2 

electrodes produced above were generally less than 10 μm, which implied that a low 

electrode/current collector ratio per stack volume was required for LIBs with large-

capacity design. 
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Fabricating thick electrodes with high areal loading of electroactive materials is believed 

to tactfully increase the energy density of LIBs on the fact that the energy capacity scales 

linearly with the electrode thickness for a given areal footprint [96]. To produce thicker 

bulk LiCoO2 electrodes, many other techniques have been also employed, including 

conventional sintering [11], co-extrusion [12] and rotating magnetic field method [13]. 

The resultant bulk LiCoO2 electrodes possessed the thickness of > 100 μm, and the current 

collector have been even eliminated on some occasions due to the sufficient mechanical 

strength of thick electrodes. However, their reversible capacity suffered from a rapid 

degradation at high current density due to the absence of conductive fillers in the LCO 

matrix which resulted in high resistance from point contacts between adjacent particles 

in the electrode. Their works suggested that it was not wise to pursue high volumetric 

energy density at the expense of rate performance.  

As discussed above, the high tortuosity and ohmic polarisation may result in low 

accessible capacity of LiCoO2. In order to reduce both effects, the electrode density 

should be carefully tuned and the electrical conductivity of bulk LiCoO2 electrode must 

be improved by introducing conductive fillers. In this project, we are going to introduce 

a novel densification technique, termed cold sintering process (CSP), to consolidate 

LiCoO2 composite cathode which contains minimum conductive fillers to simultaneously 

improve the volumetric energy density and rate performance of bulk LCO composite 

electrode.  
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2.2. Cold sintering process 

2.2.1. CSP mechanism 

Inspired by a hydrothermal assisted hot pressing technique in which ceramics with high 

density (> 90% relative density) can be fabricated via combining hydrothermal synthesis 

with uniaxial pressing, an innovative CSP is recently proposed by C. A. Randal’s group 

to densify ceramics at a much lower temperature and high uniaxial pressure with the aid 

of transient liquid [14-16]. The densification by CSP is typically achieved via a mediated 

dissolution-precipitation process in which an appropriate aqueous solution (e.g., water, 

acid, or base) is incorporated to dissolve the sharp edges of ceramic particles under 

reduced processing temperatures (from ambient temperature to 300 ℃) and to assist the 

rearrangement of the particles to a compact configuration under high uniaxial pressure 

(from 100 to 500 MPa) [14, 97, 98]. Owing to the low processing temperatures used, CSP 

not only enables the densification of pure ceramics, but also the densification of 

ceramics/polymer composites in which both constituents show substantial dissimilar 

physical properties, like melting temperatures and thermal expansion coefficient, etc. 

This is typically not achieved in conventional high-temperature sintering. However, to 

enable the densification of composite, at least one constituent should be soluble to trigger 

the dissolving process. The detailed CSP mechanism can be elucidated in macroscopic 

and microscopic perspectives, as schematically shown in Fig. 2-9.  

Macroscopically speaking, multiple stages can be identified in the course of CSP, 

including (i) particle compaction, (ii) dissolution of materials, (iii) hydrothermal crystal 

growth or formation of intermediate phases, and (iv) recrystallisation of intermediate 

phase, which are depicted in Fig. 2-9 (a) [99]. Initially, a liquid phase is introduced and 
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mixed with ceramic powders to obtain homogenously lubricated particle surfaces. The 

presence of liquid phase on the particle surfaces would conduce to the subsequent particle 

rearrangement and dissolution of sharp edges of ceramic powders under the effect of 

external pressure. The dissolved shape edges, therefore, confer more interstitial spaces 

for surrounding particle sliding to achieve an initial compaction. Simultaneously, the 

liquid phase with dissolved species is “pushed” to fill up the pores among particles by the 

external pressure. Due to the pressure-induced interaction of liquid phase with particles, 

three possible mechanisms are proposed to account for the particle compaction and the 

improved mass transport, including (i) liquid-enhanced creep at the solid-solid interface, 

(ii) Marangoni flow at the liquid-liquid interface, and (iii) diffusiophoresis at the solid-

liquid interface. It is accepted that the particle compaction arises from the combination of 

mechanical-chemical coupling effects and it plays a beneficial role in the subsequent 

particle densification process [99].  

Next, the liquid phase which contains the dissolved species becomes supersaturated as 

the system temperature is raised right above the boiling point of the liquid to evaporate 

the liquid. In this case, the ceramics ensemble system has a high Gibbs free energy and is 

thermodynamically unfavourable. The Gibbs free energy tends to reduce by precipitation 

of the dissolved species in two routes: (i) direct precipitation on particle sites with lower 

surface energies, leading to the epitaxial crystal growth on the outer surfaces of particles 

and further Ostwald Ripening crystal growth; and (ii) the nucleation of amorphous phase 

on the grain boundaries when its nucleation rate exceeds that of the crystalline counterpart 

[99]. Even though the formation of amorphous phase is an undesired parasitic reaction, 

especially upon fast cooling, it can be overcome by re-crystallisation via a post-CSP 

thermal treatment, which will be further discussed in this chapter [99]. 
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From the microscopic perspective, the dissolution-precipitation process is very identical 

to that in the macroscopic perspective. As illustrated in Fig. 2-9 (b), after the liquid phase 

is introduced on the particle surfaces, the ionic species and/or atomic clusters on the very 

outer surfaces of particles start to dissolve under an applied external pressure [98]. The 

dissolution effect becomes more significant on the surface sites with large curvature, such 

as sharp edges or protrusion, and high system temperature can enhance this process. 

Meanwhile, with the influence of capillary pressure, the liquid phase dissolved with ionic 

species and/or atomic clusters redistributes itself and precipitates on particles at sites 

away from stressed contact areas, which have least surface energies. Consequently, an 

amorphous phase is formed on the grain boundaries, but its presence is shown to hinder 

the grain boundary diffusion or mobility as well as inhibit the grain growth [98, 100].  

 

Fig. 2-9. Schematic representation of (a) the primary stages involved in the course of CSP at macroscopic 

level, and (b) the interaction of liquid phase with particles surfaces during CSP at microscopic level [99, 

101]. 
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As clearly seen from the above discussion, the CSP is apparently a multiple-step sintering 

process which mainly includes dissolution, precipitation, and grain growth. Randall’s 

group attributed the successful densification of ceramics powders at reduced temperature 

to the smaller free energy barrier of each sub-step, as manifested in Fig. 2-10. In sharp 

contrast with huge energy barrier (ΔG) to overcome in conventional sintering, the 

requirement of free energy barriers reduction for each sub-step (Δg) in CSP is far smaller 

and the sum is far smaller than ΔG [99]. Therefore, they also deduced the natural 

formation of pearl and rock may adopt a CSP-like sintering process, disclosing the beauty 

of CSP [99].  

 

Fig. 2-10. The comparison of Gibbs free energy change of each processing pathway taking place in CSP 

and conventional sintering.  
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2.2.2. Processing variables of CSP 

Apparently, the densification by CSP is strongly affected by many chemical and physical 

factors, such as CSP temperature/pressure/holding time, the selection of transient liquid 

solution, the physical characteristics of the starting materials, and post-CSP annealing 

treatment. Each factor has different densification mechanisms at different stages of CSP. 

Understanding of the influence of each factor plays an important role in elucidating CSP 

mechanism and therefore improving the performance of CSP-prepared materials. 

2.2.2.1. CSP temperature/pressure/holding time 

It is easy to understand that the increases in CSP temperature/pressure can improve the 

solubility of dissolved species in liquid phase and enhance the liquid-enhanced creep 

effect at grain contact under stress [97]. On the other hand, the prolonged holding time 

can ensure (i) the establishment of equilibrium state of solid-liquid mixture phase at early 

stage of CSP; and (ii) the completed precipitation process of dissolved ionic species 

and/or atomic clusters on grain boundaries. This is why the effects of CSP 

temperature/pressure/holding time on densification of various ceramics powder were 

studied in numerous published papers with the intention to figure out the optimal CSP 

condition for the subsequent processing [18, 102-105].  

2.2.2.2. Selection of transient liquid solution 

To achieve a high consolidation of ceramics powders, the choice of an appropriate 

transient liquid solution needs to be carefully made. The solubilities of various ceramic 

powders drastically vary, and their dissolution can be divided into two types: congruent 

and incongruent dissolution. With regard to congruent, the composition of the materials 
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stays at the same composition since the dissolved species have the same stoichiometry as 

the parent phase. Whereas incongruent dissolution leads in a solid that exhibited a 

changed stoichiometry/composition as compared to the parent phase. The dissolving 

process can be categorised into 3 different situations. (i) With regard to ceramic powders 

with high solubilities, such as hygroscopic compounds, the CSP is simply accomplished 

via a straightforward approach; (ii) As to ceramic powders with incongruent solubility, 

like BaTiO3 which has a passivation layer on the particle surfaces to hinder the dissolution 

process, a saturated liquid phase with required stoichiometric ratios is demanded [97]. (iii) 

In instance where ceramic powders have negligible solubility, the preparation of a liquid 

phase containing the corresponding chemical moieties is considered. In efforts to 

fabricate bulk LiCoO2 electrodes through CSP in this project, a judicious selection of 

basic aqueous LiOH solution with high mole concentration is considered because it has 

the mutual Li+ species. The 2 M LiOH transient liquid has been successfully reported to 

densify another Li-containing transition-metal cathode, i.e. LiFePO4 [18], which lights 

up the forward way to densify LiCoO2 electrodes. Following this inspiration, the 2 M 

LiOH transient liquid is determined to consolidate LiCoO2 electrodes for LIBs in this 

project. 

2.2.2.3. Physical characteristics of starting materials 

Bear in mind that the solubility of LiCoO2 in 2 M LiOH solution is still far below the 

expectation. Therefore, the physical characteristics of starting LiCoO2 powder should be 

tuned, mainly in terms of surface area. By reducing the particle size of starting LiCoO2 

powder, the surface area of LiCoO2 powder can be expected to drastically increase. The 

advantages brought about by the increased surface area of LiCoO2 powder can be 

cogently explained from 3 aspects. (i) From the thermodynamic perspective, the surface 
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Gibbs free energy is typically determined by ΔG = A𝛾̅𝛾, in which A is the surface area and 

𝛾̅𝛾 is the average interfacial energy. 𝛾̅𝛾 is assumed to remain unchanged to any particles size. 

Therefore, after particle size reduction, more accessible surface areas are introduced to 

contact with liquid phase, which results in increases in solute content under applied 

pressure [97]; (ii) Kinetically speaking, the densification by CSP is largely determined by 

both dissolution process and mass transport process which in tandem significantly affect 

the subsequent precipitation process. Among them, the dissolution process is greatly 

promoted by the aforementioned liquid phase creep which only occurs at the contact 

points under stress. Henceforth, the increased surface areas by particle size reduction is 

believed to introduce more contact points between smaller particles, leading to a 

prominent liquid phase creep enhanced dissolution process. Additionally, the particles 

with smaller size generate more tiny channels in the ceramic ensemble, which 

substantially enhances the capillary effect to redistributes the liquid phase and thus 

enhances mass transport [97]; (iii) Particles with reduced size are able to assist in the 

particle compaction under applied pressure and the binding of large-size particles through 

diffusion bonding [97]. For this purpose, a high-energy planetary ball-milling process 

will be used in this project to reduce the particle size and increase the surface areas of 

LiCoO2 powder for the sake of its simplicity, high efficiency, and process economy. 

2.2.2.4. Post-CSP annealing treatment 

As discussed in Section 2.2.1, the ceramic ensemble fabricated by CSP has a common 

issue related to the presence of amorphous phase on the grain boundaries which 

deteriorate the desired properties of functional ceramics. The formation of this metastable 

phase is the resultant precipitation process of dissolve ionic species/clusters upon fast 

cooling and is recognised as a low-kinetic process of crystallisation. Therefore, a post-



 
39 

 

CSP annealing treatment, at temperature lower than that is needed for the conventional 

sintering, is required to crystallise the amorphous phase to restore the properties of 

functional ceramics. 

Since the invention of CSP by Randall’s group in year 2017, a wide range of functional 

ceramics and ceramics-polymer composites have been prepared by CSP, including 

BaTiO3 [16, 97], V2O5 composite [106], Na3.256Mg0.128Zr1.872Si2PO12 solid electrolyte 

[102], Li1.5Al0.5Ge1.5(PO4)3 solid electrolyte [105], ZrO2 and ZrO2-based composite [104, 

107, 108]. However, their properties, such as electronic/ionic conductivities and dielectric 

properties, have been deteriorated by the amorphous by-product on the grain boundaries, 

but they have been restored via a post-CSP thermal treatment at a reduced temperature 

for a short period of time. As a further example, through a comparative study in which 

cold-sintered and conventionally dry-pressed Na3.256Mg0.128Zr1.872Si2PO12 solid 

electrolytes were treated at the identical annealing condition, Leng et al. [102] concluded 

that the improvement in ionic conductivity for cold-sintered solid electrolyte was 

convincingly attributed to the re-crystallisation of the deleterious amorphous phase, 

whereas the improved ionic conductivity for dry-pressed solid electrolyte was very 

limited and was simply pertained to the increased contact surfaces amongst particles. 

Furthermore, as a direct result of post-annealing treatment, the density evolution of 

Na3.256Mg0.128Zr1.872Si2PO12 solid electrolytes produced by CSP was found to increase 

because the structural transition from amorphous (glassy) phase to crystalline phase 

resulted in a more compacted atomic configuration and thus volume shrinkage. Another 

physical property restoration by post-CSP annealing treatment was reported by Jing et al 

[109]. The electrical conductivity of ZnO ceramics was as low as 0.0005 S cm-1 after it 

was cold sintered at 250 ℃ and 350 MPa for 1 h. Interestingly, its electrical conductivity 
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was increased to 16.4 S cm-1 after ZnO was annealed at 500 ℃ in argon atmosphere and 

the authors attributed the improvement in electrical conductivity to the increase in 

crystallinity of ZnO induced by post-CSP annealing treatment. The above two studies 

illuminated and provided insights that both ionic conductivity and electrical conductivity 

of CSP-prepared ceramics could be restored by post-CSP annealing treatment, which 

pave the way to improve the two most essential properties of high-performance electrode 

for use in LIBs. 

Looking back to the fabrication of bulk LiCoO2 electrodes using RF magnetron sputtering 

[90], pulsed laser deposition [92, 93], electrostatic spray pyrolysis [94], and sol-gel [95] 

methods, it has been identified that the amorphous LiCoO2 was present and it resulted in 

deteriorative electrochemical properties of LiCoO2. A thin-film LiCoO2 deposited by 

spray pyrolysis was exemplified for the electrochemical effect of amorphous LiCoO2 

[110]. After being exposed to an annealing treatment, the electrical conductivity of 

amorphous LiCoO2 was substantially increased from 2 × 10-4 S cm-1 to 1.0 S cm-1. The 

slow-scan CV curves in Fig. 2-11 also showed distinctly different electrochemical 

behaviours with the broad anodic/cathodic peaks observed in amorphous LiCoO2 and the 

sharp anodic/cathodic peaks for well-crystallised LiCoO2. Additionally, as compared to 

higher capacity retention of annealed LiCoO2, amorphous LiCoO2 suffered from a rapid 

capacity loss in the first few cycles, as depicted in Fig. 2-12.  
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Fig. 2-11. CV curves of LiCoO2 thin films prepared on Al/Au substrate by spray pyrolysis (a) without 

annealing and (b) with annealing [110]. 

 

Fig. 2-12. The effect of annealing treatment on the evolution of accessible capacities of LiCoO2 thin films 

prepared on Al/Au substrate by spray pyrolysis over extended cycles [110]. 

 

Based on the above discussion, it is essential to restore the electrochemical properties of 

thick LiCoO2 electrodes produced by CSP via a post-annealing treatment. The 

effectiveness of crystallisation of amorphous LiCoO2 phase is strongly dependent on the 

post-annealing treatment conditions, such as annealing temperature, annealing holding 

time, and annealing environment.  

By combining transmission electron microscopy (TEM) and the corresponding selected 
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area electron diffraction (SAED) pattern of LiCoO2 films annealed at 400-700 ℃ for 1 

hour, Kim at al. found that the re-crystallisation process of amorphous LiCoO2 phase 

started to happen at 400 ℃ and completed with larger crystallite at 500 ℃ [111]. With 

further raising the annealing temperature, the TEM images clearly showed the formation 

of intermittent voids between columnar crystallites at 600 ℃ and the intermittent voids 

became larger at 700 ℃. The authors associated the formation of intermittent voids to the 

Kirkendall effect which described that intermittent voids were caused by different 

interdiffusion rates [111]. This study indicated that annealing treatment at extremely high 

temperature was not necessary because it may result in particle coarsening and other side 

effects, like formation of intermittent voids and inter-diffusion of species if metal 

substrates are used. 

The annealing environment also plays a significant effect on the re-crystallisation of 

amorphous LiCoO2 phase and its final electrochemical properties. LiCoO2 films produced 

by RF magnetron sputtering were annealed at 650-900 ℃ for 30 min under an Ar or O2 

environments [112]. Through a systematic electrochemical characterisation, it is 

intriguing to find that the LiCoO2 films annealed in O2 ambient outperformed those 

annealed in Ar ambient, which was ascribed to the suppressed outdiffusion of oxygen 

from the LiCoO2 lattice at a high oxygen vapour pressure induced by O2 annealing 

environments [112].  

A literature survey was also conducted to find that the annealing temperature used to 

eliminate amorphous LiCoO2 phase ranged from 400 to 900 ℃ [111-115] for a timespan 

in the range of 540 seconds - 4 hours [110, 113, 114, 116, 117], which showed an 

extraordinary divergence. The determination of appropriate annealing conditions, i.e., 

temperature, holding time and gas ambient, ought to be made based on the real 
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experimental condition, such as the decomposition temperature of secondary phase in the 

composite, the quantity of amorphous LiCoO2 phase, the process leading to the formation 

of amorphous LiCoO2 phase, and the particle size of LiCoO2 crystallites, etc. 
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2.2.3. CSP application for LIBs 

To date, CSP has been successfully utilised to fabricate dense ceramics for the 

applications for LIBs, such as solid-state electrolytes [102, 105, 118-120] and 

intercalation-type cathode [17, 18, 106]. Among them, solid-state electrolytes have 

garnered enormous attentions, such as Li1.5Al0.5Ge1.5(PO4)3 [105], xLi2S + (1-x)P2S5 [119], 

Na3.4Sc0.4Zr1.6Si2PO12 [120], and CsH2PO4 [118]. Little efforts, however, have been 

devoted to cathodes produced by CSP. 

Very recently, V2O5 which is a typical layered cathode material affordable for 294 mAh 

g-1 with 2 Li+ ions intercalated/deintercalated in/from per formula unit [121], has been 

cold sintered at 120 ℃ and 350 MPa for 20 min [106]. With the assistance of TEM 

characterisation, the formation of amorphous V2O5 phase was noticed on the grain 

boundaries, which delivered an electrical conductivity of only 4.8 × 10-3 S cm-1. Instead 

of increasing the electrical conductivity by post-CSP annealing treatment, the researchers 

improved the electrical conductivity of V2O5 pellets to 10-3 ~ 10-2 S cm-1 by introducing 

a minor amount of conductive polymer PEDOT:PSS. The improvement in electrical 

conductivity promoted itself to potential application of V2O5-PEDOT:PSS composite for 

LIBs. Nevertheless, in their following publication, they studied the temperature 

dependence of electrical conductivity of 97vol% V2O5 - 3vol% PEDOT:PSS and 

suggested it to be used in negative temperature coefficient devices [122]. But their works 

still highlighted the merit of CSP as a new route to densify composite containing 

constituents with large melting point gaps. 

In another pioneering study, CSP was extended to consolidate LiFePO4 composite 

cathode for use in LIBs. The pure LiFePO4 was firstly homogenised with basic LiOH 
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transient liquid to enhance the dissolution process in a high pH environment. Afterwards, 

the mixture was densified at 240 ℃ for 30 min at different applied pressures (30-750 

MPa). A relative density of 85% (3.04 g cm-3) was achieved for LiFePO4 composite 

cathode at 750 MPa. Albeit that no secondary phase could be identified in XRD spectrum 

of cold-sintered LiFePO4 pellets in Fig. 2-13 (a), the TEM images in Fig. 2-13 (b) 

distinctly showed the presence of amorphous LiFePO4 phase on the grain boundaries due 

to the small amount of amorphous LiFePO4 phase formed during CSP. Following that, a 

mixture of 80 wt% LiFePO4, 10 wt% PVdF, and 10 wt% conductive carbon was cold 

sintered using the similar CSP condition and a composite pellet with the 89% relative 

density (2.70 g cm-3) was obtained. This value was much greater than that obtained by 

conventional tape-casting method (1.90 g cm-3), showing the CSP feasibility to densify 

ternary composite. As shown in Fig. 2-13 (c-e), cyclic voltammetry (CV) of LiFePO4 

composite cathode produced by CSP was characterised with a pair of symmetrical redox 

peaks at ~3.45 V vs  Li+/Li, indicating the excellent reversibility of electrochemical Fe3+/4+ 

reactions. The cold-sintered LiFePO4 composite cathode afforded a gravimetric capacity 

of 155 mAh g-1 and the corresponding volumetric capacity of 340 mAh cm-3 at 0.1 C, 

which was ascribed to the highly dense ceramic structure by CSP. Additionally, the thick 

LiFePO4 composite cathode displayed stable voltage plateaus up to 1 C and afforded a 

reasonable capacity retention of 87% after 40 cycles. 
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Fig. 2-13. (a) XRD spectra of LiFePO4 before and after CSP, (b) TEM images of amorphous LiFePO4 

phase, (c-e) electrochemical properties of LiFePO4 composite cathode. 

In the subsequent publication, the author attempted to improve the volumetric capacity of 

cold-sintered LiFePO4 composite cathode by removing the electrochemically inactive 

binder and substituting carbon black with less amount (6 wt% relative to the mass of 

LiFePO4) of carbon nanofiber which has higher electrical conductivity and distinct long-

chain morphology [17]. After being humidified with the tape-casted cathode tape with 

steam, the densification was performed for the cathode tape on Al substrate at 180 ℃ and 

240 MPa for only 10 min using CSP. Consequently, a dense cathode with the relative 

density of ~70% (2.42 g cm-3) and low porosity was obtained. Similarly, a minor amount 

of amorphous LiFePO4 phase was observed on the grain boundaries in Fig. 2-14 (a), 

which was a typical characteristic for ceramic ensemble produced by CSP. As compared 

with the previously cold-sintered LiFePO4 composite cathode which contained carbon 

black and polymer binder, the electrochemical characterisation in this study showed 

enhanced electrochemical figures of merit, as shown in Fig. 2-14 (b-d). More specifically, 
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the LiFePO4 composite cathode offered an identical gravimetric capacity of 154 mAh g-

1 at 0.1 C, but the corresponding volumetric capacity was raised to 373 mAh cm-3, which 

was due to the significant change in cathode formulation. Even at high charge/discharge 

rate of 10 C, a high gravimetric and volumetric capacity of 102 mAh g-1 and 247 mAh 

cm-3 were retained with a flat voltage plateau [17]. Moreover, 90% and 93% of initial 

capacities were maintained at 1 C and 10 C, receptively, after 100 cycles. It should be 

noted, however, that the Al current collector was still used in this study but was not taken 

into consideration for the calculation of volumetric capacity, which artificially “increased” 

the volumetric capacity. Actually, in a commercial LIBs with full package, every single 

component should be incorporated in the calculation to give a reliable evaluation.  

 

Fig. 2-14. (a) TEM images of amorphous LiFePO4 phase on grain boundary, (b-d) Electrochemical 

properties of bulk LiFePO4 composite cathode produced by CSP [17]. 
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Through a comprehensive survey, to our best knowledge, the densification of LCO using 

CSP and its application for LIBs have not yet been reported, which leaves a research gap 

to study the feasibility to fabricate thick LiCoO2 composite cathode which contains least 

amount of conductive filler with total absence of polymer binder and current collector. In 

order to maximise the volumetric capacity/energy density of thick LiCoO2 composite 

cathode, the properties of conductive filler are critical to guarantee the success. As above 

mentioned, graphene and CNTs are strong candidates in this case due to their high 

electrical conductivity and distinct morphological character. However, the production of 

high-quality graphene, e.g., large flake size, less structural defects, and less oxygen 

functional groups, still faces many specific challenges. Next, a simple and effective 

approach using microwave localised heating effect is reviewed, along with the underlying 

mechanisms involved in deoxygenation of oxygen functional groups and the formation 

of hot-spot/arcing. Finally, the unique effects of CNTs and graphene in advanced lithium 

batteries are discussed, along with their recent research progress.  
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2.3. Microwave-assisted reduction of graphene oxide 

2.3.1. Introduction to graphene 

Graphene is a 2D form of sp2-hybridised carbons that are densely arranged in hexagonal 

(honeycomb) crystallographic structure with a distance of 0.142 nm between 

neighbouring carbon atoms. This hexagonal structure belongs to one of the five 2-D 

Bravais lattices [123]. It is another allotrope of carbon materials in atomic scale relative 

to fullerenes (0D), carbon nanotubes (1D), and graphite (3D) or charcoal (3D), as shown 

in Fig. 2-15 [124]. Even though graphite was discovered and used for decades, it was 

unlikely known to people until Bernal [125] revealed the lamellar structure by using X-

ray diffraction (XRD) technique. Since then, significant research efforts to isolate single-

layer graphite (graphene) by either mechanical methods or chemical methods were made, 

and many characterisation techniques were employed to study the tiny basic structure of 

graphite. Some groups proposed to mechanically isolate bulky lamellar-structure graphite 

with the ultimate aim of achieving mono-layer graphene with “perfect” electronic 

structure and thus its intrinsic properties. Unfortunately, multilayer graphene with less 

than 20 layers were not mechanically obtained until 2004 when two scientists, Andre 

Geim and Kostya Novoselov from The University of Manchester, successfully “pulled” 

mono-layer graphene out of bulky graphite using Scotch tape, which was later referred to 

as micromechanical cleavage or the Scotch tape technique [126, 127]. Although it was 

thought to be an extremely labour-intensive and unreliable method, it was the first time 

to mechanically extract mono-layer graphene from natural graphite. The mechanically 

exfoliated mono-layer graphene is shown to exhibit amazing mechanical properties and 

chemical properties, which then sparks the “the gold rush” of graphene world. 
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Fig. 2-15. Schematic representation of graphitic structure in the forms of fullerenes, carbon nanotubes, and 

graphite [124]. 

The 2D graphene which was ever predicted to be impossible to exist in the free state by 

scientists, came as a surprise to the world with its many properties superior than the other 

allotropes of carbon families, such as massive specific surface area [128, 129], highly 

flexible but mechanically robust structure [130, 131], optical transmittance (97.7%) [132], 

exceptional electrical conductivity (~104-105 S m-1) [124, 133, 134], superior thermal 

conductivity (≈3 000 W mK-1 at room temperature [135]), and chemical reactivity etc. 

Certainly, each of these promising properties is able to lead to a profound revolution in 

industries and engineering, such as energy generation/storage devices [136-138], 

catalysts [139], electronic devices [140, 141], composite materials with high specific 

strength [142], etc. Definitely, the aforementioned appealing properties of graphene can 

be explained from the viewpoint of its unique microstructure and electronic structure. 

Monolayer graphene features huge theoretical specific surface area (SSA) of ~2 630 m2 

g-1 [128, 129]. This value approaches that of activated carbon (≈3 000 m2 g-1) which is 
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generally used, with varying successes, as conductive filler for LIBs/SIBs. It, therefore, 

indicates that graphene can be a potential candidate to replace the currently used activated 

carbon in energy storage devices from the perspective of SSA. However, the theoretical 

specific surface area of 2 630 m2 g-1 is of difficulty to achieve in practice because it is 

highly restrained by processing methods. For instance, graphene produced from reduced 

graphene oxides (rGO) by hydrazine reduction only exhibited 320 m2 g-1 [143]. SSA of 

graphene was reported to be 463 m2 g-1 for microwave assisted exfoliation method [144], 

400 m2 g-1 for low-temperature exfoliation [145] and 700 m2 g-1 for high-temperature 

exfoliation [146]. The values mentioned above were far lower than the theoretical value, 

which is chiefly attributed to (i) The oxygen functional groups on basal plane are 

extremely difficult to be completely eliminated; and (ii) The tendency of re-stacking of 

graphene flakes after processing. Compared with carbon black with small SSA, graphene 

with a high surface-to-volume ratio is always desirable in the LIB application since it can 

provide more contact points with electroactive materials, such as LiCoO2, thereby 

improving the electrical conductivity of electrode. 

In addition, the high carrier mobility (≈15 000 cm2 V−1 s−1 at 300 K and ≈60 000 cm2 V−1 

s−1 at 4 K [127]) and the high charge carrier concentration (n = 1012 cm−2 [147]) of 

graphene results in an exceptional electrical conductivity (~2 000 S m-1 [148]), which is 

very appealing to energy storage devices. Through a deep understanding of graphene’s 

electronic structure, the high electron mobility originates primarily from the formation of 

π-bond. Each carbon atom located in graphene has 4 electrons in the outer orbital with 3 

of them hybridizing in the form of sp2 hybridization, leaving one in Pz direction moving 

freely to constitute “Electron Sea” above and below the graphene sheet [149]. The high 

electrical conductivity, or more specifically the high carrier mobility, is a very essential 
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characteristic for microwave-induced heating effect, which will be discussed in Section 

2.3.4. 

Apart from the abovementioned SSA and electrical conductivity, the other properties of 

graphene endow it to be used for LIBs. The robust but flexible graphitic grid paves the 

way for wrapping electrode particles, which thus prevents electrode particles from 

disintegrating from current collector. The superior thermal stability provides its use in 

harsh environments. The chemical reactivity provides reaction sites with heterogenous 

atoms or oxygen functional groups, which can tune the electronic structure and the 

bandgap of graphene for specific LIB application. 
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2.3.2. Graphene production methods 

Attracted by the outstanding properties of graphene, many scientists and engineers have 

come up with a number of production methods to produce high-quality graphene. 

However, the efficient mass production of graphene with less structural defects and large 

lateral dimensions is still remaining a grand challenge to research community and 

industry. To date, the proposed production methods can be briefly categorised into two 

groups, either as bottom-up routes or top-down routes, as schematically shown in Fig. 

2-16 [150].  

 

Fig. 2-16. Schematic summary of typical synthesis methods of graphene in terms of bottom-up and top-

down methods [150]. 

Generally speaking, the bottom-up routes are a carbon crosslinking process in which basic 

molecular units are built up on a metal substrate or on the previously formed carbon layers 

in a 2D carbon network. The most representative bottom-up routes are epitaxial growth 

on SiC and chemical vapour deposition (CVD), which are, currently, most widely used 

in laboratories because they can produce high-quality graphene with single layer, large 

size, and less defects. During CVD process, H2/CH4 gas mixture, which serves as 
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carbonaceous precursor, is supplied into the high-temperature reactor wherein a transition 

metal substrate (Ni [151] or Cu [152]) is placed. Once the gas mixture contacts the hot 

substrate surface (normally 900-1000 ℃), it is catalytically decomposed to radical species 

which have high chemical reactivity and tend to form single-layer graphene and multiple-

layer graphene with virtually perfect hexagonal microstructure. It is, however, not 

suitable to be adopted in industry owing to the high capital cost, critical treatment 

conditions, and low production yield [153]. 

Alternatively, the top-down routes typically involve mechanical exfoliation process of 

graphite or chemical/thermal reduction process of initially oxidised graphitic precursors 

to fabricate graphene. The former is generally performed without participation of 

chemical reactions. The representative routes includes the birth-of-graphene Scotch tape, 

ball milling [154], ultrasonication [155], fluid dynamics [156], and supercritical fluid 

[157] methods, etc. Nevertheless, the latter is performed with participation of chemical 

reactions. Chemical oxidation reactions are first required to produce adequate large-size 

functional groups on the periphery of graphitic planes to expand graphene interspacing 

and reduce the Van der Waal force, which can lead to the efficient exfoliation of graphene 

oxide (GO) sheets. Following that, a chemical/thermal reduction process is needed to 

remove as much the chemically derived functional groups and structural disorders as 

possible. In contrast with CVD, the production method by chemically/thermally reducing 

GO exhibits two admirable advantages: (i) It is a cost-effective and high-yield strategy to 

fabricate graphene from extremely cheap raw graphite without any specialised equipment; 

and (ii) The presence of oxygen-containing polar functional groups endows GO with the 

high hydrophilicity, which enables to form stable aqueous suspension by simple mixing 

or sonication processes, both of which are significant for massive production. The 
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oxidation of graphite process and reduction of GO process will be discussed next with 

more details. 

GO represents an classical precursor for the fabrication of graphene and is predominantly 

produced via a strategy proposed by Hummers in year 1958, in which pristine graphite 

was rigorously oxidised in concentrated oxidant mixtures of H2SO4, NaNO3 and KMnO4 

[158]. The layered structure can still be retained after oxidation process, but the colour 

becomes lighter than pristine graphite due to the disrupted electronic conjugation network 

by oxidation treatment [159]. Although the Hummers method has been modified in terms 

of different acid species, concentrations, and temperatures, the main oxidation 

mechanism still remains the same and they are all termed as modified Hummers methods. 

Albeit that the synthesis method of GO has been known for more than 50 years, the 

universal chemical composition of GO still remains unclear since the oxidation process 

is complicated and is highly dependent on the participation of oxidation agents and 

oxidation time/temperature. Owing to the amorphous nature and the complexity of GO, 

the most accepted structural model of GO was revised by Lerf and Kilnowski, in which 

they anticipated that only hydroxyl and epoxy functional groups locate at carbon basal 

plane, while hydroxyl, epoxy and carboxyl functional groups can decorate along the sheet 

edges, as shown in Fig. 2-17 [160].  
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Fig. 2-17. Schematic illustration of Lerf-Klinowski model of GO with the presence of oxygen-containing 

functional groups on carbon basal plane and along plane edges [160] 

Since the outstanding graphene properties, especially the electrical conductivity, are 

closely related to its perfect crystallographic lattice and long-range carbon conjugated 

microstructure, the GO is usually reduced using chemical reductants to restore the carbon 

microstructure, such as hydrazine [161], NaBH4 [162] and hydroiodic acid [163], etc. The 

chemical reduction process of GO is, however, generally slow. The resultant rGO also 

contains high-concentration functional groups, disordered graphitic regions and low 

carbon-to-oxygen atomic ratio (C/O), which distort the hexagonal lattice, change the 

conjugated network and consequently affect the electrical conductivity of rGO. More 

specifically, GO has been experimentally proven to be electrically insulated due to the 

disrupted carbon microstructure. But it becomes electrically conductive again once the 

functional groups coverage can reach below 25% of carbon planes, corresponding to 60% 

coverage of sp2 carbon bonding, which was computationally simulated by Boukhvalov et 

al [164]. Notably, rGO without any functional groups has not been experimentally 

obtained so far, which agrees with theoretical calculation that the reduction of GO is 

relatively easy from 75% to 6.25% coverage (C:O ratio = 16:1) but further reduction 
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seems to be rather difficult [164].  

Even though chemical reduction of GO is accompanied with many shortcomings which 

are difficult to resolve and the quality of rGO varies from experiment to experiment, it is 

currently the predominant massive production method to prepare graphene. In order to 

remove more functional groups and heal structural defects to restore the graphene 

microstructure, considerable efforts have been expended to thermal reduction of GO, 

including conventional thermal annealing, microwave-assisted reduction [137] and 

photon-assisted reduction [165]. Among them, conventional thermal annealing is 

regarded to be promising for large scale production. However, the prolonged high-

temperature annealing process not only increases the energy bill but also leads to 

fragmentation of graphene [166]. Comparatively, microwave-assisted reduction of GO is 

more attractive on the grounds that it simultaneously combines the advantages of high-

yield production capability of GO by Hummer’s method and super-fast volumetric 

reduction of GO by microwave Maxwell-Wagner effect [167].  

2.3.3. Microwave-assisted reduction of GO 

Microwave irradiation relies on the mechanism in which a material absorbs 

electromagnetic energy in the range of frequency from 300 MHz to 30 GHz, which 

correspond to the wavelength from 1 m to 0.01 m [168]. Amongst this wide frequency 

range, the operating frequencies of 915 MHz and 2.45 GHz are allotted by an international 

commission for industrial microwave ovens while only 2.45 (+/-0.05) GHz (12.25 cm 

wavelength) is prevalently adopted for domestic or lab microwave ovens [167, 169]. Due 

to the low energy of each photon, the microwave irradiation does not trigger the chemical 

reactions by breaking down the chemical bonds but actually accelerates the rotation of 
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dipoles and motivates the translation motion of free/bound charges in microwave-

receptive materials without changing the molecular structure [170]. With regard to 2.45 

GHz microwave irradiation, the electric field oscillates 4.9  × 10-9 times within one 

second with the oscillation timescale approaching the relaxation time of permanent 

dipoles [169]. Therefore, the permanently polarised dipoles and charges pronouncedly 

couple with the electric field component of the microwaves by realigning themselves at 

a high speed. The vigorous dipole rotations result in molecular friction and random 

collisions, thereby generating a rapid temperature increase (termed as dielectric heating) 

[170]. In addition to the dielectric heating, magnetic heating also contributes to the 

microwave heating in magnetic materials in which the magnetic dipoles are responsive to 

the electromagnetic field of microwave [170]. To this end, unlike heat convection slowly 

transferring thermal energy from surface to core parts of materials in conventional heating, 

a uniform heating can be easily achieved by microwave irradiation on the grounds of the 

high penetration depths of microwaves. Henceforth, microwave-induced heating provides 

particularly advantageous basis, for instance, contactless heating, highly selective 

dielectric heating, instantaneous response, enhanced reaction rate as well as rapid energy 

transfer [167, 171, 172]. 

Initially, microwave-assisted synthesis of graphene was used to accelerate the reaction 

kinetics of GO reduced using chemical reductants, which normally required a long 

reaction time of 8 - 48 hours [173-176]. In addition to the prolonged reduction process, 

the resulting rGO exhibited low C/O ranging from only 1.5 to 5.6, implying the inefficient 

removal of labile functional groups by chemical reducing agents [175, 176]. A typical 

work was conducted to compare the qualities of rGO using conventional chemical 

reduction and microwave-assisted chemical reduction of GO using hydroiodic acid/acetic 
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acid as reducing agent [177]. Through an array of characterisation techniques, such as 

Raman, Fourier-transform infrared spectroscopy (FTIR) and TEM, the authors found that 

the quality of rGO treated with 4 h microwave irradiation was comparable to rGO 

prepared without microwave irradiation for 48 h.  

Considering the toxicity and high cost of chemical reducing agents, huge efforts have 

been devoted to microwave irradiation of GO dispersed in organic solvents without any 

chemical reducing agents. Chen et al. reported microwave-assisted reduction of GO 

dispersed in N,N-dimethylacetamide and water (DMAc/H2O) [178]. With the microwave 

irradiation at 800 W under nitrogen purge, they found the amounts of oxygen functional 

groups were decreased and the thermal stabilities were increased with increasing 

irradiation times (1-10 min), as evidenced by FTIR and thermogravimetric analysis (TGA) 

in Fig. 2-18. However, due to the low boiling point of DMAc (165 ℃), this mild thermal 

reduction induced by 10 min microwave irradiation cannot effectively remove oxygen 

functional groups and heal the carbon conjugated microstructure, yielding a low C/O ratio 

at 5.46 and an electrical conductivity of only 200 S m-1. The structural disorders induced 

by oxygen functional groups and defects were confirmed by the minor changes in ID/IG 

(0.95 for GO and 0.96 for rGO treated with microwave) in Raman spectra [178]. Besides, 

similar research works using microwave-assisted thermal reduction of GO have been 

performed in other organic media, such as dimethyl sulfoxide (DMSO) [179], N-

methylpyrrolidone (NMP) [180], oleylamine [181], and N,N-dimethylformamide (DMF) 

[182]. However, the reduction degree of GO in organic media by microwave irradiation 

was inferior because of the low boiling points of organic media, which are generally less 

than 300 ℃. It has been reported that the temperature required to effectively reduce GO 

was ~ 1050 ℃ in argon atmosphere [146] and could be alleviated to 800 ℃ in hydrogen 
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atmosphere [183], which were difficult to achieve in all organic media. In addition, after 

microwave irradiation, the reduced GO sheets precipitate out from the organic media and 

are prone to aggregate to large particulates upon drying due to intensive π-π interactions 

between planar graphene sheets, which impaired the attainable properties of graphene.  

 

Fig. 2-18. (a) FTIR spectra, (b) TGA plots, (c) XPS spectra, and (d) Raman spectra of GO and rGO treated 

with microwave irradiation for different times (MWG1 for 1 min, MWG2 for 2 min, MWG3 for 3 min, and 

MWG4 for 10 min) [178]. 

To overcome the restrictions of the low boiling points of organic media and the 

aggregation of dried graphene, further research efforts have been expended to extending 

the microwave-assisted reduction process to GO in solid state powder form wherein the 

so-called ‘arcing discharge’ or ‘microplasma’ phenomena takes place within a matter of 

minutes [136, 137, 144, 180, 184, 185]. The first reported direct microwave-driven 

reduction of solid-state GO in ambient condition was achieved by Ruoff et al. in a multi-
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mode domestic microwave oven [144]. In the work, they discovered that a minimum of 

40% of the full power, i.e., 280 W, was requested to reduce the GO precursor. It should 

be noted, however, that this minimum power value was unique to their microwave oven 

because many other factors can alter this value, such as mass/density of GO, the type of 

irradiation (single-/multi-mode), the size of reaction chamber, gas atmosphere as well as 

the age and condition of magnetron [170].  

After 3 months, another microwave-assisted reduction of solid-state GO was reported by 

Li et at. who processed the GO suspension into a free-standing film prior to microwave 

irradiation [186]. With the radiation frequency of 6.425 ± 1.150 GHz at the power of 500 

W, the temperature showed little increase in the 1st second whereas it then experienced a 

drastic increase to 400 ℃ after the 2nd second. The increase in heating rate was attributed 

to the different couplings response of GO and rGO to the microwave. After microwave 

irradiation at this special frequency, the electrical conductivity increased from 0.07 S m-

1 to 1 × 104 S m-1, which was comparable to that of high-temperature (1050 ℃) exfoliated 

graphene. Additionally, the TGA results indicated improved thermal stability with 

increasing microwave exposure time and ID/IG in Raman spectra proved a decrease from 

1 to 0.3. Comparatively, they attempted to reduce the GO at 1000 W using a domestic 

microwave oven which had a different frequency at 2.45 GHz. Even treated with a higher 

microwave power, the rGO reduced at 2.45 GHz seemed to exhibit a greater defect 

concentration than that at 6.425 GHz in terms of the ID/IG ratio in Raman spectra, 

indicating the significance of microwave frequency. 

In addition to the microwave powers and the microwave frequency, the effect of 

microwave irradiation time on the quality of graphene was studied by Jiang et al [184]. 

Instead of using the well-known ID/IG ratio as quality indicator, the authors simply utilised 
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the intensity and the shape of 2D band, which is the overtone mode of D band, to estimate 

the reduction degree of GO. They concluded that the highest quality of graphene was 

obtained at 800 W when microwave irradiation was maintained extra 3-5 s from the onset 

of the microwave-induced arcing. Microwave irradiations which neither fell below 3 s 

nor exceeded 12 s from the beginning of the microwave-induced arcing resulted in 

deteriorated graphene, as confirmed by the weak 2D band. 

The rGO freshly formed by microwave irradiation is believed to rather reactive to 

surrounding oxygen. Thus, different gas atmospheres, such as N2 [172], Ar [187] and 

Ar/H2 [185], have been created to render the freshly formed rGO from being re-oxidised 

and thus improve the graphene quality. Tang et al. [172] created an inert atmosphere by 

flushing the reaction chamber with high purity N2 (> 99.999%) for 15 min. After 

microwave irradiation, the oxygen content was significantly reduced from 46 wt% for 

GO to only 1.2 wt% for rGO. Instead, Odedairo et al. attempted to improve the graphene 

quality by either creating a highly vacuum condition or a vacuum-argon condition [187]. 

Through a comparative study, the rGO which was microwave-assisted reduced in the 

presence of argon at 750 W was shown to exhibit larger surface area, greater pore volume, 

higher C/O ratio, higher electrical conductivity than its counterpart processed without the 

presence of argon (i.e., only vacuum condition). The authors attributed the improved 

graphene properties to the larger amount of highly energetic electrons generated in 

microwave plasma, which could effectively deoxygenate the functional groups and 

exfoliate the GO sheets [187]. By mixing 10 vol% H2 in argon gas, Park at al. found that 

the oxygen content was drastically reduced from 45.4 wt% in GO to 6.6 wt% in rGO 

[185]. This value was even lower than those of rGO samples which were microwave 

reduced in pure argon (9.85 wt%) atmosphere and in ambient air (26.2 wt%). Moreover, 
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the rGO prepared in H2/Ar gas mixture possessed smallest ID/IG ratio in Raman spectra 

(0.785 for H2/Ar vs 0.842 for Ar vs 0.853 for air) and highest electrical conductivity 

(1.25 × 103 S m-1 for H2/Ar vs 7.41 × 102 S m-1 for Ar), which can be associated to the 

presence of less vacancies and defects in conjugated network [185]. Unlike 

deoxygenation achieved by high-temperature annealing or chemical reduction method, 

the oxygen moieties likely react with H2 molecules to form H2O rather than CO/CO2. The 

latter originates from the carbon atoms underlying the oxygen functional groups, thereby 

resulting in formation of structural defects and deteriorated graphene properties.  

Considering the low microwave coupling effect of GO in which the conjugated carbon 

network has been highly disrupted, an array of carbonaceous materials, such as graphene, 

carbon black or graphite, were used as microwave secondary susceptors to enhance 

microwave absorption and thus trigger super-heating to facilitate thermal reduction of 

surrounding GO powder [136, 137, 184]. However, it has been revealed that the super-

heating by susceptor were mainly localised in places where the susceptor were present, 

thereby resulting in non-uniform thermal reduction of GO powder. Moreover, a preceding 

vacuum-drying step was adopted to remove the microwave-absorbable water to enhance 

the interaction of GO itself with microwave [188]. Through simply vacuum-drying at 

various temperatures, the exfoliation and reduction of GO can be improved to a certain 

extent, but it still yielded an apparent D peak in Raman spectra, as shown in Fig. 2-19. 
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Fig. 2-19. The Raman spectra of microwave-reduced GO which were vacuum-dried at varying temperatures 

[188]. 

More recently, Voiry et al. optimised the microwave-assisted reduction process by 

exposing the GO powder to an thermal annealing process at 300 ℃ in argon atmosphere 

to obtain partially reduced GO prior to microwave irradiation, which converted entire GO 

from a poor microwave absorber to an extraordinary microwave absorber [153]. It has 

been identified that the partial restoration of the π-π conjugated network of thermally 

annealed GO improved the electrical conductivity and concurrently enhanced the uniform 

microwave absorption, which led to intensive volumetric microwave heating and the 

formation of large arcing [136, 153, 184]. By means of this strategy, i.e., annealing 

process, Voiry and collaborators were able to produce high-quality graphene nanosheets 

within few seconds using pulse microwaves (2.45 GHz at 1 000 W) in argon atmosphere 

and the quality was distinctively competitive to the counterparts synthesised by CVD in 

terms of Raman spectroscopy and X-ray photoelectron spectroscopy (XPS), as shown in 

Fig. 2-20. More specifically, the in-plane oxygen concentration was significantly reduced 

to 4 atomic% after microwave irradiations, which was smaller than the theoretically 
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predicted value (15-25%) for rGO annealed at 1 500 K [153]. Through an in-depth Raman 

analysis, the intensities of characteristic D peak and G peak were utilised to estimate the 

size of crystalline domains (La) and the La was plotted against I2D/IG ratio, which explicitly 

disclosed the superior quality of rGO over other graphene prepared using different 

methods. This resulting high quality was further confirmed with the presence of a highly 

ordered carbon grid observed by aberration corrected HR-TEM, which may be attributed 

to the reorganisation of carbon bonds during microwave-induced microplasma, as shown 

in Fig. 2-20 (e) [153].  

 

Fig. 2-20. (a-c) Raman spectra, XPS spectra and the plotting of I2D/IG vs La for graphite, GO, HOPG, 

graphene samples prepared using CVD, microwave-assisted thermal reduction, and mechanical exfoliation. 

(d) HR-TEM of A) single-layer rGO containing high concentration density, B) Bi-layer and C) tri-layer 

graphene exhibiting higher carbon crystallinity. (e) Digital images of the intensive arcing happened during 

microwave irradiation [153]. 

In contrast with pre-heating the GO at 300 ℃ before microwave irradiation, Jiang et al. 

slightly modified Voiry’s experiment and produced high-quality graphene with a small 

piece of rGO film as microwave secondary susceptor [184]. Firstly, they used 1 wt% 
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CaCl2 solution to coagulate GO “paper” on filter paper. Then, a small piece of rGO film 

was placed on the GO “paper” to effectively absorb the microwave energy and 

concurrently reduce the GO “paper”. After microwave irradiation at 800 W in air, the 

XPS spectra showed efficient elimination of labile oxygen functional groups and Raman 

spectra depicted CVD-like peaks for D band, G band and 2D band, as shown in Fig. 2-21. 

Additionally, the graphene sheet resistance was measured to be only 40 Ω cm-2, which 

was much less than 796 Ω cm-2 of rGO annealed at 800 ℃ [184]. By analysing the Raman 

spectra of a microwave-synthesised graphene along the irradiation reduction direction in 

Fig. 2-21, they found that the highest quality of graphene was achieved at positions 

slightly away from where the secondary rGO was. Therefore, they surmised that the 

microwave-assisted reduction was the results of both microwave-assisted thermal heating 

and microwave-assisted arc discharge. Even though they claimed that no argon gas was 

needed in their work to obtain high quality graphene and the experiment was thus 

simplified, it should be noted that the graphene quality varied from position to position 

and was determined by the relative position to the secondary rGO [184]. 
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Fig. 2-21. (a) Schematic representation of rGO film on GO “paper” during microwave irradiation, (b-d) 

XPS spectra, Raman spectra, and the plotting of I2D/IG vs La for GO, rGO, HOPG, graphene prepared using 

CVD and microwave-assisted thermal reduction, (e) Raman spectra of graphene at different positions away 

from the secondary rGO susceptor [184]. 

From a survey of previous literature as shown in Table 2-3, it is found that numerous 

studies have been made to rationalise the microwave-assisted reduction of solid-state GO. 

Whilst many studies have been made to produce microwave-assisted rGO, most of the 

studies so far are focussed on the fixed power microwave synthesis. Moreover, the effects 

of different extents of inert atmosphere on graphene quality have not yet been 

systematically studied. Therefore, it is necessary to establish the correlation of various 

microwave powers/various extents of protective atmosphere on the quality evolutions of 

microwave-assisted reduced GO, which is one of the main objectives in this thesis. 
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Table 2-3. Overview of microwave-assisted reduction of solid-state GO at a fixed frequency of 2.45 GHz. 

Atmosphere Microwave 
power [W] 

Microwave 
irradiation time 

Secondary 
susceptor References 

Air 800 4-8 s rGO [184] 

Air 700 1 min N/A [144] 

Air or Argon or 
Ar/H2 

1 600 40 s Graphene 
nanosheet [185] 

Air 700 10 min N/A [189] 

Vacuum or 
Argon 400-900 5 s N/A [187] 

N2 1 000 1 min N/A [172] 

Air 1 000 
15 min N/A 

[137] 
5 s Graphite 

Argon 1 000 1-2 s N/A [153] 

Air 800 10 min 0.5%, 2.5% and 
5.0% Graphene [136] 

Vacuum 900 Until explosion N/A [190] 
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2.3.4. Microwave-induced arcing & hot-spots 

The electrical conductivity of carbon materials is closely related to the mobility of π 

electrons in carbon conjugated framework and represents a very critical feature for 

microwave-induced Joule heating [167, 191]. With regard to a structurally “perfect” 

single-walled CNTs, they are typically ballistic conductors which have a defect-free 

carbon conjugated framework. The π electrons in such defect-free conjugated network 

are able to freely travel without generating any heating. However, if small amounts of 

structural defects are present, a Joule heating can be triggered by microwave irradiation. 

Notably, it does not necessarily mean that high-concentration structural defects in carbon 

conjugated framework are desired. A representative experiment concerning the effect of 

structural defects in GO on the microwave heatability was conducted by Hu et al [136]. 

They first synthesised GO with varying degrees of oxidation by adjusting the mass ratio 

of KMnO4 to graphite in the modified Hummer’s method. It was found in Fig. 2-22 (a) 

that the electrical conductivity and the C/O ratio of GO decreased with increasing the 

usage of KMnO4. It can be readily understood because the presence of oxygen functional 

groups broke up the extended conjugated framework and reduced both the mobility and 

concentration of the π electrons. If GO was highly oxidised, such as GO-3.00, the 

graphitic structures were significantly broken down to polyaromatic islands with 

localised π-π conjugated regions as shown in Fig. 2-22 (b). As such, the transport of the 

π electrons was impeded, especially over long-range scenario, thereby leading to a 

reduced electrical conductivity. Owing to the reduced mobility and concentration of the 

π electrons, the electric field of microwaves cannot drive the π electrons to generate 

sufficient Joule heating, which is clearly illustrated in Fig. 2-22 (c) [136].  
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Fig. 2-22. (a) the changes of electrical conductivity and oxygen content with varying oxidation degrees of 

GO, (b) the microwave-induced heating of GO with different oxidation degrees, (c) schematic 

representation of the development of conjugate networks with oxidation treatment. (The x in GO-x 

represents the mass ratio of KMnO4 to graphite) [136]. 

Another study regarding the effect of electrical conductivity on the microwave absorption 

of GO was performed by Tang et al. [172] who observed an interesting volume expansion 

and consecutive light emission phenomenon upon microwave irradiation, as shown in Fig. 

2-23. When the high-power microwave (1,000 W) was irradiated on the GO, the 

remaining graphitic regions on basal planes interacted with microwave, leading to a 

pyrolytic process, the decomposition of oxygen functional groups and then exfoliation of 

GO. With further microwave irradiation, twinkling light emission started to occur in the 

GO and then it gradually developed across the GO to emit a homogenous light spectrum. 

The authors related this unique light emission during microwave irradiation to the 

electrical conductivity of GO. At the beginning, the electrical conductivity of GO was 

low, and the dielectric relaxation effect mainly contributed to the microwave-induced 
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heating which eliminated the oxygen moieties from the GO. The observed scintillation of 

the light of GO was associated to the restoration of carbon conjugated network. With 

ongoing microwave irradiation, higher crystallinity of graphitic backbones was achieved 

and thus the electrical conductivity of GO was drastically increased. In this case, the 

electron conduction started to dominate the microwave absorption process, thereby 

resulting in the full light emission across the GO [172].  

 

Fig. 2-23. Schematic diagram of the microwave-matter interaction and light emission of GO after being 

subjected to microwave irradiation (black colour for the GO and yellowish colour for the light-emission 

areas [172]). 

The above two studies clearly indicate that the microwave absorption of GO is highly 

dependent on the electrical conductivity or, more specifically, the mobility of π electrons. 

The microwave-induced heating has been previously reported to increase linearly with 

the electrical conductivity [192, 193]. However, the presence of high-concentration 

oxygen functional groups and structural defects in GO induced by oxidation treatment 

significantly impairs the microwave-GO interaction. In order to restore the microwave 

absorptivity, GO can be subjected to a deoxygenation treatment at low temperature 

(~200 ℃) to partially remove liable oxygen functional groups, such as hydroxyl and 

carboxyl groups on the plane edges, to partially restore the conjugated network. The 

thermal stability of oxygen functional groups and the decomposed gaseous species were 

simultaneously studied by combining TGA, DSC and FTIR, as shown in Fig. 2-24 (a-b) 

[146]. It can be seen that the GO was thermally unstable at 200 ℃, as evidenced by a 
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sharp mass loss and an exothermic reaction. The decomposed gas was analysed using 

FTIR and was proven to be CO2 and water vapour. In addition to CO2 and water vapour, 

CO and SO2 were also identified in the decomposed gas in another study using mass-

spectrometer analysis, as given in Fig. 2-24 (c) [190]. The release of decomposed gas is 

always accompanied with a vigorous exfoliation of GO, which was believed to be caused 

by the rapid pressure build-up in the GO in which the decomposition rate of oxygen 

functional groups exceeds the diffusion rate of the decomposed gas. Hannes et al. 

provided a quantitative estimation of maximum pressure generated by CO2 and water by 

using the interlayer spacing from diffraction measurement, the gas mass formed from 

TGA and assuming an isochoric heating process [146]. The pressures of CO2 and water 

were calculated to 100 MPa and 60 MPa, which were greater than the van der Waals 

attraction (26 MPa) between the graphitic layers determined by a Lennard-Jones potential 

and pairwise summation [146]. Henceforth, GO can be effectively exfoliated due to the 

rapid thermal decomposition and sufficient pressure build-up.  
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Fig. 2-24. (a) TGA/DSC scan of wet GO, (b) FTIR absorbance spectrum of the decomposed gas (the peaks 

at 2350 cm-1 and 670 cm-1 are assigned for CO2, the regions from 1400-1800 cm-1 and 3500-3900 cm-1 are 

assigned for water vapour [146]), (c) mass-spectra of outlet gas produced at explosion of GO (CO: m/z=28, 

CO2: m/z=44, water: m/z=18, [SO]+: m/z=48 and [SO2]+: m/z=64) [190]. 

The partial restoration of graphitic structures induced by thermal treatment endows GO 

with improved absorption and dissipation of microwave energy, thus generating strong 

heating. Moreover, the microwave irradiation process may lead to intensive light 

emission which is perceived as microwave arcing or plasma. Multiple studies have been 

conducted to elucidate the intensive light emission, but there is still no consensus amongst 

researchers. The occurrence of microwave arcing or plasma is considered to be an 

additional source of the localised hot-spot, which can facilitate the reduction of GO.  

A plasma collision mechanism was proposed for the reduction process of GO. The GO 

with preceding thermal treatment has gained a partially restored conjugated structure and 

an extended π system, which converted GO into a good microwave receptor. The GO 

effectively interacts with microwave and converts the energy to the surrounding gas 
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molecules [137]. As such, the gas molecules are activated to form a plasma which 

encloses large amounts of electrons and ions [194]. The electrons and ions possess high 

kinetic energies and are likely to bombard the polar chemical bonds in the oxygen 

functional groups, leading to the effective removal of remaining oxygen functional 

groups within nanoseconds, as schematically shown in Fig. 2-25 [194]. If this plasma 

collision process happens in argon atmosphere, Odedairo at al. demonstrated that 

graphene sheets with higher surface area and larger pore volume could be produced as 

compared to a vacuum atmosphere [187].  

 

Fig. 2-25. Schematic representation of reduction of GO induced by plasma collision mechanism [194]. 

Another mechanism was also proposed for the formation of microwave arcing in the view 

of ionisation by high-energy π electrons [136, 167]. After the partial removal of liable 

functional groups by thermal treatment, the GO exhibited relatively broad regions in 

which the delocalised π electrons can freely move around. The strong microwave 

absorption provided the free π electrons with more kinetic energy, some of which may 

jump out of the materials and ionise the surrounding atmosphere [167]. The ionisation 

can be thought macroscopically as electric arcing and microscopically as hot-spots [167]. 

With regard to the π electrons moving in a delimited region of the GO, the microwave 

energy was converted to heat if the π electrons cannot couple to the changes in phase of 

the electric component of microwave. Therefore, remaining oxygen functional groups 



 
75 

 

were thermally decomposed.  

No matter which mechanism is used to explain the decomposition of oxygen functional 

groups, the formation of hot-spots represents an important feature during microwave 

irradiation. however, the direct temperature measurement of the hot-spots have not been 

reported. The widely used temperature sensors, such as internal fibre optics or 

thermocouple or external infrared sensor, can only provide temperature averaged over a 

certain area rather than precise temperature on the nanoscale similar to hot-spots [170]. 

In addition to the type of temperature sensors, there are a variety of complexities to affect 

the temperature reading, including the distance between sample and sensor, the position 

of microwave susceptor [170], the bulk density of GO [195], and sample mass [136]. 

Druzhinina et al. demonstrated an indirect evidence of the formation of local hot-spots 

[196]. Iron nanoparticles were deposited on monolayer of n-octadecyltrichlorosilane, 

which functioned as a sensitive indicator of locally high temperature. By selectively 

microwave irradiation, the areas in close vicinity of the iron nanoparticles were 

decomposed, which was confirmed by the presence of defects observed in ex-situ atomic 

force microscopy (AFM), as shown in Fig. 2-26. 
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Fig. 2-26. Scanning force microscopy images of the array of iron nanoparticles. A significant degradation 

of the monolayer n-octadecyltrichlorosilane was detected after microwave irradiation. (a) height image, (b) 

phase image, and (c) line profile of the corresponding height image [196]. 

In addition to experimentally study the microwave reduction process of GO, Chaban et 

al. theoretically studied this sophisticated process using reactive molecular dynamics 

(RMD) and concluded that the oxygen-containing functional groups were deoxygenized 

at quite different temperature regimes, as shown in Fig. 2-27. Their work thus provided a 

fundamental understanding of electromagnetic interaction of GO with microwaves at a 

molecular-level [197]. It should be, however, note that the decomposition temperatures 

of oxygen functional groups calculated using RMD were far greater than the temperatures 

obtained in experiments (generally less than 1000 ℃). The discrepancy in temperatures 

was due to the differences between average experimental temperature values and 

theoretically predicted values.  
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Fig. 2-27. The reduction temperatures of GO as a function of microwave irradiation time in a vacuum [197]. 

From the above literature review, it can be found that the microwave-assisted reduction 

of GO is a complex process involving not only microwave-induced thermal effect but 

also microwave-induced arcing/hot-sports. So far, much attentions have been paid to 

enhance the microwave reduction of GO by directly introducing a small amount of 

microwave susceptors. However, the effect of preceding thermal treatment on microwave 

absorptivity of GO has not been well studied, which leaves a research gap to be explored. 
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2.4. The use of CNTs and graphene in LIBs 

The uses of CNTs and graphene as conductive fillers have been commonly found in 

energy storage devices, especially rechargeable Li ion battery due to the remarkable 

surface area, excellent electrical conductivity, tunable surface functionality, and robust 

structure. Many reviews have summarised recent progress on the enforcements of CNTs 

and graphene in LIBs and demonstrated their effectiveness in creating nanoscale circuitry 

throughout the electrode structure. One can refer to the outstanding reviews for detailed 

information [198-203]. It is not intended to give another research update in this section. 

Instead, it will only cover the influences of the incorporation of CNTs and graphene as 

conductive fillers in electrode and the percolation theory behind continuous conductive 

network established in electrode.  

Indeed, when electrode is designed for LIBs, many electrode requirements have to be 

considered, such as electrical conductivity, architecture, energy density, cost, and safety-

related issues. There is no doubt, among them, that electrical conductivity is one of the 

decisive properties. In electrode, the conductive filler primarily offers as much electrical 

conduction pathways as possible for charge carriers, i.e., electron in this case, while it 

ideally does not compromise the Li diffusion in electrode at high loading. Under this 

protocol, the electrode for LIBs can be visualised, to some extent, as an intricated 

conductive phase connecting non-conductive phase, where both phases can be fully 

utilised. Therefore, it is of importance to assemble electroactive materials with a 

percolating electron- and ion- transport facilitator to obtain a high degree utilisation of 

electroactive materials, especially for those with poor conductivities, such as LiCoO2 (10-

4 S cm-1), LiMn2O4 (10-6 S cm-1), and LiFePO4 (10-9 S cm-1) [84]. It is believed that when 

two phases with different electrical conductivities are thoroughly mixed and measured as 
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a function of the filler content, the overall electrical conductivity of the electrode behaves 

like a typical singular shape curve, as shown in Fig. 2-28. This process is termed as the 

critical percolation phenomenon and it follows percolation power law, which can be 

discussed in three regimes.  

(1) When the filler fraction (ϕ) < the critical percolation threshold (𝜙𝜙𝑐𝑐), the minor phase, 

i.e., conductive filler in electrode, is isolated and a continuous conductive network 

cannot be established. In this scenario, the electrical conductivity of the electrode is 

predominantly determined by the intrinsic conductivity of the electroactive materials 

and the narrow gaps among the large clusters of the conductive filler. As ϕ → 𝜙𝜙𝑐𝑐, the 

conductive filler starts to develop percolative paths and the electrical conductivity (𝜎𝜎) 

can be described as the following law [204]: 

𝜎𝜎 ∝ 𝜎𝜎1(𝜙𝜙𝑐𝑐 − 𝜙𝜙)−𝑠𝑠 [Equation 5]  

Where, 𝜎𝜎1 represents intrinsic electrical conductivity of the major phase and 𝑠𝑠 defines 

the critical exponent, which typically describes the divergence behaviour of 

conductivity of the mixture. The critical exponent 𝑠𝑠  is dependent on the 

dimensionality (𝑑𝑑) in the bond and site percolation: 𝑠𝑠 = 1.1 ~ 1.3 for 𝑑𝑑 = 2 and 𝑠𝑠 =

0.7 ~ 1.0  for 𝑑𝑑 = 3  [204]. At this stage, the electrical conductivity of composite 

seems to be poor due to low incorporation of conductive filler and is likely affected 

by the occurrence of the quantum tunnelling effect in which electrons have the ability 

to hop through neighbouring fillers separated by a short distance. With more 

conductive filler introduced into the system, they start to form large clusters and the 

tunnelling resistance is reduced. 

(2) When the filler fraction ϕ > the critical percolation threshold 𝜙𝜙𝑐𝑐, the conductive filler 
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in electrode has constructed a continuous conductive network. The electrical 

conductivity of the electrode is predominantly governed by conductive filler and 

follows the law [204]:  

𝜎𝜎 ∝ 𝜎𝜎2( 𝜙𝜙 − 𝜙𝜙𝑐𝑐)𝑡𝑡 [Equation 6] 

Where, 𝜎𝜎2 represents intrinsic electrical conductivity of the conductive filler; t defines the 

critical exponent and is also dependent on the dimensionality (𝑑𝑑): 𝑡𝑡 = 1.1 ~ 1.3 for 𝑑𝑑 =

2  and 𝑡𝑡 = 1.6 ~ 2.0  for 𝑑𝑑 = 3  [204]. Based on the Skal-Shklovskii-de Gennes 

approximation [205, 206], the critical exponent 𝑡𝑡 can be expressed as: 

𝑡𝑡 = (𝑑𝑑 − 2)𝜙𝜙 + ξ [Equation 7] 

Where, ξ is the twistedness index for link bonds of the percolation clusters. It can be set 

as ξ = 1 in the mean field approximation. In this regard, [(𝑑𝑑 − 2)𝜙𝜙 + 1] represents the 

lower bound for the critical exponent 𝑡𝑡 in all dimensions. Therefore, (𝑑𝑑 − 2)𝜙𝜙 + 1 ≤

𝑡𝑡 ≤ (𝑑𝑑 − 2)𝜙𝜙 + ξ [204]. In this stage, with the further addition of conductive filler into 

the composite, the electrical conductivity increases slowly until levelling off at a constant 

value which is, for sure, lower than that of the conductive filler. 

(3) As |𝜙𝜙 − 𝜙𝜙𝑐𝑐| → 0, the electrical conductivity in narrow regime (𝜙𝜙 = 𝜙𝜙𝑐𝑐 ± 𝛿𝛿) can be 

determined by combining Equation 5 and Equation 6:  

𝜎𝜎 = 𝜎𝜎2𝛿𝛿𝑡𝑡 = 𝜎𝜎1𝛿𝛿−𝑠𝑠 [Equation 8] 

The crossover region which is generally termed percolation transition can be figured out: 

|𝜙𝜙 − 𝜙𝜙𝑐𝑐| ≤ 𝛿𝛿 = (𝜎𝜎1/𝜎𝜎2)1/(𝑡𝑡+𝑠𝑠) [Equation 9] 

The percolation transition is a direct result of the geometric phase transition in structure 

and the percolation power law can be depicted, as shown in Fig. 2-28. It should be 
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reminded that the percolation transition is valid only when 𝜎𝜎2/𝜎𝜎1 ≫ 1. Moreover, it has 

been claimed that the conductivity critical exponents 𝑠𝑠  and t in real practice were 

considered belonging to the same universality system. However, there is still a debate on 

the non-universality of 𝑠𝑠  and t observed from the large differences between some 

experimental and numerical results even after the percolation theory has been proposed 

for decades [207].  

 

Fig. 2-28. The typical “S” curve describes the relation between electrical conductivity of composite and 

the filler fraction.  𝜎𝜎1  and 𝜎𝜎2  represent intrinsic electrical conductivities of the major phase and the 

conductive filler, respectively. 𝑠𝑠 and t are the critical exponents below and above the percolation threshold 

for the major phase and the conductive filler, respectively [204]. 

It can be easily seen in Fig. 2-28 that the larger the divergence between the physical 

properties, such as electrical conductivity, of the constituent phases, the sharper the 
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changes in the corresponding macroscopic physical properties of the electrode in the 

vicinity of the percolation threshold [204]. This fundamental sharp change over the 

narrow range is actually governed by a combination of several mechanisms with complex 

natures, i.e. intrinsic mobility of charge carriers, direct particle-particle contact, electron 

tunnelling [134]. In practical application, the physical properties can be readily measured 

experimentally, and thus the percolation threshold can be studied by the changes in the 

physical properties. For this sense, the relationship between electrode structure and 

electrode property can be established to guide the electrode design.  

From the previously published data, it can be found that the electrical conductivity of 

electrode for LIBs in which carbon materials, such as graphite, CNTs and graphene, are 

employed as conductive fillers, can be predicted by the similar percolation theory. 

However, the onset of percolation in electrodes containing CNTs and graphene is 

influenced not only by the electrical conductivity, but also the morphology, aggregation, 

oxygen functional groups on the surface, electrode fabrication techniques as well as 

wrinkles and ripples distribution. Therefore, when an electrode with CNTs and graphene 

is designed, more attentions should be focussed on the filler aspect ratio, dispersibility, 

crystalline characteristics, and mixing techniques, rather than simply the electrical 

conductivity. 
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2.4.1. CNTs as conductive filler 

CNTs was first discovered by Japanese scientist, Sumio Iijima, in year 1991 and is 

typically characterised as 1D carbon allotrope that has the seamless form of cylindrical 

rolled-up graphene sheet, with nanometer-size diameter and macrometer-size length. 

Structurally speaking, CNTs can be envisioned as a central hollow core with hemisphere 

of fullerene structure as end caps. The aspect ratio (length-to-diameter ratio) is typically 

in excess of 103 [208]. It has been reported as a strong alternative to other carbonaceous 

allotropes, with varying successes, as conductive filler in advanced LIBs due to its 

remarkable electrical conductivity (usually 102 to 106 S cm-1), higher SSA, outstanding 

thermal conductivity and negligible thermal expansion coefficient. Furthermore, owing 

to the strong sp2 graphitic bonds, CNTs are predicted to exhibit a Young’s modulus as 

much as 1.2 TPa and a tensile strength as high as 50-200 GPa [208], which enables it to 

be a highly versatile platform for constructing LIBs. When CNTs is included as 

conductive filler in electrode, its electrical behaviour can be predicted by the above 

percolation power law. The critical exponent t for CNTs is highly dependent on the 

electrical conductivity ratio between CNT (𝜎𝜎2) and electroactive materials (𝜎𝜎1). Because 

the typical value of 𝜎𝜎2/𝜎𝜎1  could reach up to 105 [209], it may, based on theoretical 

prediction, lead to a value of 0.7~3.1 for critical exponent t [210-212]. However, it is not 

surprising that this value may also be changed by the CNT’s 1D geometry, high aspect 

ratio, and dispersion in matrix.  

CNTs is able to achieve a comparable electrical conductivity at considerably lower 

inclusion percentage as compared to the conventional carbon fillers, such as carbon black, 

acetylene black, and carbon nanofibers due to its high electrical conductivity. This could 

be seen for single-walled CNTs (SWCNTs) in composite prepared with only 0.1vol% 
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loading at which a continuous conductive network has been formed [210]. This pioneer 

work indicates that the use of CNTs presented a more effective strategy to reduce the 

dosage of conductive fillers more than an order of magnitude compared to conventional 

carbon fillers to obtain an appropriate electrical conduction. The lower usage of CNTs 

could bring in the immediate effect for relative increase in electroactive materials 

substitution, thereby increasing the energy density of electrode without compromising the 

rate performance. Recently, similar research works in which CNTs was used as 

conductive filler can be found for LiCoO2 [213], LiFePO4 [214-216] and 

LiNi0.5Mn0.3Co0.2O2 [217] cathode materials, all of which demonstrated varying capacity 

improvements compared to carbon black counterparts.  

In addition to lowering percolation threshold, the use of CNTs can provide other potential 

advantages when it is used in composite. Owing to the presence of p-orbital overlap in 

metallic CNT chiralities, CNTs can be ballistically conductive. This phenomenon 

manifests that the electrons transfer with mean free paths on the order of microns along 

the channel of CNTs without experiencing scattering due to impurities, local defects, or 

lattice vibrations [218]. This advantageous phenomenon is potentially useful to improve 

the rate capability of cathode active materials which generally have poor conductivity. 

Wang et al. studied the rate performance of LCO enhanced by the same loading of 

acetylene black, carbon fibres, and CNTs. And their results revealed that LCO cathode 

containing CNTs showed 10~15% improvement in reversible capacity than the other 

counterparts at 3C [209]. A similar study by Li et al. was also carried out in which LiFeO4 

mixed with CNTs exhibited improved rate performance at 5C than acetylene black [219].  

CNT’s 1D geometry and extremely high aspect ratio can construct percolative paths in 

electrode at a considerably low percolation threshold. However, CNTs are prone to 
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agglomerate due to their strong intrinsic van der Waals attraction, the large surface area 

and the high aspect ratio [220, 221]. Moreover, the “clean” non-reactive CNTs surface 

restricted its dispersibility in organic solvents. Therefore, an intensive mixing step, such 

as ultrasonication, is generally required to de-entangle CNTs bundles and forms a 

homogeneous suspension. A typical example is given by Luo and co-workers’ research 

[222]. They employed ultrasonication and co-deposition method to fabricated binder-free 

electrodes in which LiCoO2 particles were embedded in 3D structural network of super-

aligned CNTs (SACNTs), as shown in Fig. 2-29. The binder-free electrode possessed the 

electrical conductivity as high as 3.8 × 102 S cm-1 and 2.0 × 103 S cm-1 for 1wt% and 5wt% 

of SACNTs, respectively. Due to the highly porous structure with favourable electrolyte 

intake and sufficient buffer volume for repetitious crystal change upon cycling, this 

LiCoO2-5wt%SACNT electrode attained the capacity of 151.4 mAh g-1 at 0.1C and 

excellent rate capacity of 137.4 mAh g-1 at 2C, which outperformanced the Super P 

counterpart. Albeit that the electrode prepared in this work was binder-free and has 

demonstrated the promising gravimetric energy density, the actual physical density of 

LiCoO2-SACNT was low, i.e., only 1.94 g cm-3 for LiCoO2-SACNT. It, in other word, 

gave a poor volumetric energy density. Therefore, in order to simultaneously achieve high 

gravimetric and volumetric energy densities for LIBs, a novel fabrication technique is 

needed, such as abovementioned CSP. 
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Fig. 2-29. (a) SEM image of cross-sectioned LiCoO2-SACNT. (b) life cycle of LiCoO2-SACNT at 0.1 C 

and (c) the rate capability of LiCoO2-SACNT at different C rate [222]. 

The effect of CNTs with different aspect ratio on the electrochemical performance of 

LCO was also studied. The LCO electrodes mixed with short-length CNTs (20-30 μm) 

and long-length CNTs (200-300 μm) showed comparable first-cycle capacity at 0.5C 

[223]. But the long-term cycle life and the rate capacity at super-high C rate of 25C and 

30C pointed out the distinct benefits of large aspect ratio. The authors attributed the 

improved electrochemical behaviour of large aspect ratio CNTs to the building of 

continuous conductive network. 

2.4.2. Graphene as conductive filler 

In contrast to the rolled shape of graphene sheet resembled for CNTs, graphene is shaped 

in a flat planar structure. Both of them can be envisaged as spheroidal with principal 

dimensions 𝑎𝑎1 = 𝑎𝑎2  and 𝑎𝑎3 . Ideally, graphene sheet can be regarded as an oblate 

spheroid with 𝑎𝑎3/𝑎𝑎1 = 0 , whilst CNTs can be regarded as a prolate spheroid with 

𝑎𝑎3/𝑎𝑎1 = ∞. As discussed in Section 2.4, the percolation threshold of electrode is related 

to the aspect ratio of conductive fillers. Therefore, this markedly different geometry of 

graphene, along with the large specific surface area, can have an exceptional effect on the 

construction of electrical network in electrodes [224]. Xie et al. theoretically predicted 

that the graphene had lower percolation threshold in universal main matrix under a unified 
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theoretical framework and elaborated that the percolation threshold was very sensitive to 

shape aspect ratio [224].  

Given that the graphene can provide (i) higher electrical conductivity, (ii) more efficient 

plane-to-point contact mechanism and (iii) more versatile microstructure than other 

carbonaceous conductive allotropes, it is expected to percolate active particles and gain 

the superior electrochemical performance with lower percolation threshold. However, the 

practical situation is more sophisticated for planar graphene. Kang at al. [34] studied the 

effect of graphene on 2 Ah LiFePO4 commercial soft-pack aged battery pack and found 

that the cells containing 2 wt% graphene fillers delivered higher capacity than 

counterparts containing 7 wt% carbon black + 3 wt% conductive graphite (Fig. 2-30 a). 

This can be simply attributed to the establishment of the effective conductive network 

that span the entire electrode. However, the electrochemical curves of cells containing 2 

wt% graphene fillers demonstrated apparent polarisation despite its higher capacity, as 

shown in Fig. 2-30 (b). The authors attributed this phenomenon to the obstruction of Li 

ions diffusion paths caused by the planar characteristics of graphene sheet which could 

result in a sluggish charge transfer kinetics. It can be seen, in this case, that even though 

the electrical conduction can be sufficiently guaranteed by the effective graphene scaffold, 

the suppressed Li ion diffusion from grain to grain resulted in higher polarisation. This 

finding leads to the hypothesis that over-size graphene sheets are not suitable for 

electroactive materials with nano-scale size, such as LiFePO4 as it may lead to reduced 

power density and may be amplified in thick and dense electrodes at high C rate. 

Regardless of that, most publications still demonstrated improved rate performance for 

graphene-enhanced cathode [225-234].  
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Fig. 2-30. (a) Life cycle and (b) galvanostatic curves of 2.0 Ah Li ion cells containing 2 wt% graphene, 

and 7 wt% carbon black + 3 wt% conductive graphite. 

This abovementioned hindering effect of large graphene sheets can be negligible for 

micro-size electroactive materials, such as LiCoO2 which is generally larger than 

LiFePO4 by one order of magnitude, as schematically shown in Fig. 2-31. This is due to 

the fact that the lower specific surface area resulted from larger particle size requires less 

incorporation of graphene sheets to cover the surface of the LCO and create percolative 

paths. This negligible hindering effect has been confirmed in Yang’s work [235]. Similar 

conclusions have been made in other LiCoO2 [236] and LiFePO4 [237]. Those works 

highlighted that the flake size of graphene should match with the particle size of the 

electroactive materials, rather than keep pursuing over-size flake.  

 The less addition of graphene conductive filler in electrode is the effective strategy to 

improve the volumetric energy density of batteries. The electrochemically inactive 

conductive filler cannot make any contribution to the capacity of cathode, but its low bulk 

density implies that it should occupy a large volume in electrode, which significantly 

reduces the overall volumetric energy density of batteries. Take graphene for example, it 

exhibits the bulk density as low as 0.5 g cm-3, which is far lower than 2.0-2.3 g cm-3 of 

LiFePO4 and 3.8-4.0 g cm-3 of LCO. Therefore, if less graphene can be employed to build 

necessary conductive network in electrode, it is a great advantage of using graphene filler 
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to fabricate more compact electrode and 1 % reduction in use of graphene can lead to 4% 

and 8% increase in use for LiFePO4 and LCO, respectively, improving the 

gravimetric/volumetric energy density.  

 

Fig. 2-31. Schematic illustration of the Li ion diffusion across electroactive materials with different particle 

sizes relative to same size graphene sheets. “plane-to-point” contact mode facilitates the electrical 

conduction, whilst the planar characteristic of graphene flake impedes the diffusion of Li ions when the 

particle sizes of graphene sheets are apparently larger than those of active materials [235]. 

The percolation phenomenon is not only affected by the intrinsic electrical conductivity 

and morphology of conductive fillers, but also the architectures which electroactive 

materials and graphene sheets construct. Unlike CNTs-enhanced electrode in which 

electroactive materials is only wired up by chain-like CNTs, graphene sheets with atomic 

or molecular thickness and infinite planar size can build with electroactive materials in 

varying forms. The diversity of architectures can be classified into six different models, 

as proposed by Raccichini et al. in Fig. 2-32 [201]. 
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Fig. 2-32. Schematic representation of different electroactive materials/graphene sheets assembly models. 

(a) Encapsulated: individual electroactive material particles are encapsulated by graphene. 

(b) Mixed: the as-synthesised graphene and active materials are mixed mechanically 
forming a conductive networking across electrode. 

(c) Wrapped: individual electroactive material particles are wrapped by graphene sheets. 

(d) Anchored: individual electroactive material particles are anchored on graphene 
surfaces. 

(e) Sandwich-like: electroactive material particles are squeezed between two graphene 
layers creating a sandwich-like structure. 

(f) Layered: Active-material nanoparticles are alternated with graphene sheets to form a 
composite layered structure. 

 

Rather than simply building a continuous conductive network, these active 

materials/graphene architectures can provide additional electrochemical benefits, such as 

rapid Li-ion transport. It is worth noting that most of the electroactive materials/graphene 

cathode composites may exhibit mixed architectural models, like encapsulated and 

anchored and layered models, in a single electrode.  
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2.4.3. Choice: CNT or graphene? 

As discussed above, CNTs and graphene have demonstrated their distinct advantages 

when used as conductive fillers in high performance LIBs. The electrochemical 

differences between them are mainly caused by their morphology, contact mechanism, 

and the dispersion in electrode. 

From the perspective of electrical conductivity, both of CNTs and graphene exhibit the 

similar values as high as 106 S m-1. It is the morphology that greatly differentiates them 

from each other. In contrast to two-dimensional structure of graphene in which both sides 

can simultaneously provide contact points with electroactive materials, only the outer 

surfaces of CNTs are accessible to electroactive materials and contribute to the electrical 

conductivity of the material. In addition, graphene sheets can provide a remarkable 

electrical conduction in two dimensions whilst CNTs show electrical conduction in 

uniaxial direction [238]. The uniaxial electrical conduction of CNTs may make it develop 

anisotropic polarisation in nanohybrid electrodes, especially in the case where super-

aligned CNTs is used, and thus affect the overall electrochemical performance of 

electrodes. Moreover, the large aspect ratio and the exclusive wrinkles and ripples formed 

on graphene flakes are able to wrap and/or anchor more particles, leading to an electrode 

with improved structural integrity and reduced interfacial resistance. This structural 

characteristic is extremely useful for binder-free electrode.  

From the perspective of dispersion in organic solvent, typically NMP for electrode 

preparation, graphene is easier to spread than CNTs which have the long-standing issue 

of entangled bundles. Also, the residual oxygen functional groups on chemically prepared 

graphene can assist in the interaction with organic solvent and form stable suspension, 
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adding further merits for graphene in processing. Once graphene is well dispersed, all 

carbon atoms on the graphene sheets is capable to participate in the establishment of the 

conductive network, increasing the utilisation of carbon atoms. After the organic solvent 

is evaporated, graphene sheets are likely to create open pore system through which Li 

ions can diffuse easily and thus reduces the concentration polarisation, enabling 

graphene-containing electrode to gain improved power capability. Furthermore, due to 

the lower percolation threshold, the lower filler loading of graphene generally leads to 

cost-effectiveness and gives rise to the improved processability of the electrode. 

Finally, compared to the large-scale but expensive methods to produce CNTs, such as 

CVD [239], arc-discharge [240, 241] and laser ablation [242], there are cheaper 

production methods for massive production of graphene, such as chemical exfoliation of 

GO or ultrasonication of liquid-based graphene suspension, which makes the graphene 

affordable for advanced LIBs. Moreover, it is worth noting that the residual metallic 

impurities from the use of metallic catalytic nanoparticles during CNTs production are 

hard to be completely removed even after purification and may impair the intrinsic 

properties and lead to undesired side reactions. However, this problem can be precluded 

in graphene and results in the construction of reliable LIBs [243, 244]. Therefore, not 

only the high production cost of CNTs but also the difficult-to-control amount of residual 

metallic impurities make graphene sheets an ideal alternative to CNTs.  

In addition to the consideration for the abovementioned morphologies, dispersion, and 

cost, the choosing of CNTs or graphene for cold sintered composite electrode should be 

carefully made due to the high pressure applied during electrode fabrication. This is never 

encountered in conventional tape-cast electrodes in which the conductive filler is simply 

mixed/dispersed in main matrix and it should be investigated. 
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2.5. Aims and objectives of the project 

Based on the above literature review, a few research gaps can be identified as follows: 

 There has not yet been a comprehensive report on the fabrication of bulk LiCoO2-

based composite cathode via low-temperature CSP and the studies on its cathodic 

properties, especially volumetric energy density. 

 It is essential to establish the correlation of various microwave powers/various 

extents of protective atmosphere with the structural evolutions of microwave-

synthesised graphene. 

 High-quality graphene has been obtained using microwave-assisted reduction of GO 

which was first subjected to thermal treatment. However, the effect of preceding 

thermal treatment on microwave absorptivity of GO should be clearly clarified. 

 Graphene has been reported to exhibit superior electrical conductivity, large surface 

and distinct porous structure as compared to CNTs. However, whether the former 

(2D material) is able to outperform the latter (1D material) in bulk LiCoO2-based 

composite cathode in terms of cycling stability and rate capability has not been 

studied in the relevant literature. 

In efforts to study the abovementioned research gaps, the following strategies are adopted 

in this thesis: 

 The effects of CSP conditions, namely temperature, pressure, and duration time, on 

the densification of monolithic LCO pellets are systematically investigated to figure 

out a standard CSP processing condition. Then, bulk LiCoO2-based composite 

cathodes with CNTs as conductive filler are fabricated using the standard CSP 
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processing condition and electrochemically evaluated in half cell configuration. 

 The microwave-synthesised graphene samples prepared in various microwave 

powers/various extents of protective atmosphere (i.e., argon) are comprehensively 

characterised using Raman, XRD, TGA, FTIR, XPS, BET, FEGSEM, HR-TEM and 

four-probe conductivity measurement. Then the correlations amongst graphene 

properties, structural evolution and the microwave processing variable can be 

established and serve as a guide to tailor graphene to specific end use. 

 GO samples with/without preceding thermal treatment are microwave irradiated at 

the identical condition. During microwave irradiation, the temperatures of both GO 

samples are monitored to study the differences in microwave-GO interactions. The 

resultant microwave products are then subjected to intensive characterisation to 

prove the role of the thermal treatment. 

 A comparative study regarding the effects of the microwave-synthesised graphene 

(2D material) and CNTs (1D material) on the bulk LiCoO2-based composite cathodes 

is performed in the same CSP processing condition.  
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Chapter 3. Experimental details  

This chapter details the experimental procedures to produce (i) LCO-based composite 

cathodes with high bulk density and high volumetric capacity using cold sintering process 

(CSP); and (ii) microwave reduced graphene oxide (MWrGO) using different microwave 

powers in different extents of argon atmosphere. 

All the chemicals and agents used for the preparation of LCO-based composite cathodes, 

the synthesis of MWrGO, and the fabrication of Li-ion batteries are summarised in 

Section 3.1. 

In Section 3.2, the synthesis of LCO powder was first involved in Section 3.2.1 and then 

the LCO powder was planetary ball milled and mixed with multi-walled carbon nanotubes 

(CNTs) to prepare LCO/xCNTs powder (x represents the weight percentage of CNTs 

relative to the as-milled LCO powder) in Section 3.2.2. Next, the as-milled LCO powder 

and the as-milled LCO/xCNTs powder were used to produce monolithic LCO pellets and 

LCO/xCNTs composite pellets using CSP, followed by post-CSP annealing treatment in 

Section 3.2.3. All the techniques related to the characterisation of the LCO-based pellets 

were given in Section 3.2.4. Finally, the optimised LCO/3%CNTs pellets were assembled 

in 2032 type coin cells, along with post-mortem analysis, which was detailed in Section 

3.2.5.  

In Section 3.3, the preparation of graphite oxide colloidal suspension via different 

reaction temperatures using the modified Hummer’s method was first detailed in Section 

3.3.1. Following that, the formation of graphene oxide (GO) beads in CaCl2 coagulation 

bath using graphite oxide colloidal suspension was given in Section 3.3.2. Then, the as-

prepared GO was exfoliated and was microwave reduced against different microwave 
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powers in different inert extents of Ar atmosphere in Section 3.3.3. The comprehensive 

procedures to characterise the MWrGO samples were also included in Section 3.3.4, 

along with the electrochemical evaluation of MWrGO samples using 2032 type coin cell 

in Section 3.3.5.  

In Section 3.4, the experimental procedures to produce LCO/xMWrGO composite pellets 

were similar to the procedures to prepared LCO/xCNTs composite pellets as detailed in 

Section 3.2. The LCO powder was first mixed with the MWrGO that was prepared in 

Section 3.3 using ultrasonication bath and planetary ball milling, as detailed in Section 

3.4.1. Afterwards, the as-milled LCO/xMWrGO powder was used to produce 

LCO/xMWrGO pellets using CSP in Section 3.4.2. All the materials characterisation 

details were given in Section 3.4.3. Lastly, the LCO/1%MWrGO which has been 

annealed were electrochemically evaluated in a 2032 type coin cell, as detailed in Section 

3.4.4. 
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3.1. Materials and reagents list  

All the chemicals used in this project are alphabetically tabulated in Table 3-1, along with 

the chemical formula, the chemical grade as well as materials supplier. All the chemicals 

were used without further purification. 

 

Table 3-1. The materials list of the chemical formula, the chemical name, the chemical grade, and the 

materials supplier used in this project. 

Formula Chemical name Chemical grade Supplier 

AgNO3 Silver nitrate ≥ 99.0%, ACS reagent Sigma Aldrich 
Al Aluminium foil 12 μm thick, purity > 99.9%  
Ar Argon 99.9% purity BOC Ltd. UK 

C Graphite Briquetting grade, ~100 
mesh Alfa Aesar 

CaCl2 Calcium chloride ≥ 99.0%, ACS reagent Sigma Aldrich 
(CH2O)2CO Ethylene carbonate ≥ 99.0% Fisher Scientific 
C2H5OH Ethanol Analytical grade Fisher Scientific 

CNTs Multi-walled carbon 
nanotubes 

> 98.0%, 10 - 30 μm length, 
10 - 20 nm outer diameter 

Time Nano, 
China 

Concentrated 
H2SO4 

Concentrated 
sulfuric acid 97%, ACS reagent Sigma Aldrich 

Co3O4 Cobalt (II, III) oxide ≥ 99% Sigma Aldrich 
Cu Copper foil 10 μm thick, purity > 99.9%  
HCl Hydrogen chloride 10 wt%, Puriss Sigma Aldrich 
H2O2 Hydrogen peroxide 30%, Perhydrol® EMSURE EMD Millipore 

KMnO4 Potassium 
permanganate > 99.0%, ACS reagent Sigma Aldrich 

KOH Potassium hydroxide ≥ 99.9%, anhydrous Sigma Aldrich 

Li Lithium metal ≥ 99.9% purity, 75 mm 
thick, 19 mm wide Fisher Scientific 

Li2CO3 Lithium carbonate ≥ 99% Fisher Scientific 

LiPF6 Lithium 
hexafluorophosphate ≥ 98.0% purity Fisher Scientific 

NaNO3 Sodium nitrate > 99.0%, ReagentPlus Sigma Aldrich 

NMP N-Methyl-2-
pyrrolidone > 99.0%, ACS reagent Sigma Aldrich 

OC(OCH₃)₂ Dimethyl carbonate ≥ 99.9%, anhydrous Sigma Aldrich 

PVdF Polyvinylidene 
fluoride Mw=534 000 by GPC Sigma Aldrich 
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3.2. Cold sintering process of LiCoO2 and LiCoO2/xCNTs pellets 

This section involves the experimental details to produce LCO pellets with CNTs being 

used as conductive fillers via CSP. As illustrated in Fig. 3-1, the flow chart starts from 

the synthesis of LiCoO2 powder to cold sintering process of LCO/xCNTs pellets, along 

with sample characterisation and the application of LCO/3%CNTs pellet for LIBs.  

 

 

Fig. 3-1. The flow chart of the overall experimental works to make monolithic LCO pellets produced by 

CSP, dry-pressed LCO/xCNTs pellets and LCO/xCNTs pellets produced by CSP. 

  



 
99 

 

3.2.1. Synthesis of LCO powder 

The LCO precursors were first planetary ball milled (Pulverisette-6, Fritsch, as shown in 

Fig. 3-2) using the stoichiometric amounts of Co3O4 (≥ 99%) and Li2CO3 (≥ 99%) in 

ethanol using 10 mm zirconia balls at the rotation speed of 200 rpm for 16 hours. An 

additional stoichiometry of lithium (5 mol%) was introduced to compensate for the 

evaporation of lithium during the subsequent high-temperature calcination process. The 

ball-to-powder weight ratio was fixed at 10:1. The as-milled precursors were then dried 

at 80 ℃ in air overnight. Afterwards, they were calcinated at 850 ℃ for 5 hours in air to 

synthesise LCO powder in a programmable tube furnace (Elite Thermal Systems Ltd., 

UK). In order to reduce the particle size of as-calcinated LCO powder to facilitate the 

subsequent cold sintering process, it was ball milled in ethanol using 2 mm zirconia balls 

(ball-to-powder weight ratio = 20:1) at the rotation speed of 300 rpm for 20 hours, 

followed by drying at 80 ℃ overnight in air. The as-milled LCO powder was then 

subjected to a screen process using 150-mesh sieve to break up large soft agglomerates, 

which was intended to retain the particles with good flowability and uniform size 

distribution.  

 

Fig. 3-2. The photograph of Fritsch Pulverisette-6 planetary ball milling machine used in this project. 
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3.2.2. Preparation of LCO/xCNTs powder 

Owing to the nature of high aspect ratio and the strong intermolecular interaction such as 

Van der Waals forces and dipole-dipole interactions, carbon nanotubes are prone to self-

entangle [245, 246]. Therefore, the commercial multi-walled carbon nanotubes (CNTs, 

Time Nano, China) used in this project were first dispersed in ethanol by ultrasonic 

treatment (Grant XUBA1, with an output power of 35 W at the operating frequency of 44 

kHz) for 30 min to obtain dispersed CNTs suspension. Then, the as-milled LCO powders 

which have been screened were homogenised with 1 wt%, 2 wt%, 3 wt%, and 5 wt% 

CNTs suspension (the weight percentage of CNTs is relative to the mass of as-milled 

LCO powder) by ultrasonic bath for 30 min. Thereafter, the mixtures were ball milled 

using 2 mm zirconia balls at the rotation speed of 300 rpm for 20 hours to obtain 

homogeneous mixtures of LCO powder and CNTs (denoted as as-milled LCO/xCNTs, 

where x represents the weight percentage of CNTs relative to the as-milled LCO powder). 

The ball-to-powder weight ratio is 20:1. The as-milled LCO/xCNTs mixtures were then 

dried at 80 ℃ overnight in air. 
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3.2.3. Cold sintering process and post-CSP annealing 

First, the as-milled LCO powder which has been screened was used to produce monolithic 

LCO pellets by CSP which are used as reference samples. Typically, 0.5 g as-milled LCO 

powder was mixed thoroughly with 20 wt% 2 M LiOH solution using mortar and pestle 

for 10 min. Then, the mixture was loaded into a hardened steel mould (with the diameter 

of 10 mm) and pressed at the uniaxial pressures of 100 - 350 MPa at varying temperatures 

(100 - 300 ℃) for different holding times (30 - 120 min). The prepared pellets were 

denoted as monolithic LCO pellets in this project. The experimental setup used for cold 

sintering process in this project is shown in Fig. 3-3. After comprehensive investigation 

as demonstrated in Section 4.1, it is found that the optimal CSP condition to prepare 

monolithic LCO pellets was the temperature of 250 ℃ with the pressure of 250 MPa for 

the duration time of 60 min. This optimal CSP condition was then selected as the standard 

cold sintering process condition for the subsequent experiments.  

 

Fig. 3-3. The experimental setup for cold sintering process includes a hydraulic press, a mould and a heater 

jacket which wraps around the mould and is electrically controlled by the heat controller. 
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In the similar manner, the dried as-milled LCO/xCNTs (x=1 wt%, 2 wt%, 3 wt%, and 5 

wt%) mixtures prepared above were used to produce LCO/xCNTs pellets at 250 ℃ and 

250 MPa for 60 min. Typically, 0.5 g as-milled LCO/xCNTs mixture was mixed 

thoroughly with 20 wt% 2 M LiOH solution using mortar and pestle for 10 min. 

Afterwards, the well-mixed mixture was loaded into a 10 mm hardened steel die which 

was lubricated using PTFE spray to assist the ejection, and the mixture was pressed under 

the uniaxial pressures of 250 MPa at the temperatures of 250 ℃ for 60 min. Herein, the 

pellets produced by CSP were denoted as LCO/xCNTs pellets. A typical image of 

LCO/3%CNTs pellet was taken from the top-down view, as shown in Fig. 3-4 (a).  

 

Fig. 3-4. Typical top-down digital images of LCO/3%CNTs pellet produced by CSP (a) before polish and 

(b) after polish process. 

Subsequently, the LCO/xCNTs pellets produced by CSP were annealed at temperatures 

that ranged from 100 to 500 ℃ for 1 hour with a heating rate of 5 ℃ min-1 in the tube 

furnace, followed by cooling to room temperature with a cooling rate of 5 ℃ min-1. For 

comparison, 0.5 g LCO/xCNTs mixture without the addition of LiOH solution was simply 

pressed at 250 MPa for 10 min at ambient temperature. The prepared pellets were denoted 

as dry-pressed LCO/xCNTs pellets and were used as control group. Afterwards, the dry-

pressed LCO/xCNTs pellets were also annealed at the same temperatures (100 - 500 ℃) 

for 1 hour with a heating rate of 5 ℃ min-1 in the tube furnace. 

(a) (b) 
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3.2.4. Materials characterisation  

The bulk densities of the pellets produced above, i.e., monolithic LCO pellets and 

LCO/xCNTs pellets, were calculated by dividing the weight by the corresponding 

geometric dimensions. A digital micrometer (Mitutoyo 395, Kanagawa, Japan) was used 

to measure the dimensions of the pellets, including the thickness and the diameter of the 

pellets. Three pellets prepared at the same processing condition were measured and used 

to obtain arithmetic average density and standard deviation. The relative density was 

defined as the percentage of the bulk density over the theoretical density of the composite. 

The theoretical densities used for calculation are 5.06 g cm-3 for LCO [247] and 1.80 g 

cm-3 for CNTs [248]. 

X-ray diffraction (XRD) was used to characterise the phases of all the samples using a 

Bruker D2 Phaser X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany, 2000) 

which is controlled by Diffrac.suite software package. The diffraction data was collected 

in the scan range (2θ) of 10° - 80° with a step size of 0.05° s-1 (monochromatized Cu-Kα 

radiation source operating at 30 kV and 10 mA, λ = 0.1542 nm). Field emission gun 

scanning electron microscope (FEGSEM) (JEOL JSM-7800F, JEOL Ltd. Japan) was 

used to study the morphologies of all the samples at an accelerating voltage of 5.0 kV in 

back scattering mode. Electrical conductivities of the pellets were measured at ambient 

temperature using a standard four-probe Van der Pauw method (Jandel RM3000 with DC 

current, UK). The direction of DC current was alternately changed to avoid generating a 

spurious appearance of accuracy caused by thermoelectric effect. Measurements were 

repeated 3 times to obtain mean electrical conductivity. The particle size distributions of 

the obtained as-calcinated LCO powder and as-milled LCO powder were estimated using 

Horiba Partica LA-960V2 on the basis of laser diffraction. The specific surface areas of 
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the as-calcinated LCO powder and the as-milled LCO powder were measured using N2 

physisorption at the temperature of 77.35 K (TristarTM 3000, Micromeritics Instrument 

Corporation, Norcross, USA) based on the Branauer-Emmett-Teller method (BET). Prior 

to the measurement, both samples were heated at 200 ℃ under vacuum condition (< 0.1 

bar, Gallenkamp vacuum oven equipped with Edwards E8 rotary vacuum pump) 

overnight to remove all the adsorbed species. 
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3.2.5. Electrochemical measurements 

3.2.5.1. Coin cell assembly 

The LCO/3%CNTs pellets produced by CSP were electrochemically evaluated by 

assembling into 2032 type coin cells. First, the LCO/3%CNTs pellets which has been 

subjected to annealing treatment at 400 ℃ for 1 hour were polished down to 100 ~ 200 

μm in thickness using abrasive-coated sandpapers with successively finer grit size of 220, 

400, 600, and 1200 grit, followed by fabric cloth polishing. The typical top-down view 

and the fractured surface of the polished LCO/3%CNTs pellets are shown in Fig. 3-4 (b) 

and Fig. 3-5, respectively. Following that, the polished LCO/3%CNTs pellets were dried 

at 100 ℃ in vacuum oven for overnight to remove remaining moisture before transferring 

in Ar-gas filled glove box (LABstar, MBRAUN, Germany) with the O2 level of < 0.5 

ppm. Lithium metal discs with the diameter of 15 mm (≥ 99.9% purity, 0.75 mm thick, 

Fisher Scientific) were polished with a stainless steek scalpel and used as counter 

electrode to build half cells. Microporous tri-layer membrane (Celgard® 2325 PP/PE/PP, 

39% porosity, 25 μm, as shown in Fig. 3-6) was used as separator and sandwiched 

between the working electrode and the lithium metal disc. The electrolyte was prepared 

by dissolving appropriate amount of LiPF6 salt in ethylene carbonate (EC)/dimethyl 

carbonate (DMC) (1:1 v/v for EC/DMC) to the concentration of 1.0 M, followed by 

storage over activated molecular sieves for 2 days because LiPF6 is likely to react with 

trace moisture and form HF. HF may attack oxidised Co4+ atoms upon cycling which 

results in a serious cycle to cycle capacity fading. 120 μL of the electrolyte was equally 

added on both sides of the microporous separator using a micro-pipette. The top caps, 

springs, spaces, and bottom caps are made from 304 stainless steel. All the constituent 

parts used in the coin cell were stacked in the sequence as shown in Fig. 3-7. The 
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assembled cells were conditioned for 1 day before galvanostatic testing to ensure that the 

membranes and the working electrodes were fully impregnated in the electrolyte. The 

open-circuit voltages (OCV) of the as-fabricated coin cells were stabilised in the range of 

2.0 – 3.2 V, which indicated that short-circuit did not occur between the working 

electrode and the lithium metal disc.  

 

Fig. 3-5. FEGSEM image of the fractured LCO/3%CNTs pellet produced by CSP, revealing features such 

as the thickness and the surface flatness of the polished pellet. 

 

 

Fig. 3-6. FEGSEM image of Celgard® 2325 membrane used for all coin cell assembly, showing the pore 

size and pore distribution. 
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Fig. 3-7. Schematic illustration of all constituent parts used in 2032 type coin cell and the typical assembly 

configuration for LIBs (The anode is lithium metal disc in half cell configuration) [249]. 

3.2.5.2. Electrochemical evaluation 

Galvanostatic charge/discharge measurements were carried out in the voltage window of 

3.0 - 4.2 V (vs Li+/Li) at room temperature using Neware 8-channel battery test system 

(BTS-4008, China). The data acquisition was performed by BTSDA 6.0 Software 

package. For clarity, the current rate for the as-milled LCO was defined based on 1 C=140 

mA g-1 [82, 250]. Cyclability test was performed at the current rate of 0.1 C. Rate 

capability test was performed at the current rates of 0.1 C, 0.2 C, 0.5 C, and then 0.1 C. 

5-min open-circuit-potential relaxation was programmed after each galvanostatic cycling 

step. For the calculation of the specific gravimetric capacity, the mass of the LCO was 

merely taken into consideration. For the calculation of the specific volumetric capacities, 

the total volume of the LCO and CNTs was taken into full consideration. Cycling 

voltammetry (CV) was carried out between 3.0 V and 4.2 V at the sweep rate of 0.1 mV 

s-1 with two-electrode configuration using an electrochemistry workstation (Autolab 

PGSTAT204, Metrohm, Switzerland). All the key parameters to make coin cell using the 

LCO/3%CNTs pellets produced by CSP are summarised in Table 3-2. 
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3.2.5.3. Calculations for electrochemical data 

 The specific gravimetric discharge capacity (Cg) of a single cathode can be calculated 

from the galvanostatic charge-discharge curves using the formula: 

𝐶𝐶𝑔𝑔(mAh g−1) = 1
𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿

∫ 𝐼𝐼 𝑑𝑑𝑑𝑑𝑡𝑡2
𝑡𝑡1

 [Equation 10] 

Where, I is the constant current applied (unit: mA) 
𝑡𝑡 represents the discharge time (unit: hour) 
𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿 is the net mass of LiCoO2 in a single cathode (unit: g) 

 The specific volumetric discharge capacity (Cv) of a single cathode is defined as the 

ratio of the total capacity to the total volume of a composite cathode. However, the 

conductive filler is electrochemically inactive and would not contribute for the total 

capacity. Henceforth, the total capacity of a composite cathode equals to the capacity 

of LiCoO2 in this case. 

𝐶𝐶𝑣𝑣 (mAh cm−3) = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
= 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿2

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
= 𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿×𝐶𝐶𝑔𝑔

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=

𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐×𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿×𝐶𝐶𝑔𝑔
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑖𝑖𝑖𝑖𝑖𝑖

= 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿 × 𝐶𝐶𝑔𝑔 [Equation 11] 

Where, 𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿 and 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 are the total weights of LiCoO2 and composite cathode, 
respectively. 
𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿 is the weight fraction of LiCoO2 in a single composite cathode 
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the measured volume of the composite cathode 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the overall density of a composite cathode. It can be determined 
if the relative density and theoretical density of the composite cathode are given. 
 

The theoretical density of the composite cathode (𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) can be defined as the 

ratio of the weight of the composite cathode (𝑤𝑤𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) to the theoretical volume 

of the composite cathode (𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) 



 
109 

 

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
 

According to the law of mixtures, the theoretical volume of the composite cathode is 

the sum of theoretical volumes of LCO (𝑣𝑣𝐿𝐿𝐿𝐿𝐿𝐿) and conductive filler (𝑣𝑣𝐶𝐶𝐶𝐶) 

𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑣𝑣𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑣𝑣𝐶𝐶𝐶𝐶 

Therefore 

𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
=
𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿

𝜌𝜌𝐿𝐿𝐿𝐿𝐿𝐿
+
𝑚𝑚𝐶𝐶𝐶𝐶

𝜌𝜌𝐶𝐶𝐶𝐶
 

1
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=
1

𝜌𝜌𝐿𝐿𝐿𝐿𝐿𝐿
(

𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿

𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
) +

1
𝜌𝜌𝐶𝐶𝐶𝐶

(
𝑚𝑚𝐶𝐶𝐶𝐶

𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
) 

By expressing in terms of weight fractions 

1
𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

=
𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿

𝜌𝜌𝐿𝐿𝐿𝐿𝐿𝐿
+
𝑊𝑊𝐶𝐶𝐶𝐶

𝜌𝜌𝐶𝐶𝐶𝐶
 

𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1

(𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿
𝜌𝜌𝐿𝐿𝐿𝐿𝐿𝐿

+𝑊𝑊𝐶𝐶𝐶𝐶
𝜌𝜌𝐶𝐶𝐶𝐶

)
 [Equation 12] 

Where, 𝜌𝜌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the theoretical composite density 
𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿 and 𝑚𝑚𝐶𝐶𝐶𝐶 are the masses of LCO and conductive filler, respectively 
𝑊𝑊𝐿𝐿𝐿𝐿𝐿𝐿 and 𝑊𝑊𝐶𝐶𝐶𝐶 are the weight fractions of LCO and conductive filler, respectively 
𝜌𝜌𝐿𝐿𝐿𝐿𝐿𝐿 and 𝜌𝜌𝐶𝐶𝐶𝐶 are the theoretical densities of LCO and conductive filler, respectively 

 If the operating voltage of LCO is given, one can easily calculate the specific 

volumetric energy density (𝐸𝐸𝑣𝑣) by the below equation: 

𝐸𝐸𝑣𝑣 (Wh L−1) = 𝐶𝐶𝑣𝑣 × 𝑈𝑈 [Equation 13] 

Where, 𝐶𝐶𝑣𝑣 is the specific volumetric discharge capacity (unit: mAh cm−3) 
𝑈𝑈 is the operating voltage (unit: V) 
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3.2.5.4. Post-mortem characterisation  

In order to study the effect of electrochemical cycling on the electrode, the coin cells 

which have been galvanostatically charged/discharged for 40 cycles were carefully 

disassembled inside argon-filled glovebox and the electrodes were characterised using 

FEGSEM. Prior to the disassembly, the coin cells were fully discharged to 3.0 V until the 

discharge current was less than 0.01 C to ensure all the stored capacity was released. The 

disassembled electrodes were rinsed three times with DMC to clean off the lithium salts 

that had adsorbed on the surfaces, followed by immersion in DMC solvent overnight in 

glovebox. Afterwards, the treated electrodes were dried in a drying oven and fractured 

for FEGSEM observation. For comparison, an electrode without galvanostatic 

charge/discharge process was also fractured and characterised using FEGSEM. 
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Table 3-2. The formula, current collector, counter electrode, separator, electrolyte volume, and galvanostatic test conditions of LCO/3%CNTs pellets produced by CSP, 

LCO/1%MWrGO pellets produced by CSP, MWrGO anode, CNTs-containing cathode, and MWrGO-containing cathode.  

Electrode LCO/3%CNTs 
pellet 

LCO/1%MWrGO 
pellet MWrGO anode CNTs-containing 

cathode 
MWrGO-containing 

cathode 

Formula 
97 wt% LCO + 3 

wt% CNTs 
99 wt% LCO + 1 wt% 

MWrGO 
60 wt% MWrGO 
+ 40 wt% PVdF 

89 wt% + 3 wt% 
CNTs + 8 wt% PVdF 

91 wt% + 1 wt% 
MWrGO + 8 wt% PVdF 

Current collector N/A N/A Copper foil Aluminium foil Aluminium foil 

Counter electrode Lithium metal Lithium metal Lithium metal Lithium metal Lithium metal 

Separator Celgard® 2325 Celgard® 2325 Celgard® 2325 Celgard® 2325 Celgard® 2325 

Electrolyte volume 120 μL 120 μL 500 μL 120 μL 120 μL 

Galvanostatic test 
condition [V vs 
Li+/Li] 

3.0 - 4.2 V 3.0 - 4.2 V 0.01 - 2.5 V 3.0 - 4.2 V 3.0 - 4.2 V 
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3.3. Microwave-assisted reduction of graphene oxide 

This section gives the details of the experimental procedures involved to synthesise 

microwave reduced graphene oxide (MWrGO) from graphene oxide (GO). The flow chart 

of the overall work undertaken on preparation of GO, coagulation bath, annealing 

treatment, microwave reduction, and characterisation techniques are given in Fig. 3-8.  

 

Fig. 3-8. The flow chart of the overall experimental work starting from raw materials to microwave 

reduction of graphene oxide, along with the materials characterisation techniques.  
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3.3.1. Synthesis of graphite oxide 

The preparation of graphite oxide was adopted from a modified Hummer’s method [158, 

251]. The graphite oxide was synthesised through various temperature regimes (low 

temperature, medium temperature, and high temperature) to accelerate the reaction 

kinetics (within 4 hours) and precisely control the extent of the oxidation of pristine 

graphite, which was helpful to enhance the exfoliation of graphite oxide. All the chemical 

reagents used are in as-received condition without further purification.  

Typically, 2.5 g graphite with particle size of ~100 mesh (briquetting grade, Alfa Aesar) 

and 1.2 g NaNO3 (> 99.0%, Sigma Aldrich) were slowly added in 55 ml concentrated 

H2SO4 (97%, Sigma Aldrich) contained in a three-necked flask which was immerged in 

an ice bath (< 4 ℃). The NaNO3 are able to intercalate between graphitic layers and 

expand its structures to promote the subsequent exfoliation. But it may generate toxic 

gaseous by-products, such as NO2 and N2O4, during the oxidation process [251]. 

Therefore, the reaction flask was required to be loosely capped and the synthesis of 

graphite oxide should be cautiously carried out in high-flowrate fume hood. After 

graphite and NaNO3 were thoroughly mixed with concentrated H2SO4, 7.5 g KMnO4 (> 

99.0%, Sigma Aldrich) was slowly added over the course of 30 min so as to maintain the 

system temperature below 4 ℃ in the ice bath.  

Low temperature reaction: The solution was magnetically stirred for 90 min and the 

temperature was carefully controlled below 4 ℃.  

Medium temperature reaction: The temperature of the solution was raised to 36 ℃ to 

accelerate oxidation reaction and hold for 30 mins. After the oxidation, the solution turned 

into a viscous brown suspension. 
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High temperature reaction: 110 ml deionised water (with a resistivity of > 1 MΩ·cm) 

was then added slowly in the suspension and the system temperature was found to rise up 

by ~20 ℃ because of dissipated heat. External heating was simultaneously applied to 

increase the suspension temperature at 80 ℃ for 60 mins.  

Afterwards, the oxidation reaction was terminated by adding 10 ml 30 wt% H2O2 

(Perhydrol® EMSURE), followed by a natural cooling to room temperature. The colour 

of the suspension turned into yellowish brown. In order to remove the residual metal ions, 

the suspension was re-dispersed and washed for three times with 10 wt% HCl solution 

(Sigma Aldrich) by centrifugation at 2000 rpm (Biofuge Primo centrifuge, Thermo 

Scientific). Finally, the resultant graphite oxide cake was copiously purified with 

deionised water for several times till no white precipitation of AgCl was observed in 

supernatant by adding AgNO3 solution. At this point, the pH value of the supernatant 

normally were in the range of 6-7 [178]. The last centrifugation was carried out at 3500 

rpm for 30 min to remove un-exfoliated graphite oxide and/or un-oxidised pristine 

graphite. 1.50 ± 0.1 g of graphite oxide was produced from 1 g pristine graphite through 

this step. 
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3.3.2. Coagulation bath of GO 

The graphite oxide colloidal suspension was diluted to the concentration of 15 mg ml-1 

and was ultrasonicated for 2 h to obtain homogeneous graphene oxide (GO) suspension. 

Then, the GO suspension was loaded in a plastic syringe equipped with a needle (BD 

Microlance®, inner diameter: 0.8 mm, length: 50 mm, and needle gauge: 21 G) and was 

extruded into 1 wt% CaCl2 (> 99.0%, Sigma Aldrich) coagulation bath containing with 5 

wt% ethanol (Analytical grade, Fisher Chemical) at the extrusion speed of 2.0 ml min-1 

to form GO beads using a syringe pump (AL-1000, World Precision Instruments, UK). 

The freshly formed GO beads were too mechanically weak to be handled with. Hence, 

they were soaked in CaCl2 coagulation solution for 24 hours so as to achieve enough 

mechanical strength for handling. The formation of GO beads in CaCl2 coagulation bath 

is shown in Video S1 and the images of bead-like spheroid GO are given in Fig. 3-9. The 

GO beads were then washed with deionised water for 3 times to remove the residual 

CaCl2 salt, followed by drying at 50 ℃ overnight to obtain as-prepared GO. However, 

the spheroidal structure of GO beads collapsed after drying as a result of the loss of 

ethanol-containing water. The dried sample was then stored in a desiccator until use.  

  

Fig. 3-9. Photographs of GO beads formed in 1wt% CaCl2 coagulation bath after 24 hours immersion, 

depicting that (a) the GO beads are robust enough and (b) the bead diameter of GO beads is about 6 mm. 

(a) (b) 



 
116 

 

3.3.3. Synthesis of MWrGO  

The as-prepared GO were thermally annealed at 250 ℃ for 1 hour in argon atmosphere. 

The setup used for the microwave-assisted reduction of annealed GO was schematically 

shown in Fig. 3-10. The annealed GO was placed in an alumina crucible inside a 

microwave transparent quartz reactor which was filled with insulating quartz wool. Prior 

to microwave irradiation, the quartz reactor was evacuated and flushed with argon gas 

(99.9% purity) at the flow rate of 1.0 L min-1 for different times (2 mins, 5 mins, 10 mins, 

and 15 mins) to create inert gas atmospheres for the subsequent microwave-assisted 

reduction of GO. Microwave irradiation was then carried out at different powers of 300 

W, 500 W, and 800 W operating at the frequency of 2.45 GHz using a customised variable 

power microwave oven (WaveDOM 7020, LG Milton Keynes, UK). During microwave 

irradiation, the microwave oven was properly sealed to the detectable microwave leakage 

less than 5 mW cm-2 using a microwave detector (Apollo Microwaves, Ltd., Canada), 

which ensured most the microwave energy was absorbed by the samples. The final 

products are denoted as microwave power/argon flushing time + MWrGO, as given in 

Table 3-3. Upon microwave irradiation, the real-time temperature field across all the 

samples was monitored using a high-resolution thermal imaging camera (FLIR 

Thermovision® A655sc, FLIR Systems AB, Sweden) through a top hole of the microwave 

oven. The frame rate of the camera can achieve up to 50 Hz. Interestingly, during 

microwave irradiation, strong microwave arcing was initiated from annealed GO samples. 

A typical video and photographs of microwave arcing were given in Video S2 and Fig. 

3-11, respectively. The microwave irradiation process was ceased immediately after the 

arcing happened. For comparison, an as-prepared GO sample without the annealing 

treatment (unannealed GO) was exposed to 800 W microwave irradiation after 10 min 
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Argon flow atmosphere but no arcing was observed on the unannealed GO samples.  

 

Fig. 3-10. Schematic illustration of microwave-assisted reduction of GO apparatus in which microwave 

arcing takes place on the surface of the annealed GO in argon atmosphere. 

 

Table 3-3. The sample denotation of all the MWrGO synthesised with various microwave powers and 

argon flushing times. 

Microwave power [W] Argon flushing time [min] Denotation 

300 10 300W/10min MWrGO 

500 10 500W/10min MWrGO 

800 10 800W/10min MWrGO 

800 2 800W/2min MWrGO 

800 5 800W/5min MWrGO 

800 15 800W/15min MWrGO 

 



 
118 

 

  

  

Fig. 3-11. Instantaneous photographs of the occurrence of arcing upon microwave irradiation of annealed 

GO. (a) Before microwave irradiation of 800 W, (b) Heating up of annealed GO samples by microwave 

irradiation, (c) The initiation of arcing from the annealed GO surface, and (d) The development of strong 

arcing with extended microwave irradiation. 

3.3.4. Materials characterisations of MWrGO 

Field emission gun scanning electron microscope (FEGSEM) (JEOL JSM-7800F, JEOL 

Ltd. Japan) equipped with an energy dispersive X-ray spectrometer (Oxford Instrument, 

UK) was used to study the morphologies and the compositions of MWrGO at a low 

accelerating voltage of 3.0 kV in gentle-beam mode. High-resolution transmission 

electron microscopy (HR-TEM) (FEI Tecnai™ F20 S-twin, Thermo Scientific, UK) 

equipped with Supertwin symmetric lenses and spherical aberration corrector, was 

employed to characterise the MWrGO dispensed on 300-mesh TEM grids covered with 

thin amorphous Lacey carbon. The accelerating voltage of 100 kV was applied on the 

(a) (b) 

(c) (d) 
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susceptible MWrGO samples to minimize electron beam induced structural damages 

whilst achieving sufficient image contrast. Micron-Raman spectroscopic analysis was 

obtained from the powder samples with glass slides as substrates in the back-scattering 

configuration on a Horiba Jobin-Yvon LabRam HR Spectrometer equipped with a N2 

cooled charge coupled device detector. The argon-air laser excitation of 514.5 nm (2.41 

eV, 80 mW at the microscope objective) was used with a 50× objective lens mounted on 

an optical microscope (Olympus) and the spot size of the laser was ~1 μm2. Raman spectra 

were recorded over the range of 1000 - 3500 cm-1. A standard silicon wafer sample was 

used to factory calibrate the equipment till the peak position was at 520 cm-1 with a 

resolution less than 1 cm-1. The X-ray diffraction (XRD) patterns were collected in the 

scan range (2θ) of 10° - 80° with a step size of 0.05° s-1 (monochromatized Cu-Kα 

radiation source operating at 30 kV and 10 mA, λ = 0.1542 nm) using a Bruker D2 Phaser 

X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany, 2000). Attenuated total 

reflectance-Fourier transform infrared spectroscopy (FTIR) (Shimadzu FTIR-8400S, 

Japan, maximum wavelength resolution of 0.85 cm-1) was conducted to evaluate the 

presence of functional groups on the samples. The FTIR spectra were recorded against an 

air background. Thermogravimetric analysis (TGA) was performed on a TA Instruments 

Q5000IR thermobalance. The samples were loaded in a tared 100 μL alumina crucible 

and the mass was monitored over the temperature range of 20 - 800 ℃ under constant 

nitrogen flow (100 mL min-1). The TGA heating rate was 1 ℃ min-1 for as-prepared GO 

and 5 ℃ min-1 for other samples. The heating rate of as-prepared GO had to be kept at or 

below 1 ℃ min-1 to avoid exfoliating the material during the scan. Faster heating rates 

produce deflagration sufficiently powerful to remove the pan lid and most of the sample 

from the pan, resulting in inaccurate scans. X-ray photoelectron spectroscopy (XPS) was 

recorded using a monochromatic Al-Kα anode X-ray source (hv=1486.6 eV, 400 μm spot 
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size) with a K-Alpha Spectrometer (Thermo Scientific, UK). The chamber pressure was 

maintained at ~10-8 Torr. Prior to XPS characterisation, all the samples were dried at 100 ℃ 

overnight to remove trapped water and oxygen due to the hygroscopic nature of GO and 

the large surface area of MWrGO, which may increase the oxygen detection [159]. The 

surface charge was calibrated by the binding energy of C1s hydrocarbon peak at 284.8 

eV and was neutralised with an electron flood gun. The XPS data was interpreted using 

the Thermo Scientific Advantage software. For each sample, a survey scan was first 

performed, followed by high-resolution scans on the spectral regions of interest. C1s 

peaks were fitted using a Shirley background subtraction and 75% Gaussian/25% 

Lorentzian line shapes. The isotherms of N2 physisorption were recorded at the 

temperature of 77.35 K using a Micromeritics equipment (TristarTM 3000, Micromeritics 

Instrument Corporation, Norcross, USA). Prior to measurement, the test samples were 

degassed at 100 ℃ in a vacuum line (< 0.1 bar) overnight to remove all the adsorbed 

species. The specific surface area (SBET) and the pore size distribution were calculated 

based on the Branauer-Emmett-Teller method (BET) and Barrer-Joyner-Halenda method 

(BJH), respectively. Electrical conductivity was measured on pelletized powders 

(diameter: 10 mm and pressing force: 5 tons) at ambient temperature using a standard 

four-probe Van der Pauw method (Keithley Micro-ohmmeter 580 with DC source). 

Measurements were repeated 3 times to obtain mean values for each sample.  
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3.3.5. Electrochemical measurements 

Due to the low Li+ intercalation/deintercalation potential (< 1 V vs Li+/Li) and the robust 

graphitic structure of carbonaceous materials, 800W/10min MWrGO is believed to be a 

promising electroactive material used in anode for LIBs. In addition, owing to the high 

electrical conductivity and the large surface area, 800W/10min MWrGO can also be used 

as conductive additive in cathode for LIBs. Therefore, in this project, the selected 

800W/10min MWrGO was used as electroactive material in anode and was used as 

conductive additive in LiCoO2 cathode. Moreover, in efforts to demonstrate the 

advantages of the synthesised 800W/10min MWrGO as conductive additive in cathode, 

LiCoO2 cathode containing 800W/10min MWrGO is electrochemically compared with 

the counterpart containing commercial multi-walled carbon nanotubes (CNTs) by 

assembling 2032 type half cells. 

3.3.5.1. MWrGO anode preparation 

Electrochemical evaluation of the 800W/10min MWrGO used as electroactive material 

in anode was carried out by assembling 2032 type coin cells. The slurry of 60 wt% 

800W/10min MWrGO and 40 wt% polyvinylidene difluoride (PVdF) was made at 60 ℃ 

using N-methyl pyrrolidinone (NMP, > 99.0%, Sigma Aldrich) as solvent and was 

continuously stirred using PTFE-coated magnetic stirrers for overnight. The homogenous 

slurry was then cast to form a uniform coating onto battery-grade copper foil (10 μm thick, 

purity > 99.9%) using doctor blade technique, followed by drying at 100 ℃ for 10 h in a 

vacuum oven (< 0.1 bar). Afterwards, the dried electrode being free of visible defects was 

mechanically compacted with a roller compressor to achieve improved adherence of the 

graphene sheets to the copper substrate and electrode wettability. After the drying and 
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roll-pressing processes, the dried coating was reduced to ~25 μm in thickness. A typical 

cross section of roll-pressed MWrGO anode is shown in Fig. 3-12. MWrGO anode discs 

with the diameter of 8 mm were then punched out for cell assembly. The mass loading 

on each MWrGO anode disc amounted to ~0.2 mg cm-2.  

 

Fig. 3-12. Typical FEGSEM image of cross-sectioned MWrGO anode which has been dried and roll 

pressed, along with the copper current collector. 

3.3.5.2. Cathode preparation 

The LiCoO2 used in this section was the as-calcinated LCO powder prepared in Section 

3.2.1. The slurry of 91 wt% LCO, 1 wt% 800W/10min MWrGO and 8 wt% PVdF was 

made for MWrGO-containing LCO cathode (LCO-MWrGO) and the slurry of 89 wt% 

LCO, 3 wt% CNTs and 8 wt% PVdF was made for CNTs-containing LCO cathode (LCO-

CNTs) using appropriate amount of NMP. The slurries were thoroughly stirred at 60 ℃ 

using PTFE-coated magnetic stirrer for overnight. The homogenous slurries were then 

cast to form a coating with the thickness of 100 μm on freshly etched aluminium foils (12 

μm thick, purity > 99.9%, etched with 5 wt% KOH solution [252]) using doctor blade 

technique, followed by drying at 100 ℃ for 10 h in a vacuum oven (< 0.1 bar). Afterwards, 
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the dried electrode being free of visible cracks was mechanically compacted with a roll 

compressor to improve the inter-particle contact and enhance the adhesion to the 

aluminium substrate [253]. After the drying and the roll-pressing processes, the dried 

coating was reduced to ~50 μm in thickness. A quintessential example of roll-pressed 

LCO-MWrGO cathode is shown in Fig. 3-13. Notably, the cross-sectional FEGSEM 

image reveals the intimate contact between the electroactive LCO powder and the current 

collector. Cathode discs with the diameter of 8 mm were then punched out for cell 

assembly. Cathode mass was measured using a laboratory analytical balance (Fisher 

Scientific). The mass loading on the electrodes amounted to ~3.1 mg cm-2 for LCO-

MWrGO cathode discs and to ~3.0 mg cm-2 for LCO-CNTs cathode discs. In order to 

compare the electrical conductivities of the conductive additives, the 800W/10min 

MWrGO powder and the CNTs powder were pelletized with the diameter of 10 mm at 

the same pressing force of 5 tons and were measured to be 761.4 S m-1 and 528.2 S m-1, 

respectively, at ambient temperature using a four-probe Van der Pauw method (Jandel 

RM3000 with DC source with DC current, UK).  

 

Fig. 3-13. Typical FEGSEM image of cross-sectioned LCO-MWrGO cathode which has been dried and 

roll pressed, along with the aluminium current collector. 
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3.3.5.3. Coin cell assembly 

The coin cell assembly follows the same working procedures as explained in Section 

3.2.5.1. All the working electrodes prepared above, i.e., MWrGO anode, LCO-MWrGO 

cathode and LCO-CNTs cathode, were dried in vacuum oven (< 0.1 bar) at 100 ℃ for 

overnight to remove remaining moisture before transferring in Ar-gas filled glove box 

which was maintained at < 0.5 ppm of O2 level. Polished lithium metal discs with the 

diameter of 15 mm (≥ 99.9% purity, 0.75 mm thick, Fisher Scientific) were punched out 

and used as counter electrode to build half cells. Microporous tri-layer membrane 

(PP/PE/PP) (39% porosity, 25 μm, Celgard® 2325) was used as separator and sandwiched 

between the working electrodes and lithium metal disc. The electrolyte was prepared by 

dissolving appropriate amount of LiPF6 salt in ethylene carbonate (EC)/dimethyl 

carbonate (DMC) (1:1 v/v for EC/DMC) to the concentration of 1.0 M, followed by 

storage over activated molecular sieves for 2 days. In consideration of the porous nature 

of MWrGO, the electrolyte dosage was 500 μL for MWrGO anode and 120 μL for 

cathodes. All the constituent parts used in the coin cell were stacked in the sequence as 

shown in Fig. 3-7. All of the assembled cells were conditioned for 1 day before 

galvanostatic testing to ensure that the membranes and the working electrodes were fully 

impregnated in the electrolyte.  

3.3.5.4. Electrochemical evaluation  

Galvanostatic charge/discharge measurements were carried out in the voltage window of 

0.01 - 2.5 V (vs Li+/Li) for the MWrGO anode and 3.0 - 4.2 V (vs Li+/Li) for the LCO 

cathodes at room temperature using Neware 8-channel battery test system. The data 

acquisition was performed by BTSDA 6.0 Software package (Neware®, China). For the 
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calculation of the specific gravimetric capacities, the mass of the electroactive materials 

on each electrode disc was merely taken into consideration.  

MWrGO anode: Given that the theoretical capacity of 800W/10min MWrGO is unknown, 

current density (A g-1) is used for galvanostatic charge/discharge measurement and is 

determined based on the mass of the 800W/10min MWrGO. Cyclability test was 

performed at the current density of 0.2 A g-1 for 100 cycles. Rate capability test was 

performed at the current densities of 0.1 A g-1, 0.2 A g-1, 0.5 A g-1, 1.0 A g-1, 2.0 A g-1, 

5.0 A g-1, 10.0 A g-1, and then 0.1 A g-1 with 10 cycles for each current density. 5-min 

open-circuit-potential relaxation was programmed after each galvanostatic cycling step. 

Cycling voltammetry (CV) was performed between 0.01 V and 2.5 V at the sweep rate 

of 0.1 mV s-1 using an electrochemistry workstation (Bio-Logic Science Instruments VSP, 

France). 

Cathodes: The C-rate for the as-milled LCO powder in this project was defined based on 

1 C = 140 mA g-1 [82, 250]. Cyclability test was performed at the current rate of 0.2 C 

for 100 cycles. Rate capability test was performed at the current rates of 0.1 C, 0.2 C, 0.5 

C, 1 C, 2 C, 5 C, 10 C, and then 0.1 C with 5 cycles for each current rate. 5-min open-

circuit-potential relaxation was programmed after each galvanostatic cycling step.  

All the key parameters to make coin cells using aforementioned MWrGO anode, 

MWrGO-containing LCO cathode, and CNTs-containing LCO cathode are summarised 

in Table 3-2. 
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3.4. Cold sintering process of LiCoO2/MWrGO 

The cold sintering process to produce LCO/MWrGO pellets is similar to the procedures 

to produce LCO/CNTs pellets in Section 3.2 except that the conductive filler in 

LCO/CNTs pellets, i.e., CNTs, was substituted by 800W/10min MWrGO which was 

prepared in Section 3.3. Following that, the LCO/MWrGO pellets produced by CSP were 

assembled in 2032 type coin cells and were electrochemically evaluated. The overall 

experimental flow chart is given in Fig. 3-14.  

 

Fig. 3-14. The flow chart of the overall experimental works to make dry-pressed LCO/xMWrGO pellets 

and LCO/xMWrGO pellets produced by CSP, along with materials characterisation. 
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3.4.1. Preparation of LCO/xMWrGO powder 

In order to improve the dispersity of 800W/10min MWrGO, ultrasonic bath (Grant 

XUBA1) was used to assist the dispersion of 800W/10min MWrGO in ethanol for 30 min. 

Thereafter, the as-milled LCO powders prepared in Section 3.2.1 were homogenised with 

0.5 wt%, 1 wt%, 2 wt%, and 3 wt% 800W/10min MWrGO by ultrasonic bath for 30 min. 

The application of ultrasonication is believed to lead to the formation of cavitational 

bubbles in ethanol, which can implode during bubble propagation and thereby create 

localised high pressure and powerful shock waves to effectively beak up large 

agglomerates of LCO particles and separate the restacked graphene sheets [254-256]. 

Therefore, the ultrasonication aided the uniform dispersion of small LCO particles on the 

graphene sheets to enhance the intimate contact between them. The mixtures were mixed 

using 2 mm zirconia balls at the rotation speed of 300 rpm for 20 hours to obtain 

homogeneous mixtures of LCO powder and 800W/10min MWrGO (denoted as as-milled 

LCO/xMWrGO, where x represents the weight percentage of MWrGO relative to the as-

milled LCO powder). The as-milled LCO/xMWrGO mixtures were then dried at 80 ℃ 

overnight in air. 
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3.4.2. Cold sintering process and post-CSP annealing 

Similar to the CSP procedures to produce LCO/xCNTs pellets in Section 3.2.3, the dried 

as-milled LCO/xMWrGO (x=0.5 wt%, 1 wt%, 2 wt%, and 3 wt%) mixtures prepared 

above were used to produce LCO/xMWrGO pellets at 250 ℃ and 250 MPa for 60 min. 

Typically, 0.5 g as-milled LCO/xMWrGO powder was mixed thoroughly with 20 wt% 2 

M LiOH solution using mortar and pestle for 10 min. Afterwards, the well-mixed mixture 

was loaded into a 10 mm hardened steel die which was lubricated using PTFE spray to 

assist ejection, and the mixture was pressed under the uniaxial pressures of 250 MPa at 

the temperatures of 250 ℃ for 60 min. Herein, the prepared pellets produced by CSP 

were denoted as LCO/xMWrGO pellets. 

Subsequently, the LCO/xMWrGO pellets produced by CSP were annealed at 

temperatures that ranged from 100 to 500 ℃ for 1 hour with a heating rate of 5 ℃ min-1 

in the tube furnace. For comparison, a control group was made using dry-pressed 

LCO/xMWrGO without the addition of LiOH solution at 250 MPa for 10 min at room 

temperature. The prepared pellets were denoted as dry-pressed LCO/xMWrGO pellets. 

Afterwards, the dry-pressed LCO/xMWrGO pellets were annealed at the same 

temperatures (100 - 500 ℃) for 1 hour with a heating rate of 5 ℃ min-1 in the tube furnace, 

followed by cooling to room temperature with a cooling rate of 5 ℃ min-1. 
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3.4.3. Materials Characterisation 

The bulk densities of the LCO/xMWrGO pellets were calculated by dividing the weight 

by the corresponding geometric dimensions. Three pellets prepared at the same 

processing condition were measured and used to obtain arithmetic average density and 

standard deviation. The relative density was defined as the percentage of the bulk density 

over the theoretical density of the composite. The theoretical densities used for 

calculation are 5.06 g cm-3 for LCO [247] and 2.10 g cm-3 for 800W/10min MWrGO 

[257].  

XRD was used to characterise the phases of all the samples using a Bruker D2 Phaser X-

ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany, 2000) which is controlled 

by Diffrac.suite software package. The XRD diffraction data was collected in the scan 

range (2θ) of 10° - 80° with a step size of 0.05° s-1 (monochromatized Cu-Kα radiation 

source operating at 30 kV and 10 mA, λ = 0.1542 nm). FEGSEM (JEOL JSM-7800F, 

JEOL Ltd. Japan) was used to study the morphologies of all the samples at an accelerating 

voltage of 5.0 kV in back scattering mode. Electrical conductivities of the pellets were 

measured at ambient temperature using a standard four-probe Van der Pauw method 

(Jandel RM3000 with DC current, UK). The direction of DC current was alternately 

changed to avoid measurement errors caused by thermoelectric effect. Measurements 

were repeated 3 times to obtain mean electrical conductivity. The specific surface areas 

of 800W/10min MWrGO and CNTs were also measured using N2 physisorption at the 

temperature of 77.35 K (TristarTM 3000, Micromeritics Instrument Corporation, Norcross, 

USA) based on the Branauer-Emmett-Teller method (BET). The carbonaceous samples 

were heated to 100 ℃ under vacuum (< 0.1 bar) overnight to remove all the adsorbed 

species. 
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3.4.4. Electrochemical measurements 

The LCO/1%MWrGO pellets produced by CSP were electrochemically evaluated by 

assembling into 2032 type coin cells. The LCO/1%MWrGO pellets were first annealed 

at 400 ℃ for 1 hour. Following the same polishing process using abrasive-coated 

sandpapers, the LCO/1%MWrGO pellets with the thickness of 100 ~ 200 μm were 

assembled in 2032 type coin cells using the same procedures outlined in Section 3.2.5 

with the same electrolyte, the lithium counter electrode, and the microporous tri-layer 

membrane. Subsequently, the assembled coin cells were rest for 1 day and the OCV of 

the as-fabricated coin cells were normally stabilised to be 1.9 – 3.0 V, which indicated 

that short-circuit did not occur between the working electrode and the lithium metal disc. 

Then, the as-fabricated cells were galvanostatically charged/discharged in the voltage 

window of 3.0 - 4.2 V (vs Li+/Li) at room temperature using Neware 8-channel battery 

test system. The C-rate for the ball-milled LCO in this project was defined based on 1 C 

= 140 mA g-1 [82, 250]. Cyclability test was performed at the current rate of 0.1 C. Rate 

capability test was performed at the current rates of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, 5 C, and 

then 0.1 C. 5-min open-circuit-potential relaxation was programmed after each 

galvanostatic cycling step. For the calculation of the specific gravimetric capacities, the 

mass of the LCO was merely taken into consideration. For the calculation of the specific 

volumetric capacities, the total volume of the LCO and 800W/10min MWrGO was taken 

into full consideration. Cycling voltammetry (CV) was performed with a PGSTAT204 

Autolab potentiostat (Metrohm, Switzerland) with a cut-off voltage of 3.0 V and 4.2 V 

for discharge and charge in a two-electrode configuration at different sweep rates (0.1, 

0.2, and 0.5 mV s-1). The lithium ion diffusion coefficients (DLi) of the LCO/1%MWrGO 

cathode produced by CSP were calculated according to the linear relationship between 
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peak currents and the linear sweep rates using Randles-Sevcik equation [258]. 

Electrochemical impedance spectroscopy (EIS) was conducted on LCO-based cathodes 

in the frequency range 10 kHz–0.01 Hz with a potential perturbation of 5 mV using a 

multi-Potentiostat/Galvanostat VSP from Bio-Logic Science Instruments (France). The 

measurements were carried out in automatic sweep mode from high to low frequency 

after prolonged potentiostatic equilibration. And the impedance spectrum obtained were 

fitted with equivalent circuit model using Zview® software (Scribner Company). Direct 

current internal resistance (DCIR) testing was performed by applying a constant current 

discharge pulse (𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎) of 5 C on 10-s intervals at 25%SOC, 50% SOC and 75%SOC. The 

cell was charged at a slow current rate of 0.1 C to 4.2 V, such that the overpotential bias 

incurred by other factors has been reduced to minimum and can be neglected. The DCIR 

was calculated by dividing the change in voltage by the change in applied current using 

the below equation: 

𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑉𝑉𝑡𝑡(𝑡𝑡=0)−𝑉𝑉𝑡𝑡(𝑡𝑡=10)
𝐼𝐼𝑡𝑡(𝑡𝑡=0)−𝐼𝐼𝑡𝑡(𝑡𝑡=10)  [Equation 14] 

All the key parameters to make coin cell using the LCO/1%MWrGO cathode are 

summarised in Table 3-2.  
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Chapter 4. Cold sintering process and electrochemical 

evaluation of LiCoO2/CNTs composite electrode with 

high volumetric capacity  

In this chapter, bulk LiCoO2 (LCO) cathode without the addition of polymeric binder was 

fabricated by cold sintering process (CSP) and electrochemically characterised. First of 

all, the effects of CSP processing conditions, i.e., temperature, pressure and holding time, 

on the relative densities of monolithic LCO pellets were assessed in Section 4.1. 

Considering the intrinsically low electrical conductivity nature of LCO, it is necessary to 

introduce conductive additive, i.e., multi-walled carbon nanotubes (CNTs) in this work, 

in the monolithic LCO pellets to build an electrically conductive network. Therefore, the 

effect of CNTs inclusion on the electrical conductivity of LCO/xCNTs pellets produced 

by CSP was explored in Section 4.2. Amorphous phase of oxides has been known to occur 

on the grain boundaries during CSP due to the non-equilibrium precipitation, which 

deteriorate the properties of oxides and thus it requires to be eliminated via post-CSP 

annealing treatment. In Section 4.3, the effects of post-CSP annealing treatment on the 

relative density and electrical conductivity of LCO/CNTs pellets were studied. Ultimately, 

the optimised LCO/CNTs composite electrode was electrochemically evaluated in a 

2032-type configuration cell (-) Li | 1 mol L-1 LiPF6-EC+DMC | Cathode (+) and the 

electrochemical results were present in Section 4.4.  
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4.1. The CSP of monolithic LCO pellets 

 

Fig. 4-1. XRD patterns of as-calcinated LCO, as-milled LCO, and monolithic LCO pellet produced by CSP. 

XRD was carried out to characterise the crystal structures of as-calcinated LCO powder, 

as-milled LCO powder and monolithic LCO pellets produced by CSP, as interpreted in 

Fig. 4-1. The XRD result for the as-calcinated LCO powder synthesised at 850 ℃ was 

consistent with the regular hexagonal structure observed in pure polycrystalline LCO (α-

NaFeO2 structure [259]) and it matched with the Joint Committee for Powder Diffraction 

Studies (JCPDS) reference card no. 70-2685 [260, 261]. The sharp XRD diffraction peaks 

along with the well-resolved splitting of doublet peaks (006)/(012) and (018)/(110) are 

indicative of the well-ordered hexagonal layered structure of LCO formed during 

calcination [262]. In addition, no remnant phase and impurity phase were present in the 

XRD pattern of as-calcinated LCO powder. The solid-state synthesis of LCO was 

typically achieved at elevated calcination temperature (up to 1000 ℃) for extended 

periods (up to 24 hours) [72, 263-265], which may result in the excess volatilisation of 

lithium species and thus deteriorate electrochemical performance of LCO [69]. But much 
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shorter calcination time (5 hours) at lower calcination temperature (850 ℃) was used in 

this work. It was mainly attributed to (i) the significant reduction in the particle sizes of 

the precursors, i.e., Co3O4 and Li2CO3, induced by planetary ball milling, and (ii) the 

resultant shorter inter-diffusion distance during calcination. Moreover, the as-milled LCO 

powder in Fig. 4-1 exhibited an identical diffraction pattern to the as-calcinated LCO 

powder, indicating the planetary ball milling process did not artificially alter the crystal 

structure of as-calcinated LCO.  

The FEGSEM images in Fig. 4-2 shows that the particle size of LCO powder was 

significantly reduced from > 1 μm to < 0.2 μm after planetary ball milling process. 

Notably, the morphology of the LCO powder changed from granular shape to platelet 

shape. With the particle size analyser, it has been shown in Fig. 4-3 that the D50 particle 

size was reduced from 1.92 μm for as-calcinated LCO powder to 0.15 μm for as-milled 

LCO powder, which agreed with the above FEGSEM results. The reduced particle size 

of LCO powder led to a dramatic increase in surface area from 0.65 m2 g-1 for as-

calcinated LCO powder to 6.24 m2 g-1 for ball-milled LCO powder, as shown in Fig. 4-4, 

which is believed to bring about three advantageous features for the subsequent cold 

sintering process:  

(i) the increased solubility of solid-phase particles, which can be described by Ostwald-

Freundlich equation [266]: 

𝐼𝐼𝐼𝐼 𝑆𝑆𝑟𝑟
𝑆𝑆∞

=  2 Ω 𝛾𝛾𝑠𝑠𝑠𝑠
𝑘𝑘 𝑇𝑇 𝑟𝑟

  [Equation 15] 

Where, 𝑆𝑆𝑟𝑟  and 𝑆𝑆∞  is the solubility of powder with radius 𝑟𝑟  and with infinite radius, 

respectively. 𝛾𝛾𝑠𝑠𝑠𝑠 represents the interfacial tension between solid phase and liquid phase, 

Ω represents the atomic volume, and 𝑘𝑘  is the Boltzmann constant, and 𝑇𝑇  is absolute 
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temperature. It can be clearly seen that the reduction in LCO powder size can significantly 

lead to increase in powder solubility in liquid phase due to the Gibbs-Thomson effect. 

And this effect become more significant for very small powder size. 

(ii) The increased contact area with LiOH solution provided larger number of lattice sites 

for dissolution during dissolving process and nucleation during precipitation process. 

(iii) In comparison with as-calcinated LCO powder, the as-milled LCO powder had 

smaller particle size and platelets morphological feature, so as to re-orientate themselves 

to minimise the vacancies among the particles and achieve more compact pellets under 

the application of external CSP pressure. 
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 Fig. 4-2. FEGSEM images of (a) as-calcinated LCO powder and (b) as-milled LCO powder. 

(a) 

(b) 
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Fig. 4-3. The particle size comparison of as-calcinated LCO powder and as-milled LCO powder.  

 

 

Fig. 4-4. Nitrogen adsorption/desorption hysteresis loops of as-calcinated LCO powder and as-milled LCO 

powder, revealing the specific surface areas based on Branauer-Emmett-Teller (BET) method. 

Fig. 4-5 shows the effects of CSP pressure, temperature, and duration on the densification 

of monolithic LCO pellets. Fig. 4-5 (a) depicts the relative densities of the monolithic 

LCO pellets with increasing CSP pressures at the CSP temperature of 250 ℃ for 60 min. 

The relative densities of the monolithic LCO pellets were greatly improved from 61.5% 
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at 100 MPa to 71.4% at 200 MPa and further to 77.7% at 250 MPa, indicating the critical 

role of external applied pressure in improving the density of LCO pellets. The density 

improvement by external applied pressure during CSP can be explained by (i) the 

compaction/sliding, (ii) the solubility characteristics, and (iii) diffusive mass transport of 

pure LCO particles. 

(i) In the early stage of sintering, the surfaces of LCO particles ensembles were 

homogenously moisturized with LiOH solution which was intentionally introduced at the 

particle-particle contacts. This liquid film could effectively lubricate the LCO particle 

surfaces and assisted in the re-orientation, sliding, and compaction of LCO particles under 

pressure [99]. And these physical effects become more significant with increasing the 

external applied pressure because LiOH solution could readily redistributes itself and fill 

into the pores among the LCO particles. The presence of LiOH solution in the particle 

interstitials could facilitate the subsequent mass transport, as discuss below, because the 

mass transport in liquid phase is much higher than in solid phase which is generally 

observed in conventional thermal sintering. 

(ii) The application of external pressure (𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒) is also believed to improve the solubility 

(𝑆𝑆𝑝𝑝) of ceramic particles at the particle-particle contacts due to a stress difference and this 

effect can be described by [267]: 

𝑆𝑆𝑝𝑝 = 𝑆𝑆0exp [𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒
�Ω𝑠𝑠−Ω𝑙𝑙�

𝑅𝑅𝑅𝑅
] [Equation 16] 

Where, 𝑆𝑆0 is the solubility of ceramic particles in the absence of external applied pressure. 

R is the gas constant and 𝑇𝑇 represents the absolute temperature. Ω𝑠𝑠 and Ω𝑙𝑙 represent the 

solid molar volume and liquid molar volume, respectively. The component Ω𝑠𝑠 − Ω𝑙𝑙 is 

generally greater than 0 as the apparent molar volume of the atoms in the liquid is smaller 
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than in the solid phase [267]. This can be attributed to the chemical interactions between 

solute atoms and solvent, which result in a re-arrangement of the liquid molecules and a 

reduction in volume. Because LCO particle was cold sintered using LiOH solution as 

liquid phase, this can lead to an increased solubility of LCO because the particle-particle 

contacts becomes more prevalent at higher applied pressure. This implied more LCO 

species were dissolved in LiOH solution and promoted the formation of supersaturation 

phase.  

(iii) In fact, sintering is densification process that requires mass transport controlled by 

thermodynamic factor (driving force) and by a kinetic factor (mass transport). The driving 

force is a gradient in the chemical potential of atoms caused by pressure difference at the 

microstructural perspective and it tends to reach an equilibrium status between the solid 

and liquid phases in CSP. With the influence of external applied pressure, the contact 

points between LCO particles had an increased chemical potential so that the dissolved 

species diffused along the liquid film and precipitated on the particles at sites away from 

the stressed contact areas. This diffusivity process minimised the excess surface free 

energy of the LCO system and reduced the porosity as the LCO formed a dense body 

[101]. From the perspective of system’s kinetics, the re-distribution of LiOH solution in 

the LCO particle interstitials caused by external applied pressure contributed to the 

transportation of dissolved species because the transportation in liquid phase was more 

efficient. The dissolved species can travel faster to the pore spaces, which resulted in 

dense body. Therefore, the application of an external pressure during CSP showed the 

identical effect of increasing the driving force and increasing diffusion rate. 

Nevertheless, the improvement in density became less influential at higher pressures (> 

250 MPa) and thus the relative densities of monolithic LCO pellets started to level off at 
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250 MPa. It is worth mentioning that an increased wear level was observed on the 

stainless-steel dies used in our works when the external pressure was higher than 250 

MPa and thus the lifetime of stainless-steel dies was apparently reduced. Henceforth, 

according to our experience, the CSP pressure of 250 MPa was suggested and will be 

employed in the following CSP experiments.  

Fig. 4-5 (b) presents that the relation between the relative densities of monolithic LCO 

pellets and the CSP temperatures at the CSP pressure of 250 MPa for 60 min. The 

monolithic LCO pellets produced by CSP experienced a substantial increase in relative 

densities from 59.4% at 100 ℃ to 73.1% at 200 ℃ but a slow increase in relative densities 

at higher temperature (> 250 ℃). The increases in relative densities of the monolithic 

LCO pellets were largely due to (i) the enhanced dissolution at higher processing 

temperature and (ii) the enhanced diffusion rate of dissolved LCO species.  

(i) Dissolution of LCO plays an important role in densification during CSP because it is 

the precondition of mass transport in LiOH solution, and it can be described by 

dissolution product constant (Ksp). LCO is the only constituent that dissolute in LiOH 

solution in this case. An equilibrium can be established for LCO and Ksp can be 

represented as:  

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂2 ⇌ xLi+ + 𝐿𝐿𝐿𝐿1−𝑥𝑥𝐶𝐶𝐶𝐶𝑂𝑂2 

𝐾𝐾𝑠𝑠𝑠𝑠 = [Li+]𝑥𝑥[𝐿𝐿𝐿𝐿1−𝑥𝑥𝐶𝐶𝐶𝐶𝑂𝑂2]1 

Since Ksp is greatly influenced by temperature and it becomes greater with increasing 

temperature, the LiOH solution dissolved more LCO species at higher temperature, which 

was beneficial to the formation of supersaturated liquid phase. The positive correlation 
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between solubility of LCO and temperature can also be achieved using Equation 15, 

provided that the external pressure is constant. 

(ii) The high processing temperature was also beneficial to lower the viscosity of LiOH 

solution and thus improved the diffusivity of dissolved LCO species that would 

precipitate on particle sites with lower chemical potential. 

In Fig. 4-5 (b), the relative densities between 250 ℃ and 300 ℃ were very close (77.7% 

vs 78.7%, respectively), which indicated that the solvent has been completely dried at 

250 ℃ after 1-h processing. The temperature increase cannot further improve the relative 

density. Therefore, the subsequent densification of monolithic LCO pellets was 

performed at the CSP temperature of 250 ℃ with the intention of lowering power 

consumption. 

Fig. 4-5 (c) depicts the relative densities of monolithic LCO pellets with the increasing 

CSP duration at the CSP temperature of 250 ℃ and the CSP pressure of 250MPa. The 

relative density of 66.9% was obtained at the duration time of 30 min and was risen to 

77.7% at the duration time of 60 min. Thereafter, it fluctuated at ~78% relative density 

with prolonged duration time. The variation of densification rate with the CSP duration 

time is determined by the evaporation of LiOH solution at 250 ℃. With short duration of 

30 min, the presence of residual water may leave an amorphous phase on grain boundary 

that has not been crystallised. In such , the relative density of monolithic LCO pellets was 

relatively low. With the CSP duration time more than 60 min, Leng at al. [102] has 

explained that the liquid phase has been completed dried in the first hour and no 

diffusion/densification occurred after that period. Therefore, the fixed duration of 60 min 

was sufficient to obtain highest relative density of monolithic LCO pellets in this work. 



 
142 

 

 

  

  

Fig. 4-5. The effects of CSP processing conditions on the relative densities of monolithic LCO pellets: (a) 

Relative density as a function of CSP pressures at the temperature of 250 ℃ for 60 min; (b) Relative density 

as a function of CSP temperatures at the pressure of 250 MPa for 60 min; (c) Relative density as a function 

of CSP duration times at 250 ℃ and at 250 MPa. 20 wt% LiOH solution was used in all cases. 

(a) 

(b) 

(c) 
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To sum up, the monolithic LCO pellets with the relative density of 77.7% was 

successfully produced via CSP at 250 ℃ and 250 MPa for 60 min. The microstructures 

of a monolithic LCO pellet cold-sintered with this set of processing conditions and a 

benchmark LCO pellet dry-pressed at 250 MPa are shown in Fig. 4-6 for comparison. In 

sharp contrast with what is seen for the loosely packed microstructure in dry-pressed LCO 

pellet, the sintering morphologies, including particle packing and the sintering necks, 

were evident in the monolithic LCO pellet prepared by CSP. The XRD pattern of 

monolithic LCO pellet was similar to those of as-calcinated LCO powder and as-milled 

LCO powder, excepted that increased peak intensity was observed for (003) peak of 

monolithic LCO pellet, as shown in Fig. 4-1. It is found that no impurity phases were 

formed during CSP. This optimised CSP parameters were selected as the standard 

processing conditions for the subsequent experiments to densify LCO/carbon composite 

electrode, considering that 

(i) the “dissolution-precipitation” process of LCO/carbon composites during CSP is 

primarily determined by LCO because of the insolubility of carbon additives in aqueous 

solution 

(ii) the minor addition of carbon additives in ceramic matrix, i.e., generally <5wt%. 

Therefore, the effects of CSP processing variables on densification behaviour of 

LCO/carbon composites is identical to that of monolithic LCO pellets.  
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Fig. 4-6. FEGSEM images of (a) monolithic LCO pellet cold-sintered at 250 ℃ and 250 MPa for 60 min 

and (b) LCO pellets dry-pressed at 250 MPa. 

  

(a) 

(b) 
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4.2. Effect of CNTs content on electrical conductivity of composite 

cathode 

Albeit that monolithic LCO pellets with promising relative density, i.e., 77.7%, can be 

produced at the optimised CSP condition as discussed in Section 4.1, the electrical 

conductivity of monolithic LCO pellets was measured to be only ~1.66 × 10-4 S cm-1 

using four-probe method as shown in Fig. 4-7. This electrical conductivity is comparable 

to that of LCO pellets which were pressed and sintered at high temperature (> 800 ℃), 

as showed in Table 4-1. It implied that the LCO particles were sintered at a relatively low 

temperature of 250 ℃. The low electrical conductivity, therefore, is sure to be a barrier 

towards the application of monolithic LCO pellets for LIBs. In this sense, the 

incorporation of electrically reinforced CNTs into LCO matrix, in this work, became 

increasingly essential. Fig. 4-7 depicts the electrical conductivities of LCO/xCNTs pellets 

produced by CSP as a function of conductive CNTs inclusion. It is discovered that the 

electrical conductivities of LCO/xCNTs pellets experienced a significant improvement in 

electrical conductivity with the inclusion of CNTs increased. Specifically, the electrical 

conductivities of LCO/xCNTs pellets increased from ~3.73 × 10-4 S cm-1 at 1 wt% CNTs 

inclusion to ~2.84 S cm-1 at 3 wt% CNTs inclusion, which is an exceptional improvement 

in an approximate magnitude order of 4. This is principally due to the formation of 

conductive CNTs network in LCO/xCNTs pellets. However, with further inclusion of 

CNTs to 5 wt%, the electrical conductivity enhancement showed little variation, which 

can be inferred that the percolation threshold of CNTs to form a 3D conductive network 

in LCO matrix was 3 wt%. Therefore, the LCO/3%CNTs pellets were selected for 

subsequent microstructure and electrochemical property characterisation.  
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Table 4-1. Literature survey of the electrical conductivities of LCO pellets produced by conventional 

sintering. 

Processing conditions Electrical conductivity [S cm-1] References 

LCO pellets pressed and 
sintered at 800 ℃ 1 × 10-3 [268] 

LCO pellets pressed and 
sintered at 900 ℃ 1 × 10-4 ~ 1 × 10-3 [269] 

LCO pellets pressed and 
sintered at 900 ℃ 1 × 10-4 ~ 1 × 10-3 [75] 

LCO pellets pressed and 
sintered at 850 ℃ ~1 × 10-4 [270] 

 

 

Fig. 4-7. The dependency of the electrical conductivities on the conductive CNTs content for LCO/xCNTs 

pellets prepared at the CSP condition of 250 ℃ and 250 MPa for 60 min. 

As shown in Fig. 4-8, the XRD pattern of LCO/3%CNTs pellet was identical to those of 

as-calcinated LCO powder, as-milled LCO powder and monolithic LCO pellet. In 

comparison with the randomly oriented nature of as-calcinated LCO powder and as-

milled LCO powder, the more intense characteristic (003) peaks of monolithic LCO pellet 
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and LCO/3%CNTs pellet implied the preferential c-axis orientation of LCO platelets as 

a result of the applied external pressure, which was similarly reported for platelet-shape 

LCO [271]. Moreover, the I(003)/I(104) factor is widely used as a measure of the high degree 

of crystallinity and less degree of cation-mixing in layered materials if it is greater than 

1.2 [272]. The I(003)/I(104) factor of LCO/3%CNTs pellet was calculated to be more than 

1.5 in this case, which is indicative of the excellent layered structure of LCO. In addition, 

it is found that no additional diffraction peak could be indexed to CNTs due to the 

presence of small amount CNTs. The microstructure of LCO/3%CNTs pellet produced 

by CSP is also given in Fig. 4-9. It shows a compact matrix with the CNTs embedded 

inside, which indicated the successful densification of LCO/3%CNTs pellets with the 

assist of LiOH transient liquid phase. Although CNTs were entangled in some regions, 

an electrically conductive network can still be established, yielding a value of 2.84 S cm-

1. 
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Fig. 4-8. X-ray diffractograms of LCO/3%CNTs pellet produced by CSP, together to those related to as-

calcinated LCO, as-milled LCO and monolithic LCO pellet.  

 

 

Fig. 4-9. FEGSEM image of the fractured surface of LCO/3%CNTs pellets produced by CSP.  
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4.3. The effect of post-CSP annealing treatment 

From above investigation, the LCO/3%CNTs pellets with the electrical conductivity of 

~2.84 S cm-1 can be produced by means of CSP at 250 ℃ and 250 MPa for 60 min. It has 

been reported that amorphous phase was usually formed at the grain boundaries in oxides 

material system during CSP due to the non-equilibrium precipitation process [16, 97, 102, 

104-108]. But the amorphous phase can be crystallised by post-CSP annealing at 

temperatures lower than conventional sintering temperatures. Therefore, the impacts of 

post-CSP annealing treatment (temperature range of 100 - 500 ℃) on improving the 

relative density and the electrical conductivity of LCO/3%CNTs pellets produced by CSP 

were studied, as shown in Fig. 4-10. In comparison, the control group, dry-pressed 

LCO/3%CNTs pellets, was also annealed at the same temperatures range from 100 ℃ to 

500 ℃.  

As clearly shown in Fig. 4-10 (a), the relative densities of LCO/3%CNTs pellets were 

found little increases in the annealing temperature range from 100 ℃ to 500 ℃, leading 

to a slightly improved relative density from 76.7% at 100 ℃ to 79.5% at 400 ℃ and 

further to 79.8% at 500 ℃. The highest relative density (79.8%) at the annealing 

temperature of 500 ℃ was only slightly greater than as-CSPed LCO/3%CNTs pellets 

(76.3%). On the contrary, the dry-pressed LCO/3%CNTs pellets underwent a significant 

increase in the relative densities upon the identical annealing treatment. Specifically, the 

relative density of dry-pressed LCO/3%CNTs pellet increased from 51.4% at room 

temperature to 68.5% at 500 ℃. It is worth noting that the relative density of dry-pressed 

LCO/3%CNTs pellets annealed at 500 ℃ was still inferior than those of as-CSPed 

LCO/3%CNTs pellet (76.3%), which indicated that CSP was capable to produce ceramics 

with much higher density through a remarkable dissolution-precipitation process that is 
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not attainable in traditional sintering technique. 

Fig. 4-10 (b) depicts the electrical conductivities of both LCO/3%CNTs pellets produced 

by CSP and dry-pressed LCO/3%CNTs pellets after being subjected to the same 

annealing temperatures (100 - 500 ℃). The electrical conductivities of LCO/3%CNTs 

pellets considerably rose from 2.84 S cm-1 at room temperature to 3.48 S cm-1 at 400 ℃, 

and then stayed stable on higher annealing temperature (500 ℃). Interestingly, the 

electrical conductivities of LCO/3%CNTs pellets produced by CSP experienced a 

significant improvement in the annealing temperature range of 100 - 500 ℃ whereas the 

relative densities only showed minor improvement. This could be attributed to the 

annealing-induced crystallisation of amorphous LCO phase precipitated on the grain 

boundaries.  

Typically, it is reported that crystalline LCO phase has higher density and higher diffusive 

motion of Li+ ion than its amorphous counterpart [110, 273]. The presences of interfacial 

amorphous phase formed during CSP in other material systems have been studied by 

researchers using transmission electron microscopy and FEGSEM [14, 18, 102, 105]. In 

comparison, the electrical conductivities of dry-pressed LCO/3%CNTs pellets were also 

increased with increasing annealing temperatures, resulting in the highest value of only 

1.80 S cm-1 at 500 ℃. This value was still far lower than that of as-CSPed LCO/3%CNTs 

pellets (2.84 S cm-1) and was only half of LCO/3%CNTs pellets annealed at 500 ℃ (3.49 

S cm-1). The increase in electrical conductivities of dry-pressed LCO/3%CNTs pellets 

was believed to be solely associated with the densification of pellets, which facilitated 

the contacting area among adjacent LCO particles via sintering. Based on the above 

analysis, the annealing treatment at as low as 400 ℃ for 1 hour is proven to effectively 

enhance the electrical conductivity by eliminating the adverse amorphous LCO phase 
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precipitated on the grain boundary and will be used to treat LCO/3%CNTs pellets for 

cathode application. 

  

  

Fig. 4-10. The plots of (a) relative density and (b) electrical conductivity of LCO/3%CNTs pellets produced 

by CSP and dry-pressed LCO/3%CNTs pellets as a function of annealing temperatures in comparison with 

as-CSPed LCO/3%CNTs pellets and as-dry-pressed LCO/3%CNTs pellets. 

  

(a) 

(b) 
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4.4. Electrochemical characterisation 

In summary, the LCO/3%CNTs pellets with the relative dentist of 79.5% and the 

electrical conductivity of 3.48 S cm-1 were produced at the CSP condition of 250 ℃, 250 

MPa and 1-hour duration time with 20 wt% LiOH solution, followed by post-CSP 

annealing treatment at 400 ℃. The LCO/3%CNTs pellets were then polished to low-

aspect-ratio cathodes (< 200 μm in thickness). Finally, the LCO/3%CNTs cathodes were 

assembled into 2032 type coin cells for electrochemical evaluation, as outlined in the 

Experimental Section 3.2.5. 

CV test has established itself as a powerful tool to analyse cathodic kinetics and various 

phase transformation during lithiation/delithiation process of LiCoO2. Fig. 4-11 gives the 

initial-cycle cyclic voltammetry curve for LCO/3%CNTs cathode in the electrolyte of 1 

M LiPF6/(EC+DMC) at the sweep rate of 0.1 mV s-1. The CV curve is represented by 

three sets of reversible redox peaks, which indicates the lithium ions insert/de-insert the 

host lattice via a three-step mechanism. The two redox peaks appearing at 3.97 V and 

3.86 V indicated the typical deintercalation/intercalation process of Li ions from/in LCO 

layered crystal structure, respectively, which corresponded to the first-order phase 

transition from LiCoO2 (hexagonal I) to Li0.75CoO2 (hexagonal II) [274, 275]. By means 

of in-situ XRD studies of Li1-xCoO2, Reimers and Dahn proposed that Li1-xCoO2 was a 

single hexagonal I phase when x < 0.07 but it started to transform to hexagonal II phase 

when x > 0.07 [71]. The hexagonal I phase and the hexagonal II phase had the similar a 

lattice, but they differed in the c lattice with cH(I) = 14.089 Å and cH(II) = 14.370 Å, 

respectively [276]. The first-order phase transition was completed when x = 0.25 and was 

reversible during discharge process [71]. The hysteresis divergence between the 

cathodic/anodic redox peaks was about 0.11 V, which indicated the low ohmic resistance 
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and high electrochemical reversibility of LCO/3%CNTs cathode [274].  

It is worth noting that there existed two minor peaks between 4.07 V and 4.19 V, which 

has been generally pertained to the order-disorder transition from the hexagonal structure 

(R3�m) to the monoclinic structure (C2/m) as a result of the shearing of the rhombohedral 

oxygen lattice [69, 71, 274]. Moreover, the close cathodic /anodic currents revealed the 

high electrochemical reversibility of the LCO/3%CNTs cathodes prepared by CSP.  

The first three CV curves of LCO/3%CNTs cathode are shown in Fig. 4-12. Notably, a 

small shoulder-like anodic peak (marked in violet circle) was found to appear at a broad 

voltage window of 3.82 -3.88 V in the first cycle but disappear in the successive cycles. 

It can be attributed to the decomposition of the electrolyte which led to the formation of 

solid electrode interface (SEI) on the lithium counter electrode and this process was 

completed in the initial galvanostatic charge cycle [259, 277, 278]. The structure of the 

CV curves maintained its integrity throughout the first three cycles and the redox peaks 

were highly repeatable, which indicated the excellent structural stability of 

LCO/3%CNTs cathodes at room temperature [279].  
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Fig. 4-11. The cyclic voltammogram of LCO/3%CNTs pellet for the initial cycle recorded at the sweep rate 

of 0.1 mV s-1. 

 

Fig. 4-12. The cyclic voltammetry curves of LCO/3%CNTs pellet for the first three cycles at the sweep 

rate of 0.1 mV s-1. 

The galvanostatic charge/discharge curves of LCO/3%CNTs cathode produced by CSP 

are shown in Fig. 4-13, along with their corresponding gravimetric/volumetric capacities 
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at the current rate of 0.1 C. The charge/discharge curves represented typical lithium 

storage behaviour of LiCoO2 in layered O3 structure. The LCO/3%CNTs cathode 

delivered a gravimetric charge capacity of 160 mAh g-1 and a gravimetric discharge 

capacity of 124 mAh g-1 in the initial cycle, yielding a relatively low coulombic efficiency 

of 77.5%. This low coulombic efficiency of LCO/3%CNTs cathode was attributed to the 

formation of stable SEI which consumed partial Li+ ions. The density of LCO/3%CNTs 

composite cathode was calculated to be 3.82 g cm-3, which was much greater than that of 

electrodes prepared by conventional tape-casting technique (~0.55 g cm-3) due to the 

densification achieved by CSP and the remove of inactive components, viz. polymeric 

binders. In the perspective of volumetric capacity, the LCO/3%CNTs cathode delivered 

a volumetric discharge capacity of ~459 mAh cm-3 in the initial cycle which is generally 

not accessible in conventional tape-casting electrodes (~75 mAh cm-3). Considering that 

the discharge voltage was 3.86 V in CV results, the volumetric energy densities of 

LCO/3%CNTs cathode can be calculated to be as high as ~1764 Wh L-1. 

Notably, a polarisation spike was observed over the initial-cycle capacity range of 5-10 

mAh g-1 which corresponded to x=0.02-0.04 for Li1-xCoO2. The occurrence of this 

polarisation spike at low-voltage region was intimately related to the semiconductor-

metal structural transition but it completely disappeared in the successive cycles [280]. 

At the very beginning of charge process, a tiny amount of Li+ ions were deintercalated 

from the host and it triggered the irreversible semiconductor-metal structural transition. 

The irreversibility of semiconductor-metal structural transition was ascribed to the 

difficulty of re-intercalating this tiny amount of Li+ ions to restore the original host state 

in the following discharge process [73]. This explains the disappearance of polarisation 

spike from the 2nd cycle onwards.  
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Fig. 4-13. Galvanostatic charge/discharge curves of LCO/3%CNTs pellet for 1st, 2nd, 5th, 10th, and 20th 

cycles at the current rate of 0.1 C (inset: the magnified region of polarisation spike appearing in the first 

charge cycle). 

Fig. 4-14 depicts the cycling behaviour of LCO/3%CNTs cathode at the current rate of 

0.1 C. After 40 cycles, the gravimetric discharge capacity monotonically diminished from 

~120 mAh g-1 to ~75 mAh g-1 with a capacity retention of only 62%. A post-mortem 

FEGSEM characterisation was performed on the LCO/3%CNTs cathode after 40 cycles. 

As shown in Fig. 4-15, the surface morphologies of LCO particles represent a few 

apparent changes before and after galvanostatic (dis)charge process. The LCO/3%CNTs 

particles exhibited smooth and intact surfaces before galvanostatic process whilst a 

number of micro-cracks were found on the LCO/3%CNTs particles after long-term 

galvanostatic process. This could be one of the culprits behind the significant cycle to 

cycle capacity degradation of the LCO/3%CNTs cathode. 

The low capacity retention over long-term cycling and the morphological changes of 
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LCO/3%CNTs particles could be due to two reasons: (i) The brittle intercalation 

transition-metal oxides are known to possess high elastic moduli (70 GPa) but low 

fracture toughness (KIC < 5 MPa m1/2). It is reported that LiCoO2 structure underwent 0.2% 

shrinkage along the α direction and 2.4% expansion along the c direction with a total 

volumetric change of 1.9% upon the deintercalation of Li ions, which induces large 

strains on the LCO particles [11]. Consequently, the repetitious 

intercalation/deintercalation process of LCO/3%CNTs cathode may induce nucleation 

and propagation of microstructural cracks within the structure and even destroy the 

mechanically weak sinter-necks of adjacent LCO particles, leading to electrode 

deformation, fragmentation, and electrochemical pulverisation [281]; (ii) Owing to the 

absence of polymeric binder which can function as a flexible cushion to sufficiently 

buffer the volumetric change of LCO, the LCO/3%CNTs matrix became rigid and the 

disintegration of electroactive materials became worse, which resulted in the declining 

capacity.  

 

Fig. 4-14. The cycling performance of LCO/3%CNTs pellet between 3.0 V and 4.2 V at the constant rate 

of 0.1 C. 
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Fig. 4-15. FEGSEM images of LCO/3%CNTs pellet (a) before and (b) after 40 galvanostatic cycles (the 

micro-cracks were marked in cyan circles). 

Fig. 4-16 shows the discharge rate capabilities of the half-cell made by LCO/3%CNTs 

cathode at various current rates. At low current rates, the LCO/CNTs cathode delivered 

gravimetric capacities of ~120 mAh g-1 and ~80 mAh g-1 at 0.1 C and 0.2 C, respectively, 

which corresponded to the volumetric capacities of ~440 mAh cm-3 and ~295 mAh cm-3, 

respectively. The corresponding volumetric energy densities were ~1700 Wh L-1 at 0.1 C 

(a) 

(b) 
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and ~1138.7 Wh L-1 at 0.2 C. The gravimetric capacities of LCO/3%CNTs cathode were 

promising at low current rates and are comparable to bulk LiCoO2 cathodes densified by 

different methods at the identical current rates, which are tabulated in Table 4-2. 

Nevertheless, the gravimetric capacity of LCO/3%CNTs cathode significantly reduced to 

merely ~20 mAh g-1 at 0.5 C, which can be ascribed to the slow diffusion rate of lithium 

ions in the compact LiCoO2 matrix. Notably, when the current rate returned to 0.1 C 

immediately after 0.5 C, a remarkable reversible discharge gravimetric capacity of ~110 

mAh g-1 could be retained, indicating the robust crystalline microstructure of 

LCO/3%CNTs cathode.  

 

Fig. 4-16. The discharge rate capabilities of LCO/3%CNTs pellet every five cycles at various current rates. 
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Table 4-2. Electrochemical performance of densified LiCoO2 cathodes prepared by different methods. 

Electrode 
composition 

Processing 
technique 

Thickness 
[μm] 

Current 
rate 

Gravimetric 
capacity 

[mAh g-1] 

Volumetric 
capacity 

[mAh cm-3] 

Current 
rate 

Gravimetric 
capacity 

[mAh g-1] 

Volumetric 
capacity 

[mAh cm-3] 
References 

LiCoO2 Co-extrusion 300 C/10 144.6 ~455 C/5 118.9 ~375 [12] 

LiCoO2 Cold sintering 230 C/10 ~131 ~443 C/5 ~116.8 ~390 [96] 

LiCoO2 
Conventional 

sintering 260 C/10 ~140 ~524 C/5 ~135 ~505 [11] 

LiCoO2 
Rotating 

magnetic field 130 C/30 ~142 N/A C/3 102.3 N/A [13] 

32LCO/65LLTO/ 
3MWCNT* 

Spark plasma 
sintering 170 C/20 81.9 N/A N/A N/A N/A [87] 

90LCO/7LBO/ 
3MWCNT** 

Spark plasma 
sintering 200 C/2 99 N/A N/A N/A N/A [282] 

LiCoO2 + 
3wt%MWCNTs CSP 100-200 C/10 ~120 ~440 C/5 ~115 ~295 This work 

*LLTO—Li5La3Ta2O12 
**LBO—Li3BO3 
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4.5. Chapter conclusions 

In this chapter, a novel densification strategy, i.e., cold sintering process (CSP), with 

aqueous-based solution has been successfully employed to fabricate binder-free LCO-

based composite cathode at ultra-low temperature for the first time.  

 The effects of uniaxial pressure, CSP processing temperature, duration time and post-

CSP annealing treatment on the relative densities of monolithic LCO pellets and 

LCO/xCNTs pellets were also studied. The addition of transient liquid is a 

requirement for cold sintering process because it assists the particle re-arrangement 

and dissolution-reprecipitation process for the densification. Uniaxial pressure 

provides additional driving force and facilitates the (i) the redistribution of transient 

liquid, (ii) the solubility of LCO, and (iii) diffusive mass transport of dissolved LCO 

species during CSP. Increasing CSP temperature has an equivalent impact of 

increasing CSP pressure on densification [99, 101]. CSP is time dependant and 

requires at least 60 min of duration time for the densification to accomplish. 

Generally speaking, higher pressure, higher temperature and longer duration is 

beneficial to improving densification but the selection of CSP is highly dependent on 

the materials characteristics and experimental apparatus/conditions [98]. In this work, 

the optimum density of monolithic LCO pellets was obtained at 77.7% with 20 wt% 

LiOH solution, 250 ℃, 250 MPa and 1-hour duration time. It provides the evidence 

that the density of ceramic pellets can be tuned in CSP, which is incredibly 

challenging to achieve in conventional sintering techniques. 

 The fabrication of LCO/CNTs composites, in which their melting points exhibit large 

difference, was successfully achieved for the first time at the temperature as low as 
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250 ℃, demonstrating CSP could be a game changing technology in ceramics 

processing and component manufacturing. 

 The experimental work found that the percolation threshold of CNTs in LCO/xCNTs 

pellets was 3 wt% which yielded a decent electrical conductivity of ~2.84 S cm-1. 

After elimination of sluggish amorphous phase on grain boundary at 400 ℃, the 

binder-free LCO/3%CNTs cathode possessed a commendable electrical conductivity 

of 3.48 S cm-1 and delivered a high volumetric capacity of ~459 mAh cm-3 and the 

corresponding volumetric energy densities of ~1764 Wh L-1, which were much 

higher than those values obtained in conventional tape-cast electrodes. The high 

volumetric capacity/energy densities of CSP-ed LCO/3%CNTs cathode indicates 

that it can find itself for applications where the space to accommodate LIBs is limited. 

 Nevertheless, this CSP strategy was compromised by the apparent capacity 

degradation at 0.1 C and the low specific gravimetric capacity of ~20 mAh g-1 at 0.5 

C, largely due to the rigid network formed by CNTs and the intrinsically low 

electrical conductivity. Henceforth, it is proposed that the electrochemical properties 

of LCO pellets produced by CSP can be improved if the conductive CNTs is replaced 

with an alternative that has porous structure and higher electrical conductivity. The 

former property is beneficial for providing flexible structure to buffer conceivable 

volumetric change of LCO particles, while the latter is believed to reduce the intrinsic 

ohmic resistance of LCO matrix by facilitating the flow of electrons on higher 

conductive network. 

 Graphene, a typically 2D hexagonal structure of carbon atoms, is renowned to exhibit 

high electrical conductivity, high surface area and advantageous porous structure, 
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which predestines it a strong candidate to replace CNTs as the conductive filler of 

choice in this scenario. Therefore, the following chapter will mainly discuss the 

synthesis of graphene using microwave-assisted method and demonstrate its 

potential use in LCO pellets produced by CSP. 
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Chapter 5. Rapid microwave-assisted bulk production 

and characterisation of reduced graphene oxide 

synthesised under tuneable microwave powers for Li-

ion battery application 

In this chapter, the MWrGO synthesised using various microwave powers and Ar flushing 

times was comprehensively characterised, together with the influence of preliminary 

annealing treatment on microwave absorption capability of GO. The effect of the 

coagulation bath variables on the preparation of the GO beads and the formation 

mechanism of GO beads was discussed in Section 5.1. Prior to microwave irradiation, 

GO beads were subject to annealing treatment at 250 ℃ to partially restore the conjugated 

graphitic structures and eliminate the inter-boundaries of defective regions formed by 

oxygen functional groups. Moreover, the enhanced microwave absorption of as-prepared 

GO by annealing treatment was demonstrated in Section 5.2 and was rationalised in 

Section 5.3 using a combination of technical techniques, including Raman, XRD, TGA, 

FTIR, XPS, BET, SEM, HR-TEM and four-probe conductivity measurement. A modified 

Raman metric was also proposed to investigate the structural evolutions of MWrGO 

samples by deducting the intensity contribution of D’ peak from the apparent G peak in 

Raman spectrum, giving a more reliable evaluation metric. The last part of this chapter, 

Section 5.4, presented the electrochemical evaluations of the selected MWrGO as an 

electroactive material in anode and as a conductive additive in cathode of Li-ion batteries 

(LIBs), respectively. 
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5.1. Coagulation bath of GO 

Coagulation bath method has been widely used to produce GO beads because of its ease 

of preparation, low cost, and scale-up capability. In this project, spherical-like GO beads 

were made in 1 wt% CaCl2 coagulation bath mixed with 5 wt% ethanol. In general, the 

coagulation bath of GO involves three stages: (i) the extrusion of GO suspension; (ii) the 

formation of core-shell GO beads; and (iii) the soaking of GO beads. It has been reported 

that the concentration of GO suspension needs to be carefully tailored to give decent 

viscosity prior to the extrusion stage [283]. If the viscosity of GO suspension is too high, 

the GO suspension is extruded continuously, which leads to the formation of GO 

fibres/filaments, depending on the nozzle size. If the viscosity is too low, GO suspension 

behaves like liquid and cannot hold the bead shape once being hit by the coagulation bath 

[283]. From our research experience, the GO concentration of 15 mg ml-1 was used by 

taking into the account of both lateral size and the oxidation extent of the GO flakes.  

In the first stage of coagulation bath of GO, many factors have been identified to affect 

the formation of GO beads and ultimately the properties of GO beads. The most 

paramount factor is believed to be the concentration of coagulating agent, i.e., CaCl2, 

used in the bath. To figure out the optimum CaCl2 concentration, three different 

concentrations of CaCl2 coagulation bath, i.e., 0 wt% CaCl2 (deionised water without 

coagulating agent), 1 wt% CaCl2, and 3 wt% CaCl2, were prepared. Then, the 15 mg ml-

1 GO suspension was extruded through a needle with the inner diameter of 0.8 mm at the 

distance of ~6 cm above the coagulation bath surface to produce spherical-like GO. 

Thereafter, the GO beads were soaked and observed in the coagulation baths for 60 min. 

It was intriguing to find that the GO beads soaked in the 0 wt% CaCl2 solution started to 

collapse after 30 min and completely collapsed after 60 min, as shown in Fig. 5-1. The 
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collapse of GO beads is attributed to the diffusion of GO flakes which cannot self-

assembly at the absence of CaCl2. On the contrary, the GO beads soaked in 1 wt% and 3 

wt% CaCl2 solutions were able to maintain the sphere-like shapes after even 24 hours, as 

shown in Fig. 5-2, indicating the excellent structural stability of GO beads in CaCl2-

containing coagulation bath.  

 

Fig. 5-1. The evolutions of the GO beads soaking in 0 wt% CaCl2 solution (de-ionised water) after (a) 1 

min, (b) 30 min, and (c) 60 min. 

 

Fig. 5-2. The photographs of the GO beads which have been soaked in (a) 1 wt% CaCl2 and (b) 3 wt% 

CaCl2 after 24 hours. 

Higher concentration of CaCl2 coagulation bath was reported to bring about higher 

mechanical property and better integrity of the GO beads within shorter soaking time 

[283]. However, the increase in the concentration of CaCl2 coagulation bath implies 

stronger adsorption of cationic ions on the surfaces of the GO beads. Moreover, the 

(a) (b) (c) 1 min 30 min 60 min 

(a) (b) 24 hours 24 hours 
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presence of the residual Ca2+ ions can adversely affect the electrical conductivity of rGO 

after reduction [284]. Fig. 5-3 compares the XRD spectra of GO beads soaked in 1 wt% 

and 3 wt% CaCl2 solutions after 24 hours. It is recognised that the XRD spectrum of GO 

beads soaked in 3 wt% CaCl2 solution presents strong diffraction peaks related to CaCl2, 

indicating the high content of CaCl2 on the surfaces of GO. The amount of CaCl2 

presented on the GO beads soaked in 3 wt% CaCl2 solution was also confirmed using 

energy dispersive X-ray spectroscopy (EDS), as shown in Fig. 5-4. And it is found that 

Ca2+ and Cl- ions fully covered the surfaces of GO beads soaked in 3 wt% CaCl2 solution. 

In this regard, the concentration of 3 wt% CaCl2 in coagulation bath was too high and 1 

wt% CaCl2 solution is selected to produce GO beads in this project. 

The addition of ethanol into coagulation bath solution is alternative way to hold the shape 

of GO beads. The surface tension of the aqueous coagulation bath is large and can be an 

obstacle for GO beads to break through. Increasing the dripping distance from the nozzle 

tip to the coagulation solution can increase the potential energy of GO beads but adversely 

leads to shape deformation. Alternatively, this problem can be tackled by mixing 5 wt% 

ethanol with aqueous coagulation solution because ethanol is beneficial to diminishing 

the surface tension and lower the density of coagulation solution [283].  
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Fig. 5-3. XRD spectra of the GO beads which have been soaked in 1 wt% and 3 wt% CaCl2 solutions after 

24 hours. 
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Fig. 5-4. EDS compositional mapping of the GO beads which have been soaked in 3 wt% CaCl2 solution 

after 24 hours (Au elemental mapping was caused by the conductive coating on sample surface). 
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After the extrusion stage, the formation of core-shell structure occurred on the GO beads 

once they come in contact with CaCl2 containing coagulation solution. The formation of 

core structure mainly involves the self-assembly process in which GO flakes align 

themselves to take up the densest configuration. The oxygen functional groups endow the 

GO flakes with negative charges which can repulse the GO flakes in a steady state [285]. 

However, once the GO beads are immerged in the coagulation solution, the positively 

charged cationic ions, such as Ca2+, are likely to react with negatively charged GO flakes, 

which leads to the aggregation and segregation of GO on the surfaces. In this scenario, a 

robust outer GO shell is formed while the inner part of the GO beads is still in the liquid 

state, as shown in Fig. 5-5 (a). The freshly formed GO beads are physically weak owing 

to the thin GO shell. Therefore, it is indispensable to soak the GO beads in the bath to 

further coagulate the GO beads. In the final stage, the water molecules diffuse out from 

the inner part of GO beads to the high-concentration bath and the Ca2+ ions diffuse in the 

opposite direction due to the presence of concentration gradient across the shell, as shown 

in Fig. 5-5 (b) [283]. Meanwhile, the inner GO flakes align themselves to self-assembly, 

which results in the growth of GO shell and the increase in structural stability. After 

soaking in coagulation bath for 24 hours, the resultant GO beads were washed and dried 

to produce as-prepared GO. This GO coagulation procedure is believed to benefit the 

subsequent annealing treatment because the more compact GO configuration would 

conduce to the rapid pressure build-up and lead to more violent exfoliation, which will 

be discussed later.  
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Fig. 5-5. Schematic illustration of (a) the core-shell structure of GO bead formed in coagulation bath and 

(b) the development of GO shell in CaCl2-containing coagulation bath [283].  

  

(a) (b) 
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5.2. The enhanced microwave absorption of GO by annealing 

treatment 

The as-prepared GO beads produced using coagulation bath were then subjected to 

annealing treatment at 250 ℃ prior to microwave irradiation in order to boost its 

microwave coupling capability. It has been believed that the oxidation reaction of pristine 

graphite introduces a number of oxygen functional groups on the basal planes of GO, 

which cleave the defect-free conjugated network down to tiny polyaromatic islands [136]. 

Those polyaromatic islands create inter-boundaries along the vicinity of the oxygen 

functional groups and thus confine the transportation of free π electrons within delimited 

regions. Consequently, the π electrons on the GO are unlikely to be driven by the electric 

field component of electromagnetic microwaves to transport over a long range to generate 

sufficient Joule heating to effectively reduce GO. Fortunately, GO is thermodynamically 

unstable due to the incorporated -OH and -C=O groups [136, 178]. Therefore, upon 

annealing at 250 ℃ in inert Ar atmosphere, the thermal pyrolysis of -OH and -C=O 

groups occurred and led to a vigorous gas release of CO, CO2, H2O, and trace amount of 

volatile acetone [178, 185, 197, 286]. Since the microstructure of as-prepared GO was 

quite compact as shown in Fig. 5-6 (a), the majority of decomposed gases were easily 

trapped in the GO, which incurred a rapid pressure building-up. That was because the 

decomposition rate of oxygen functional groups exceeded the diffusion rate of the gas. 

Once the internal pressure reached the threshold of van der Waals binding forces, the 

graphitic layers were violently exfoliated and it concurrently resulted in the formation of 

mesopores (Fig. 5-6 (b)), which will be proved further with BET results in Section 5.3. 

This is also evidenced by a remarkable volume change, as shown in Fig. 5-7, which 

implied the as-prepared GO were efficiently exfoliated to a very large extent. 
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Fig. 5-6. Typical FEGSEM micrographs of (a) as-prepared GO and (b) annealed GO which has been 

subjected to annealing at 250 ℃.  

 
Fig. 5-7. Photos of 100 mg of (left) as-prepared GO and (right) fluffy annealed GO, showing the large 

volume expansion (almost doubles the apparent volume) upon annealing treatment at 250 ℃ in argon 

atmosphere. 

(a) 

(b) 
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Chaban et al. simulated the decomposition of labile oxygen functional groups during 

annealing process using reactive molecular dynamics (RMD) simulation and claimed that 

only in-plane -C=O groups could be decomposed [197]. Note that their conclusion was 

drawn on the computer simulation model where only -C=O groups were present on 

graphitic layers. Nevertheless, we speculated that not only -C=O but also -OH could be 

decomposed during the annealing process, which will be clarified in the following FTIR 

and XPS results. The throughput exfoliation of annealed GO provided two advantageous 

features for the subsequent microwave reduction process: (i) more GO surfaces are 

accessible for microwave irradiation; (ii) the presence of residual polar functional groups, 

such as -OH, -C=O and -COOH, can realign in tandem with oscillating microwaves filed. 

The annealing treatment of as-prepared GO partially restore the conjugated graphitic 

structures and partially eliminate the inter-boundaries of defective regions through 

removing -OH and -C=O, which is beneficial for improving the interaction with 

microwave radiation. Fig. 5-8 depicts the temperature profiles of annealed GO and 

unannealed GO as a function of time when exposed to microwave irradiation of 800 W 

in 10 min argon flushing atmosphere. When the microwave oven was switched on, there 

was a count-down of 10 seconds for the microwaves to be directed on the samples. The 

obtained temperature profiles exhibited a common trajectory of microwave-induced 

heating where an initial linear increase in temperature was achieved, followed by a 

levelling off when the thermal dissipation equalled to the thermal generation in the 

reaction system, and a dynamic equilibrium was established. In sharp contrast with the 

highest temperature of ~160 ℃ achieved on the unannealed GO, the annealed GO could 

be heated up to ~670 ℃ by microwave irradiation within few milliseconds, yielding a 

remarkable heating rate of ~30 000 ℃ min-1. This superfast heating rate of annealed GO 
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is the direct results of both intense microwave absorption and efficient conversion from 

microwave energy to thermal energy. Additionally, the elevated temperature (~670 ℃) 

of annealed GO is in good agreement with the observation by Hu et al. in which the 

improved microwave heatability was positively related to the lower structural defect level 

[136]. Furthermore, the elevated temperature (~670 ℃) of annealed GO is believed to 

lead to a localised thermal decomposition of oxygen functional groups. Meanwhile, the 

rearrangement of carbon lattices on annealed GO occurred, yielding a more crystalline 

carbon hexagonal structure [184]. This superfast heating rate by microwave irradiation is 

far greater than the heating rate of 2000 ℃ min-1 obtained in conventional heating method 

[146]. The superfast heating rate is generally desired to rapidly generate pressure to 

overcome the van der Waals binding force between adjacent graphitic layers [128, 146]. 

Henceforth, the intense microwave absorption of annealed GO signifies the distinct 

advantage of microwave synthesis over conventional heating methods to produce 

graphene. A typical FEGSEM image of MWrGO synthesised from annealed GO with the 

microwave power of 800 W and the argon flushing time of 10 min was shown in Fig. 5-9, 

which displayed nanoscale thickness.  

 

Fig. 5-8. A comparison of time-temperature profiles of annealed GO and unannealed GO upon irradiation 

by 800 W microwaves with the argon flushing time of 10 min. The heating rate is ~30 000 ℃ min-1 for 

annealed GO and ~150 ℃ s-1 for unannealed GO. The temperature records were extracted from Video S2. 



 
176 

 

 

Fig. 5-9. Typical FEGSEM image of 800W/10min MWrGO. The graphene sheets were efficiently 

exfoliated and showed a wrinkled surface morphology.  

In addition to the microwave reaction rate enhancement, a strong arcing was observed on 

annealed GO after only 1 - 3 s duration of microwave irradiation whereas no arcing was 

observed on unannealed GO after even 60 s. The occurrence of microwave-induced 

arcing may be ascribed to the congregation of free electrons at the sharp sites on graphene, 

which led to the ionisation of the surrounding gas [287]. During microwave irradiation of 

annealed GO, the restoration of graphitic structure occurred in the way that the isolated 

polyaromatic islands were merged to a larger graphitic structure, which enabled the 

transportation of the π electrons over a longer distance. In this scenario, there was a higher 

concentration of π electrons at sharp sites, such as plane edges or defective points, of the 

annealed GO sheets, resulting in the formation of intense electrostatic field [167, 287]. 

The induced electrostatic field was likely to ionise the surrounding gas through electron 

excitation, which was perceived as a form of electric-arcing from the macroscopic point 

of view. This is the plausible reason why the arcing started from hot-spot sites on annealed 

GO as shown in Fig. 3-11 (C) and, thereafter, propagated to fill the entire microwave 

reaction chamber as shown in Fig. 3-11 (D). A schematic illustration of microwave-
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induced hotspots and arcing on graphene flake is provided in Fig. 5-10. We also believe 

that the microwave reduction of GO is a self-accelerating deoxygenation process because 

the freshly formed MWrGO themselves became the additional microwave absorption 

regions and in turn converted more microwave energy to thermal energy to remove the 

residual oxygen functional groups.  

 

Fig. 5-10. A schematic illustration of microwave-induced hotspots and arcing on graphene flake. 
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5.3. MWrGO characterisation 

After as-prepared GO was annealed at 250 ℃, various microwave power outputs (300 W, 

500 W, and 800 W) were used to reduce the annealed GO to obtain MWrGO samples in 

a reaction system flushed with high-purity argon gas for different periods of time (2 min, 

5 min, 10 min, and 15 min). Thereafter, the synthesised MWrGO samples were 

extensively characterised in perspective of structural evolutions by Raman and XRD, 

chemistry analysis by FTIR, TGA and XPS, physical properties by BET and four-probe 

electrical conductivity, as well as morphological observation by FEGSEM and HR-TEM. 

The Raman and XRD results revealed that the highest-quality MWrGO can be 

synthesised at the microwave power of 800 W with the argon flushing time of 10 min. 

Chemistry analysis provided insight into the changes in oxygen functional groups during 

annealing treatment and microwave reduction process. Combined with BET and four-

probe electrical conductivity, the 800W/10min MWrGO was measured to exhibit the high 

C/O of 14.29, the thermal stability up to 750 ℃, the specific surface area of 310.24 m2 g-

1 and the electrical conductivity of 761.4 S m-1. Moreover, FEGSEM and HR-TEM 

characterisation showed the efficient exfoliation/reduction of GO and the porous structure 

of 800W/10min MWrGO. 

Raman spectroscopy has been the method of choice to study carbon derived materials and 

provides insights into structural evolution relating to lattice defects due to its unique 

phonon interaction with carbon hexagonal structure [288]. All Raman spectra of MWrGO 

samples synthesised at various microwave powers and various argon flushing times are 

shown in Fig. 5-11 (a) and Fig. 5-11 (b), respectively. It is recognised that all the Raman 

spectra exhibit four characteristic peaks: D peak at ~1350 cm-1, G peak at ~1580 cm-1, 

2D peak at ~2680 - 2700 cm-1, and 2D’ at ~3240 cm-1. Among them, D peak and G peak 
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have been most intensively studied to quantify disorder density in carbonaceous materials. 

The former is the A1g breathing mode of sp3-induced disorders in graphitic structure that 

break the symmetry and selection rules while the latter is the characteristic first-order 

phonon scattering E2g mode related to in-plane stretching of ordered sp2-hybridised 

carbon domains [288, 289].  
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Fig. 5-11. Raman spectra of MWrGO synthesised (a) at various microwave powers after 10 min of constant 

argon flushing and (b) under various argon flushing times at the microwave power of 800 W in comparison 

with pristine graphite, graphite oxide, and annealed GO. 

(a) 

(b) 
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The intensity ratio between D peak and G peak, i.e., ID/IG, in carbon derived materials has 

been commonly utilised as a measure of defect density presented in hexagonal networks 

of graphene and as a direct indicator for the extent of recovery of crystalline aromaticity. 

A reduced ID/IG ratio correlates to a graphitic structure with less disorder. However, this 

empirical measuring tool, i.e., ID/IG, may give contradictory results on reduced GO (rGO) 

synthesised by various reduction methods, such as chemically/thermally rGO, because an 

increased ID/IG may be observed when the rGO is reduced from its GO precursors [159, 

290-292]. As suggested by King et al., the unreliability of the empirical ID/IG is attributed 

to the superposition of G peak and D’ peak, the latter of which is generally present at the 

high-Raman-shift shoulder of G peak. D’ peak may overlap with G peak position at ca. 

1580 cm-1, depending on the defect concentrations on GO and rGO [291]. Due to the 

additional intensity contribution of D’ peak to the observed apparent G peak (labelled as 

GApp), the empirical ID/IG ratio is actually the intensity ratio between the D peak and GApp 

peak (ID/IG-App). ID/IG-App may vary from sample to sample and thus gives inconsistent 

comparisons over graphene-based materials. Therefore, we proposed a modified 

measuring ratio (ID/IG-in) to study the structural evolutions of MWrGO during microwave 

irradiation by subtracting the intensity contribution of D’ peak from the intensity of GApp 

(i.e., the intensity of intrinsic G peak, IG-in, equals to IG-App – ID’). As claimed in King’s 

work, the 2D’ peak is the overtone mode of D’ peak and is distinctly far away from other 

Raman peaks. Therefore, the position of D’ peak is able to be calculated by halving the 

energy of the 2D’ peak [291]. Once the position of D’ peak is determined, the intensity 

contribution of D’ peak can be separated from the intensity of GApp peak by peak fitting 

of GApp peak which is a superposition of Gin peak and D’ peak, as demonstrated in Fig. 

5-12.  
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Fig. 5-12. A quintessential example of peak fitting of GApp peak in the Raman spectrum of 800W/10min 

MWrGO (The peak fitting analysis was carried out using PeakFit V4.12 software. The peak fitting was 

analysed using Voigt deconvolution function till Chi-square is not less than 0.98). 

The ID/IG-in ratios of all the MWrGO in this work were calculated and listed in Table 5-1. 

It is observed that the ID/IG-in ratio increased from ~0 to 1.258 in the pristine graphite and 

graphite oxide, respectively, which indicated that the acid treatment of pristine graphite 

incorporated a high concentration of defects in the graphitic structure and transformed sp2 

graphitic domains into sp3 amorphous domains. After annealing treatment at 250 ℃, the 

ID/IG-in ratio was significantly reduced to 0.906, representing the partial recovery of 

conjugated graphitic structure. After microwave irradiation at various powers with the 

argon flushing time of 10 min, the ID/IG-in ratio of MWrGO decreased from 0.392 at 300 

W to 0.251 at 500 W and then to 0.062 at 800 W, as shown in Fig. 5-11 (a). To this end, 

it can be concluded that the effective removal of defects and oxygen functional groups 

can be accomplished at higher microwave power (800 W). 

The argon flushing times also had a similarly profound effect on the structural evolutions 
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of MWrGO at the constant microwave power of 800 W. In Fig. 5-11 (b), the changes in 

ID/IG-in ratios of pristine graphite, graphite oxide and annealed GO were essentially the 

same as that in Fig. 5-11 (a). With the increase in argon flushing time as shown in Fig. 

5-11 (b) and Table 5-1, the ID/IG-in ratio was reduced from 0.758 at 2 min argon flushing 

time to only 0.062 at 10 min argon flushing time, which is an exceptional reduction in an 

approximate magnitude order of 1. Even with further increasing of argon flushing time to 

15 min, the ID/IG-in ratio showed a negligible variation, indicating that 10 min argon 

flushing was long enough to create a protective atmosphere to hinder freshly formed 

dangling bonds from being oxidised by oxygens. 

Additionally, the spectral difference between D’ peak and GApp peak has been proposed 

by King et al. to define the boundary between rGO and graphene, as given below [291]. 

Graphene = D’ - GApp > 25 [Equation 17] 

As detailed in Table 5-1, the values of D’ - GApp of all MWrGO are much higher than 25 

and reach its height for the 800W/10min MWrGO and 800W/15min MWrGO samples, 

indicating the effective reduction of annealed GO triggered by microwave irradiation. 

The distance between defects (𝐿𝐿𝐷𝐷2 ) is another indicator of the quality of MWrGO and they 

are also summarised in Table 5-1. Herein, the defects are specifically referred to the zero-

dimensional point-like defects which are commonly induced by aggressive chemical 

oxidation reaction and are observed in sp2 carbon lattices [293, 294]. It is easy to 

understand that a larger value of 𝐿𝐿𝐷𝐷2  represents larger coverage of prefect graphitic 

structure and a largest value was observed for 800W/10min MWrGO. So far, the 

aforementioned Raman-based analysis revealed that the highest-quality MWrGO could 

be obtained with the microwave of 800 W and the argon flushing time of 10 min. The 
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most attractive 800W/10min MWrGO was then characterised using other techniques, 

together with pristine graphite, graphite oxide, and annealed GO.  

Table 5-1. Calculated Raman spectral features of pristine graphite, graphite oxide, annealed GO, and 

MWrGO synthesised at different conditions (based on the data extracted from Fig. 5-11) 

 ID/IG-in 2D’ [cm-1] D’ [cm-1] GApp [cm-1] D’- GApp 
[cm-1] 

𝑳𝑳𝑫𝑫𝟐𝟐  
[nm2]* 

Pristine 
graphite ~0 3244.49 1622.245 1580.19 42.055 N/A 

Graphite 
oxide 1.258 N/A N/A 1580.19 N/A 9.924 

Annealed 
GO 0.906 N/A N/A 1580.19 N/A 11.699 

300W/10min 
MWrGO 0.392 3225.18 1612.59 1578.74 33.85 17.795 

500W/10min 
MWrGO 0.251 3223.68 1611.84 1572.56 39.28 22.207 

800W/10min 
MWrGO 0.062 3221.93 1610.965 1570.77 40.195 44.471 

800W/2min 
MWrGO 0.758 3231.14 1615.57 1578.42 37.15 12.786 

800W/5min 
MWrGO 0.387 3224.96 1612.48 1576.12 36.36 17.901 

800W/15min 
MWrGO 0.077 3216.41 1608.205 1567.51 40.695 39.934 

*The distance between defects (𝐿𝐿𝐷𝐷2 ) are calculated from the intensities of D peak and G peak, as given [293] 

𝐿𝐿𝐷𝐷2 (nm2) = (1.8 ± 5) × 10−9 × 𝜆𝜆4 × �𝐼𝐼𝐷𝐷
𝐼𝐼𝐺𝐺
�
−1

 [Equation 18] 

In which 𝜆𝜆 is the wavelength of the Raman excitation laser (in nm). 

ID and IG represent the intensities of the D peak and G peak, respectively. 
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XRD is a complementary tool to Raman spectroscopy to interrogate the structural fine-

detail of MWrGO in the perspective of interlayer spacing. As shown in Fig. 5-13, the 

‘fingerprint’ peak of pristine graphite shifted from 26° (corresponding to 0.34 nm 

intersheet distance, JCPDS card 41-1487) to 10.5° (corresponding to 0.84 nm intersheet 

distance) after the strong oxidation process by KMnO4 and H2O2, implying the successful 

intercalation of oxygen functional groups between adjacent graphitic sheets [295-297]. 

The structural expansion along the c axis caused by the intercalation of oxygen functional 

groups has been theoretically confirmed using first-principle atomistic model in which 

the presence of functional epoxy groups and the underlying hybridised carbon atom 

induced additional height variations with respect to the carbon basal plane [146]. The 

prominent (001) peak of graphite oxide at 10.5° indicates a high oxidation extent of ca. 

50 wt%, as ascertained in Morimoto’s study in which the (001) peak position was 

correlated to the oxidation extent of GO [298]. After being subjected to annealing 

treatment and microwave irradiation, the (001) peak of graphite oxide completely 

vanished and a broad (002) peak appeared at ~26° for 800W/10min MWrGO, which was 

suggestive of the efficient removal of covalently bond oxygen functional groups by 

microwave irradiation. The broad (002) peak on 800W/10min MWrGO is attributed to 

the statistical distribution of re-aggregated graphene nanosheets with varying interlayer 

distances (in the range of 0.31 nm to 0.38 nm).  
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Fig. 5-13. XRD patterns of pristine graphite, graphite oxide, and 800W/10min MWrGO. 

Fig. 5-14 (a) shows the evolution of XRD spectra of the MWrGO synthesised with the 

argon flushing times of 2 min, 5 min, 10 mins and 15 mins using the constant microwave 

power of 800 W. The (002) peaks of all the synthesised MWrGO were present at ~26° 

but it is worth mentioning that the (002) peak for 800W/2min MWrGO at 25.2° slightly 

shifted to 25.4° for 800W/5min MWrGO, to 25.7° for 800W/10min MWrGO and to 25.8° 

for 800W/15min MWrGO, as shown in the enlarged XRD plot in the range of 20° - 30° 

in Fig. 5-14 (b). The subtle increase in peak positions of all the synthesised MWrGO 

confirms the higher reduction extent of annealed GO by microwave irradiation because 

of the improve inert gas atmosphere. Similar results were also observed for MWrGO 

synthesised with the different microwave powers of 300 W, 500 W, and 800 W after 10 

min of argon flushing, as shown in Fig. 5-15 (a). The (002) peak for 300W/10min 

MWrGO at 25.3° shifted to 25.5° for 500W/10min MWrGO and to 25.8° for 

800W/10min MWrGO, as shown in Fig. 5-15 (b). Moreover, a prolonged microwave 
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irradiation time was needed for microwave arcing to happen at lower microwave power. 

Therefore, the XRD results of the synthesised MWrGO are in good agreement with the 

aforementioned Raman analysis, demonstrating 800 W of microwave power and 10 min 

of argon flushing is the optimal processing condition to synthesise MWrGO.  

 

 

Fig. 5-14. (a) XRD patterns of MWrGO synthesised with various argon flushing times at the constant 

microwave power of 800 W and (b) The enlarged XRD plot of 20° - 30° showing the changes in position 

of (002) peak. 

(a) 

(b) 
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Fig. 5-15. (a) XRD patterns of MWrGO synthesised with various microwave powers after10 min of 

constant argon flushing and (b) The enlarged XRD plot of 20° - 30° showing the changes in position of 

(002) peak. 

The oxygenation and deoxygenation of oxygen functional groups during chemical 

oxidation and microwave reduction were examined using FTIR, as shown in Fig. 5-16. 

(a) 

(b) 
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The pristine graphite only exhibits four main bands: (i) A broad band centered at 

~3435.74 cm-1 which can be assigned to the stretching vibration mode of O-H, i.e. υ (OH), 

from the trapped moisture in graphite powder; (ii) Two distinct stretching vibration modes 

of C-H; symmetric band, υs (C-H), at 2920.85 cm-1 and asymmetric band, υas (C-H), at 

2850.21 cm-1; and (iii) An in-plane vibration mode of C=C, i.e. δ(C=C) at 1620.70 cm-1, 

which originates from the C=C component of aromatic structures [189, 299-301].  

After oxidised by KMnO4 and H2O2, numerous oxygen-derived bands were present in the 

infrared spectra: (i) a stretching vibration mode of C=O, i.e. υ (C=O) at 1724.20 cm-1, 

which was attributed to carbonyl and carboxyl groups on the basal planes of GO; (ii) a 

stretching vibration mode of C-O-C, i.e. υ (C-O-C) at 1218.12 cm-1, which represented 

the formation of epoxy functional groups within basal planes; (iii) a stretching vibration 

mode of C-OH, i.e. υ (C-OH) at 1383.56 cm-1, which is related to hydroxyl groups, and 

(iv) a υ (C-O) stretching vibration mode in the low IR wavenumber region ranging from 

1044 cm-1 to 1100 cm-1 [300, 302]. For easy interpretation, the assignments of each FTIR 

peak are shown in Table 5-2. After annealing treatment, it is unambiguously observed 

that peak intensities related to the oxygen functional groups other than the thermally 

stable C-O groups were significantly reduced, which confirmed the restoration of 

conjugated network and the aforementioned thermally annealing mechanism on GO. 

Notably, all the oxygen-rich groups, particularly C-O groups, were virtually removed 

after microwave reduction, indicating the feasibility of microwave-assisted reduction of 

annealed GO. Moreover, the increases in peak intensities of symmetric and asymmetric 

C-H bands further proved the well-exfoliation of GO since they only appear at the edges 

of graphene nanosheets [300]. 
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Fig. 5-16. FTIR spectra of pristine graphite, graphite oxide, annealed GO, and 800W/10min MWrGO. 

 

Table 5-2. The assignment of FTIR peaks for pristine graphite, graphite oxide, annealed GO, and 

800W/10min MWrGO. 

Wavenumber [cm-1] Vibration mode Assignment 

~3435.74 
Stretching vibration of 

O-H υ (OH) from moisture 

2920.85 
Symmetric stretching 

vibration of C-H υs (C-H) from CH2 group 

2850.21 
Asymmetric stretching 

vibration of C-H υas (C-H) from CH2 group 

1724.20 
Stretching vibration of 

C=O 
Carbonyl and carboxyl 

functional groups 

1620.70 
In-plane vibration of 

C=C 
δ (C=C) component of aromatic 

structure 

1383.56 
Stretching vibration of 

C-OH Hydroxyl functional groups 

1218.12 
Stretching vibration of 

C-O-C Epoxy functional groups 

1044 ~ 1100 
Stretching vibration of 

C-O Carboxyl functional groups 
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TGA measurement illuminates and provides an insight into the thermal stabilities of all 

the oxygen-containing functional groups formed on the GO. It was recognised that the 

graphite oxide was thermally unstable and three-stage weight loss was observed against 

increasing temperature, as shown in Fig. 5-17 (a). The initial weight loss was ca. 10 wt% 

up to 100 ℃, which was ascribed to the evaporation of the interlamellar water [303]. The 

second-stage weight loss was consisted of one sharp slope (100 ℃ to 200 ℃) and one 

slow slope (200 ℃ to 600 ℃), and the weight loss reached at 50 wt% at 600 ℃, which 

was indicative of ca. 50 wt% oxidation degree of pristine graphite. The result was in a 

good agreement with the previous XRD analysis in which the (001) peak of graphite oxide 

at 10.5° was closely related to the high oxidation degree of ca. 50 wt%. The sharp slope 

was attributed to the decomposition of the labile oxygen-containing functional groups, 

such as hydroxyl groups and carboxyl groups. It led to the vigorous release of CO, CO2, 

vapour, and trace acetone as well as the violent thermal expansion/exfoliation of as-

prepared GO basal planes [159, 189, 303]. The slow slope was principally due to the 

decomposition of double bond-containing functional groups, i.e., carbonyl and epoxy 

functional groups, as a result of strong dipole moment between oxygen and carbon atoms 

[189, 304]. The third stage weight loss happening above 600 ℃ resulted in a char residue 

of ca. 30 wt% and was related to the pyrolysis of carbon skeleton [303]. The three-stage 

weight loss were distinctly represented by three main peaks in the DTG plot of graphite 

oxide as shown in Fig. 5-17 (b).  

After annealing treatment, annealed GO only experienced first-stage decomposition 

(moisture removal), partial second-stage decomposition (decomposition of carbonyl and 

carboxyl groups), and third-stage decomposition (pyrolysis of carbon skeleton) upon 

heating to 800 ℃. It clearly indicated that the decomposition of labile hydroxyl and epoxy 
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groups was completed after being subjected to annealing at 250 ℃, which is evidenced 

by the absence of the peak at about 190 ℃ in Fig. 5-17 (b). The TGA result of 

800W/10min MWrGO showed an excellent thermal stability up to 750 ℃ with a small 

weight loss of only 10 wt%, indicating the effective elimination of various functional 

groups on GO structure by microwave irradiation. Pyrolysis of carbon skeleton of 

800W/10min MWrGO started at the identical decomposition temperature (~600 ℃) as 

the graphite oxide and the annealed GO. It led to a similar char residue of 30 wt% at 

800 ℃. The DTG of 800W/10min MWrGO merely featured a prominent peak above 600 ℃ 

related to the pyrolysis of carbon skeleton. The disappearance of moisture-induced peak 

showed the hydrophobic nature of 800W/10min MWrGO because most of the hydrophilic 

functional groups were removed by microwave irradiation. In addition, the DTG result of 

800W/10min MWrGO revealed that 800W/10min MWrGO was thermally stable up to 

750 ℃, which is higher than the graphene sheets produced by conventional thermal 

reduction (507 ℃), argon arc discharge (525 ℃), and hydrogen arc discharge (601 ℃) 

[148]. The higher thermal stability of 800W/10min MWrGO can be ascribed to the self-

healing effect of defects by microwave irradiation and the low content of vacancies and 

topological defects on the basal plane, which can avoid the premature break-down of 

carbon skeleton [148]. 
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Fig. 5-17. (a) Normalised TGA plots and (b) DTG plots for graphite oxide, annealed GO, and 800W/10min 

MWrGO over the temperature range from 25 ℃ to 800 ℃ at the heating rate of 5 ℃ min-1. 

The amounts of oxygen functional groups on the pristine graphite, graphite oxide, 

annealed GO and 800W/10min MWrGO were quantitatively determined using XPS and 

are summarised in Table 5-3, along with the C/O molar ratios. The detailed evolution of 

(a) 

(b) 
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C1s spectra are shown in Fig. 5-18. The XPS C1s spectra featured the following bands: 

non-oxygenated ring C-C at 284.48 eV, C-O at 285.98 eV, C=O at 287.48 eV, O-C=O at 

288.98 eV, as well as π-π* shake-up satellite peak at 291.28 eV. The intensities in peaks 

of the oxygen-containing functional groups (C=O, O-C=O and C-O) on the graphite oxide 

became significant after modified Hummer’s process and were then effectively reduced 

after the annealing process and the microwave irradiation. The re-appearance of π-π* 

shake-up satellite peak (that is characteristic of aromatic systems [146]) and the increase 

in the C-C band intensity for the annealed GO and the 800W/10min MWrGO samples 

experimentally confirmed: (i) the effective reduction of the oxygenated graphene layers 

during annealing treatment at 250 ℃; and (ii) the self-healing of damaged conjugated 

network upon microwave irradiation in inert gas atmosphere [305, 306]. The intensity 

ratio of C peak and O peak, i.e., C/O, is a supportive evidence of the effectiveness of the 

microwave-assisted irradiation in the removal of oxygen functional groups from GO. The 

increase of C/O specifically indicates a large extent of reduction of GO. The C/O ratios 

were 2.05, 5.04 and 14.29 for graphite oxide, annealed GO and 800W/10min MWrGO, 

respectively. The highest C/O ratio (14.29) of 800W/10min MWrGO is in good 

agreement with the above FTIR analysis and is comparable to the reported values of rGO 

which was also reduced from GO using microwave irradiation [178, 185, 187]. 
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Fig. 5-18. The dynamic evolution of high-resolution XPS C1s photoemission spectra of (a) pristine graphite, 

(b) graphite oxide, (c) annealed GO, and (d) 800W/10min MWrGO. 

 

Table 5-3. Quantative analysis of oxygen functional groups on pristine graphite, graphite oxide, annealed 

GO and 800W/10min MWrGO. 

 Pristine 
graphite 

Graphite 
oxide Annealed GO 800W/10min 

MWrGO 

C/O            75.9 2.05 5.04 14.29 

C1s C-C [at%] 76.29 24.59 50.56 61.39 

C1s C-O [at%] 13.68 2.31 13.65 13.52 

C1s C=O [at%] 1.38 33.13 8.07 6.01 

C1s O-C=O [at%] 0.52 6.42 5.21 5.03 

C1s π-π* [at%] 7.22 - 6.49 6.97 

O1s [at%] 0.91 33.55 16.02 7.08 

(a) (b) 

(c) (d) 
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Table 5-4 shows the evolution of XPS C1s spectra of the MWrGO synthesised with the 

argon flushing times of 2 min, 5 min, 10 mins and 15 mins using the constant microwave 

power of 800 W. The peak intensities of the oxygen functional groups on the synthesised 

MWrGO decreased with the increasing argon flushing time. Furthermore, the C/O ratio 

increased with the increasing argon flushing time. It is clearly confirmed that prolonged 

Argon flushing time is beneficial to hindering freshly formed MWrGO from being 

oxidised. Similar results were also observed for MWrGO synthesised with the different 

microwave powers of 300 W, 500 W and 800 W after 10 min of constant argon flushing, 

as shown in Table 5-5. With the microwave powers increasing, the intensities of the 

oxygen functional groups on the synthesised MWrGO decreased and the C/O ratio 

increased. Combined with the aforementioned Raman and XRD analysis, the XPS results 

confirmed that MWrGO with higher extent of reduction can be obtained at the selected 

microwave power of 800 W and the argon flushing time of 10 min. 

Table 5-4. The evolution of XPS C1s spectra of MWrGO synthesised with various argon flushing times at 

the microwave power of 800 W. 

  
800W/2min 

MWrGO 
800W/5min 

MWrGO 
800W/10min 

MWrGO 
800W/15min 

MWrGO 

C/O           6.03 7.96 14.29 13.08 

C1s C-C [at%] 51.02 54.79 61.39 61.53 

C1s C-O [at%] 16.00 15.48 13.52 13.81 

C1s C=O [at%] 7.08 6.81 6.01 5.82 

C1s O-C=O [at%] 5.11 5.08 5.03 4.93 

C1s π-π* [at%] 6.33 6.75 6.97 7.11 

O1s [at%] 14.46 11.09 7.08 6.80 
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Table 5-5. The evolution of XPS C1s spectra of MWrGO synthesised with various microwave powers with 

the argon flushing time of 10 min. 

 
300W/10min 

MWrGO 
500W/10min 

MWrGO 
800W/10min 

MWrGO 

C/O           4.47 11.48 14.29 

C1s C-C [at%] 52.50 57.95 61.39 

C1s C-O [at%] 11.90 14.98 13.52 

C1s C=O [at%] 5.00 7.67 6.01 

C1s O-C=O [at%] 3.73 4.95 5.03 

C1s π-π* [at%] 8.42 7.03 6.97 

O1s [at%] 18.45 7.42 7.08 

The high electrical conductivity of graphene generally arises from the perfection of 

carbon hexagonal structures. In this sense, it can be envisaged as an indicator of the extent 

of reduction by microwave irradiation. GO is electrically insulated because the extended 

π-π* electronic conjugated network of pristine graphite was damaged by the presence of 

oxygen containing hydroxide, epoxide, carbonyl, and carboxyl functional groups by the 

treatment of strong oxidants. Henceforth, the decrease in sp3 carbon backbones is 

beneficial for improving the electrical conductivity. The electrical conductivity (σ) is 

determined from sheet resistance (𝑅𝑅𝑠𝑠) using the below equations:  

𝑅𝑅𝑠𝑠 = 𝜋𝜋
𝐼𝐼𝐼𝐼2

 ∆𝑉𝑉
𝐼𝐼

= 4.5324 ∆𝑉𝑉
𝐼𝐼

 [Equation 19] 

ρ = 𝑅𝑅𝑠𝑠𝑑𝑑 = 4.5324𝑑𝑑 ∆𝑉𝑉
𝐼𝐼

  [Equation 20] 

σ = 1
𝜌𝜌
     [Equation 21] 
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Where, ∆𝑉𝑉 is the voltage drop between the inner two probes (Unit: V), 𝐼𝐼 is the applied 

current between the outer two probes (Unit: Amperes), 𝑑𝑑  is the sample thickness, ρ 

represents the bulk resistance. As shown in Fig. 5-19, the electrical conductivity of the 

as-prepared GO (1.83 × 10-2 S m-1) was much inferior than that of the pristine graphite 

(851.2 S m-1), implying that the pathways of π electrons were blocked by oxygen 

functional groups on as-prepared GO. After annealing treatment and microwave-assisted 

reduction, the electrical conductivities of annealed GO and 800W/10min MWrGO 

yielded values of 268.9 S m-1 and 761.4 S m-1, respectively, which compare favourably 

with the literature values [136, 144, 185, 187]. There is direct relation between electrical 

conductivity and C/O ratios of all the samples as shown in Fig. 5-20, indicating the 

removal of oxygen functional groups can enhance the transportation of the π electrons on 

graphene nanosheets. The electrical conductivity of 800W/10min MWrGO (761.4 S m-1) 

was much higher than the reported values of rGO synthesised by chemical reduction 

method, as shown in Table 5-6.  

 

Fig. 5-19. The bar chart of the electrical conductivities of pristine graphite, as-prepared GO, annealed GO, 

and 800W/10min MWrGO measured by four-probe method. 
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Fig. 5-20. The plot of C/O ratios and electrical conductivities of pristine graphite, as-prepared GO, annealed 

GO and 800W/10min MWrGO, showing the strong relationship among them. 

 

Table 5-6. Summary of electrical conductivities of rGO reduced by various chemical agents. 

Preparation method Electrical conductivity [S m-1] References 

rGO by hydrazine 2.0 × 102 [307] 
rGO by 15 mM NaBH4 

 

rGO by 50 mM NaBH4 

 

rGO by 150 mM NaBH4 

1.5 × 10-4 

 

1.7 × 101 

 

4.5 × 101 

[162] 

rGO by hydrazine 2.0 × 102 [308] 

rGO by NaPO2H2 3.8 × 102 [309] 

rGO by hydrazine 2.0 × 102 [159] 

rGO by urea 4.3 × 101 [310] 
rGO by urea hydrolysable 

tannin 4.2 × 102 [311] 

rGO by N2H4 1.5 × 102 [312] 

rGO by L-ascorbic acid 8.0 × 102 [313] 

rGO by hydrazine 1.0 × 102 [143] 
rGO by microwave-

assisted reduction in this 
project 

7.6 × 102 This work 
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The significant microstructure evolutions of as-prepared GO, annealed GO and 

800W/10min MWrGO was also analysed using nitrogen adsorption-desorption isotherms, 

as given in Fig. 5-21 (a). In strong contrast with annealed GO and 800W/10min MWrGO, 

as-prepared GO possessed an extremely low SBET of ~33.55 m2 g-1 which indicated a 

tightly packed microstructure as shown in Fig. 5-6 (a). The annealed GO and 

800W/10min MWrGO possessed an increased SBET values of ~219.85 and ~310.24 m2 g-

1, respectively. They exhibited typical type IV isotherm curves with a rapid nitrogen 

adsorption at a high relative pressure region of 0.85 - 0.99, which are characteristic 

evidences of the presence of mesopore geometry after the annealing treatment and 

microwave irradiation. Fig. 5-21 (b) also displays the pore size distributions calculated 

on the basis of the desorption data branch of adsorption-desorption isotherm. A narrow 

pore size range centering at 3.52 nm and 3.69 nm for annealed GO and 800W/10min 

MWrGO, respectively, was found, which demonstrated the uniformity of mesopore sizes. 

According to the International Union of Pure and Applied Chemistry (IUPAC) 

classification, pores with size less than 2 nm are named micropores; pores with size 

between 2 nm and 50 nm are named mesopores and pores with size exceeding 50 nm are 

named macropores [314]. The formation of the uniform mesopores in 800W/10min 

MWrGO is considered as a result of the benefit of microwave absorption process. All the 

evolutions of the BET results are in good agreement with the pressure-induced exfoliation 

analysis during annealing treatment as clarified in Section 5.2. The increase in SBET of 

800W/10min MWrGO (310.24 m2 g-1) implied that the removed oxygen functional 

groups endowed more accessible nitrogen adsorption/desorption sites. However, the 

obtained SBET of 800W/10min MWrGO (310.24 m2 g-1) is much lower than the theoretical 

surface area of graphene (~2 630 m2 g-1) because the theoretical surface area of graphene 

would only be observed in an ideal case where no agglomeration, stacking and oxygen 
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functional groups exist on single graphene flake. This is not practically possible to 

achieve, especially for dry-state graphene powder in this project.  

 

Fig. 5-21. Nitrogen adsorption/desorption hysteresis loops of as-prepared GO, annealed GO and 

800W/10min MWrGO, revealing (a) the specific surface area and (b) the pore size distribution based on 

Branauer-Emmett-Teller method (BET) and Barrer-Joyner-Halenda (BJH) methods, respectively. 

The morphological feature and microstructure of 800W/10min MWrGO flakes were 

characterised using HR-TEM, as depicted in Fig. 5-22 (a) and (b) at low magnification 

and high magnification, respectively. Microscopic overview on 800W/10min MWrGO 

flakes in Fig. 5-22 (a) revealed that the microwave-synthesised graphene sheet featured 

distinctively transparent and wrinkled surface with some stacking regions at the edges. 

Furthermore, the close microscopic examination in Fig. 5-22 (b) shows a flat graphene 

edge with a well-resolved lattice fringes, suggesting the thorough exfoliation of annealed 

GO sheets by annealing-induced gas expansion. It has been reported that the occurrence 

of wrinkled structures was ascribed to the weak lattice distortions developed on the 

graphene structure [146]. The inset shows sharp selected area electron diffraction (SAED) 

pattern with two sets of symmetric hexagonal patterns obtained from the edge-on region, 

further indicating the well-crystallised carbon hexagonal structure. More importantly, the 

higher intensity of the first-order spots over the second-order spots is an indicator of the 

presence of single layer free-standing graphene in this region.  

(a) (b) 
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Fig. 5-22. Typical aberration-corrected HR-TEM micrographs of 800W/10min MWrGO prepared by solid-

state microwave irradiation method at (a) low magnification and (b) high magnification, and the electron 

diffraction pattern of 800W/10min MWrGO is given in the inset, along with the diffraction intensity 

profiles of (112�0) and (11�00).  

  

(a) (b) 
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5.4. The application of MWrGO in lithium-ion batteries 

As discussed above, the high SBET (310.24 m2 g-1) and the high electrical conductivity 

(761.4 S m-1) attained in this project enable 800W/10min MWrGO to be a promising 

electroactive material in anode and a conductive additive in cathode for LIBs by virtue to 

(i) the sufficient uptake sites for Li ions on the robust graphitic structure; (ii) the formation 

of elastic and highly conductive 3-dimensional interconnected framework; (iii) the 

provision of abundant contacting points between electroactive materials and graphene; as 

well as (iv) the enhanced lithium ion mobility through large-size pores. Therefore, the 

selected 800W/10min MWrGO was investigated as electroactive materials in the low 

voltage range of 0.01 - 2.5 V (vs Li+/Li), as discussed in Section 5.4.1, and investigated 

as conductive filler in the voltage window of 3.0 - 4.2 V (vs Li+/Li), as discussed in 

Section 5.4.2. A reference sample processed with multi-walled carbon nanotube (CNTs) 

was also elaborated to compare with MWrGO. 
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5.4.1. 800W/10min MWrGO in anode for LIBs 

The MWrGO anode was typically prepared by casting the slurry of 60 wt% 800W/10min 

MWrGO and 40 wt% PVdF on copper foil. The amount of binding agent, i.e. PVdF, used 

to bind the 800W/10min MWrGO to copper current collector in this project was much 

higher than those values reported in relevant literature [315-317] due to the large surface 

area of 800W/10min MWrGO. Based on the experimental experience, it was found that 

lower PVdF usage could result in serious detachment of 800W/10min MWrGO coating 

from the copper current collector during the subsequent drying process, whereas higher 

PVdF usage reduced the loading of electroactive material and thus deteriorated the 

electrical conductivity.  

Fig. 5-23 illustrates the galvanostatic charge/discharge profiles of 800W/10min MWrGO 

half cell for 1st, 5th, 20th, 50th and 100th at the current density of 0.2 A g-1 between 0.01 V 

and 2.5 V. It is recognised that the structure of the galvanostatic curves maintained its 

integrity throughout cycling, and the slops and voltage plateaus were highly repeatable. 

800W/10min MWrGO exhibited a discharge capacity of 1523.9 mAh g-1 and a charge 

capacity of 755.1 mAh g-1 in the initial galvanostatic cycle, yielding low coulombic 

efficiency of 49.55%. The large discharge capacity in the initial cycle was chiefly 

contributed by two processes: (i) the reversible intercalation process of lithium ions in the 

subsurface layers of the multi-layered graphene; and (ii) the irreversible side reactions 

leading to the formation of a passivating solid electrolyte interphase (SEI) on the 

graphene flakes which trapped Li+ ions [315]. This SEI formation can be related to the 

plateaus located in the voltage range of 0.6 – 0.7 V in the initial discharge profile, but it 

completely disappeared in the successive cycles, implying that the irreversible side 

reaction merely occurred in the initial cycle. Moreover, it is claimed that larger surface 
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area of graphene flake resulted in larger irreversible capacity loss [315]. 

A close observation of the successive voltage profiles shows that the Li-storage in 

nanostructured carbons in the voltage window of 0.01 - 2.5 V can be considered as two 

main contributors with one locating at below 0.5 V (vs Li+/Li) and the other above 0.5 V 

(vs Li+/Li). The former is simply due to the electrochemical lithiation/delithiation process 

whilst the latter is related to Faradic capacitance between electrolyte species and sp3 

carbon sites, such as the surfaces or edge sites, on the graphene flakes [137, 318]. Notably, 

the low working potential of 800W/10min MWrGO resembles that of graphite anode 

which is widely implemented in commercial LIBs, indicating that 800W/10min MWrGO 

can be the main contender to replace graphite as the electroactive material of choice.  

 

Fig. 5-23. The galvanostatic charge/discharge curves of MWrGO anode for 1st, 5th, 20th, 50th and 100th at 

the current density of 0.2 A g-1. The regions of the electrochemical cycling data that are attributed for the 

electrochemical lithiation/delithiation and Faradic capacitance are separated by a dash line. 
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The Li-ion storage behaviour of MWrGO-800W was further studied using CV technique 

between 0.01–2.5 V, as interpreted in Fig. 5-24. In the first cathodic scan, a signature 

reduction peak was observed at 0.66 V, which was attributed to the formation of SEI layer. 

However, this reduction peak disappeared in the subsequent cathodic scans, which was 

indicative of the high SEI stability. In the initial five scans, MWrGO-800W electrode 

featured a reduction peak at 0.02 V and an oxidation peak at 0.19 V, which exhibited an 

excellent consistency in shape/intensity and were assigned to the 

intercalation/deintercalation of Li ions in a manner reflecting LixC6 bulk storage. Overall, 

the CV curves exhibited high reproducibility and consistency, indicating the good 

reversibility of the MWrGO-800W anode.  

 

Fig. 5-24. The cyclic voltammogram of 800W/10min MWrGO anode for the first 5 cycles taken at the 

sweep rate of 0.1 mV s-1. 

Fig. 5-25 shows the cyclic performance of MWrGO anode at the current density of 0.2 A 

g-1 for 100 cycles, along with the corresponding coulombic efficiency. It is found that the 

specific discharge capacity of 800W/10min MWrGO remained steady ca. 750.0 mAh g-1 

with near-zero capacity loss over the long-term test, which corresponded to a high 
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stoichiometric graphitic intercalation compound LixC6 (x ≈ 2.0). In contrast with the 

crystalline graphite in which each graphitic flake is believed only to accommodate a 

single layer of Li ions, well-exfoliated MWrGO flake is able to uptake two layers of 

lithium ions with each layer on each sides of graphene flake, making the specific capacity 

of 800W/10min MWrGO much higher than that of crystalline graphite (372 mAh g-1 

[319]). Furthermore, the structural defects, such as voids and micro-pores, on the 

800W/10min MWrGO flakes can function as additional storage sites for lithium ions and 

further increased the specific capacity of 800W/10min MWrGO. It is also noting that the 

low coulombic efficiency of 49.5% in the initial cycle progressively increased to 90.0% 

at 2nd cycle and 96.9% at 5th cycle, indicating more Li ions uptake sites were activated 

and the stable SEI was formed on graphene flakes in the initial 5 cycles. After the 

activation charge/discharge cycles, the coulombic efficiencies fluctuated around 100%, 

implying the excellent reversibility of intercalation/deintercalation reactions of Li ions 

through SEI.  

 

Fig. 5-25. The galvanostatic cycling performance and the coulombic efficiency of 800W/10min MWrGO 

half cell at the current density of 0.2 A g-1 between 0.01 V and 2.5 V for 100 electrochemical cycles. 
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The rate capability of MWrGO anode at the varying current densities between 0.01 V and 

2.5 V is shown in Fig. 5-26. It can be noticed that 800W/10min MWrGO exhibited 

identical specific reversible capacity of ~750 mAh g-1 at the low current densities of 0.1 

and 0.2 A g-1. However, with stepwise increasing the current densities, the specific 

reversible capacities of 800W/10min MWrGO were declined to ~610 mAh g-1 at 0.5 A g-

1, ~450 mAh g-1 at 1 A g-1, ~330 mAh g-1 at 2 A g-1, ~195 mAh g-1 at 5 A g-1 and ~120 

mAh g-1 at 10 A g-1. The diminishing reversible capacities of 800W/10min MWrGO at 

high current densities can be attributed to (i) the increased polarisation at high current 

density; and (ii) the steric hindrance effect of planar graphene flakes in which wrinkled 

graphene flakes with large lateral size are prone to impede the transportation of lithium 

ions, especially at a high current density [34, 201, 320]. More notably, the exceptional 

specific reversible capacity of ~120 mAh g-1 at 10 A g-1 is a direct evidence of the 

thorough exfoliation of graphitic layers and the existence of mesopores, which provided 

commodious channels for fast diffusive motion of lithium ion. A remarkable specific 

reversible capacity of ~750 mAh g-1 can be retained at the current density of 0.1 A g-1 

immediately after being charge/discharged at 10 A g-1, indicating the robust 

microstructure of 800W/10min MWrGO and the stable SEI formed in the initial cycles. 
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Fig. 5-26. Rate capability of MWrGO anode every ten cycles at the various current densities between 0.01 

V and 2.5 V. 
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5.4.2. 800W/10min MWrGO in cathode for LIBs 

800W/10min MWrGO has great potentials to be employed as conductive additive in 

cathode owing to its distinct 2-dimensional structure, high electrical conductivity, and 

large surface area. As an exemplary demonstration, the electrochemical enhancement of 

800W/10min MWrGO on LCO cathode was electrochemically compared with the 

counterpart of CNTs. It is worth pointing out that the content of 800W/10min MWrGO, 

as outlined in Section 3.3.5.2, was only 1 wt% of the total mass of the LCO-MWrGO 

composite, which is less than that of the CNTs used (3 wt%) in LCO-CNTs composite. 

This is because the higher electrical conductivity of 800W/10min MWrGO allowed lower 

amount of conductive additive to effectively minimize the internal ohmic resistance of 

cathode. The lower usage of conductive additive indicates that higher volumetric capacity 

can be realised for LCO-MWrGO cathode system. 

The electrochemical evaluations of the LCO cathodes containing 1 wt% MWrGO and 3 

wt% CNTs are shown in Fig. 5-27. The initial specific discharges of LCO-MWrGO and 

LCO-CNTs were 142.8 mAh g-1 and 140.4 mAh g-1, respectively. Compared with LCO-

MWrGO which experienced a smooth capacity decay over 100 cycles, LCO-CNTs 

suffered from a rapid capacity decay in the first 20 cycles, followed by a smooth capacity 

decay in the subsequent cycles. After being subjected to long-term cycles, the capacity 

retentions were 87.7% for LCO-MWrGO (0.123% decay per cycle) and 74.6% for LCO-

CNTs (0.254% decay per cycle) relative to their initial capacities. The higher capacity 

retention attained in LCO-MWrGO was ascribed to the large planar character which was 

inferred to fully wrap the LCO particles. This structural model of graphene-wrapping-

LCO is clearly demonstrated in Fig. 5-28 and Fig. 5-29. In this scenario, more LCO 

particles were able to firmly anchor in the elastic composite matrix with a sponge-like 
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architecture and continually contribute to the overall capacity. In addition, the planar 

character is believed to prevent the LCO particles from agglomeration and give a uniform 

dispersion of LCO particles on graphene surfaces. In contrast, the tube-shape CNTs were 

not able to provide additional anchor sites for LCO particles during electrochemical 

lithiation/delithiation process in which the LCO particles were expanded and contracted 

along c axis [281, 321], thereby leading to electrode disintegration and capacity fading 

upon long-term cycling.  

 

Fig. 5-27. The cycling performances of LCO-MWrGO and LCO-CNTs cathode over 100 electrochemical 

cycles between 3.0 V and 4.2 V at the current rate of 0.2 C. 
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Fig. 5-28. FEGSEM images of LCO-MWrGO cathode at (a) lower magnification, (b) medium 

magnification, and (c) higher magnification, depicting the graphene-wrapping-LCO structural model in 

which the LCO particles were fully wrapped by a thin layer of graphene. 

 

 

Fig. 5-29. EDS compositional mapping of the LCO-MWrGO cathode along with EDS spectrum of the 

whole area. The Al signal in the spectrum is a result of the Al substrate used for current collector. 
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Fig. 5-30 compares the rate capabilities of LCO-MWrGO and LCO-CNTs at varying 

current rates. When the current rates were increased stepwise to 0.2 C, 0.5 C, 1 C, 2 C, 5 

C and 10 C, the LCO-MWrGO cathode showed reversible capacities of ~132 mAh g-1, ~ 

127 mAh g-1, ~122 mAh g-1, ~116 mAh g-1, ~104 mAh g-1, and ~85 mAh g-1, respectively. 

However, the LCO-CNTs could just deliver reversible capacities of ~131 mAh g-1, ~127 

mAh g-1, ~122 mAh g-1, ~111 mAh g-1, ~32 mAh g-1, and ~0 mAh g-1, respectively, at the 

identical current rates. The highly achieved reversible capacity of LCO-MWrGO can be 

attributed to (i) the effective plane-to-point conductive model in which the spherical-

shape LCO particles come in close contact with planar graphene flakes, giving a long-

range conductive network [34]; (ii) the higher utilisation efficacy of the sp2 carbon atoms 

on the planar graphene flakes [34]; and (iii) the porous structure of MWrGO which can 

facilitate the absorption and storage of excess electrolyte solution, providing an intimate 

contact between electroactive material and electrolyte [236, 253]. When the current rate 

was returned to 0.1 C, a slightly higher reversible capacity of LCO-MWrGO, i.e., ~130 

mAh g-1, was achieved in comparison to the reversible capacity of ~125 mAh g-1 in LCO-

CNTs. It is also worth noting that the amount of MWrGO used in LCO-MWrGO is less 

than that in LCO-CNTs, indicating the higher volumetric capacity can be realised in LCO-

MWrGO cathode. 
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Fig. 5-30. The rate capability comparison of LCO-MWrGO and LCO-CNTs cathodes every five cycles at 

charge/discharge current rates from 0.1 C to 10 C between 3.0 V and 4.2 V.  
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5.5. Chapter conclusions 

This chapter demonstrates the successful preparation of nanoporous MWrGO synthesised 

using microwave irradiation of solid-state GO within a matter of few seconds and the 

application of 800W/10min MWrGO in cathodes and anode for LIBs. The quality of 

MWrGO was found to be strongly affected by the oxidation of pristine graphite, 

preliminary annealing treatment, the microwave power, and the inert gas atmosphere. In 

addition, the electrochemical evaluation showed the great potential of microwave 

synthesised graphene as electroactive materials or conductive filler for LIBs.  

 The robust GO beads can be obtained in 1 wt% CaCl2 solution after 24 hours soaking 

by forming a hard GO shell through the aggregation and the segregation of GO flakes 

on the bead surfaces. The concentration of CaCl2 solution was found to play a 

decisive role in the formation and development of GO beads. In pure water (0 wt% 

CaCl2 solution), the aggregation and the segregation of GO cannot occur due to the 

lack of positively charged cationic ions, i.e., Ca2+, whilst high concentration of CaCl2 

solution (3 wt% CaCl2 solution) gave rise to a strong absorption of CaCl2 salt on the 

surfaces of GO beads, as confirmed by XRD and EDS compositional mapping. 

 With comparative studies of microwave-assisted reduction of annealed and 

unannealed GO, the microwave-coupling behaviour of GO was confirmed to be 

enhanced via annealing treatment of GO at 250 ℃ in argon atmosphere, which allows 

for the partial recovery of π-π conjugated networks of carbon hexagonal structure. 

The partially recovered GO can effectively interact with electromagnetic microwaves, 

leading to a high localised reaction temperature and a significant decomposition of 

oxygen functional groups [153]. The phenomenon of strong arcing against 
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microwave irradiation was attributed to the induced intense electrostatic field by 

high-concentration congregation of the π electrons at sharp edges of the graphene 

nanosheets [287]. This strategy can inspire other works to purify carbonaceous 

materials at a rapid and efficient manner.  

 The properties and structures of MWrGO can be precisely tailored by tuning the 

microwave powers and can be improved in protective Argon atmosphere. The 

microwave-assisted reduction of annealed GO approach represents a facile method 

to produce high-quality graphene within the matter of seconds. Due to its simplicity, 

ease of preparation and controllable quality, this approach possesses the potential for 

mass production of graphene at an affordable cost and at bulk scale. 

 A modified ID/IG-in ratio was proposed to investigate the structural evolutions of 

MWrGO by deducting the intensity contribution of D’ peak from the apparent G peak, 

giving a more reliable evaluation. This modified ID/IG-in ratio could be applicable to 

other graphene-based materials prepared using other methods, such as 

thermal/chemical reduction, liquid/gas exfoliation or CVD. 

 The 800W/10min MWrGO was used as electroactive materials in anode for LIBs and 

afforded a remarkable practical capacity of 750.0 mAh g-1 at 0.2 A g-1 with near-zero 

capacity loss after 100 cycles and a high reversible capacity of 120.0 mAh g-1 up to 

10 A g-1. Through comparative studies with CNTs as conductive additive in LCO 

cathode, 800W/10min MWrGO showed an excellent cycling stability and a 

commendable rate capability of LCO cathode, especially at or above the current rate 

of 2 C owing to the high electrical conductivity and the robust graphene-encapsulated 

structure. This preliminary work demonstrated that MWrGO was a promising 
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candidate to replace CNT as conductive filler in LCO-based electrode. 
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Chapter 6. Cold sintering process and electrochemical 

evaluation of high-performance LiCoO2-matrix 

cathode with MWrGO as conductive filler 

Following the discussion in Chapter 4, the concept of CSP has been successfully applied 

to produce LCO-matrix composite cathodes without the addition of polymeric binder. 

However, even with 3 wt% of CNTs inclusion, the LCO/3%CNTs cathodes produced by 

CSP experienced an apparent capacity loss of 38% after 40 cycles at 0.1 C and delivered 

a low reversible capacity at high current rates, which plagued its wide application. 

Through extensive characterisation of 800W/10min MWrGO prepared using soli-state 

microwave absorption method in Chapter 5, the highly conductive 800W/10min MWrGO 

with flexibility and porous structure has been proved to improve the overall 

electrochemical properties of LCO-MWrGO half cell in comparison with CNTs as 

conductive filler in the same battery configuration. Therefore, there is no doubt to propose 

to substitute CNTs with MWrGO (referred to 800W/10min MWrGO in this chapter, 

unless otherwise noted) in LCO composite cathodes to improve the electrochemical 

performances. 

This chapter started with the microstructural characterisation and the investigation of 

electrical conductivities of LCO pellets as a function of varied contents of MWrGO in 

Section 6.1 and Section 6.2, respectively. In the same vein, the annealing effect on the 

selected LCO/1%MWrGO pellets produced by CSP was studied in terms of relative 

density and electrical conductivity in Section 6.3. Lastly, the LCO/1%MWrGO cathode 

with annealing treatment is electrochemically compared with its counterpart, i.e., 

LCO/3%CNTs cathode, using cyclic voltammetry (CV) and galvanostatic cycling test in 
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Section 6.4. More specifically, CV test is applied at different sweep rates to gain further 

insight into the lithium-ion chemical diffusion coefficient of LCO/1%MWrGO composite 

cathode.  
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6.1. Microstructural characterisation of LCO/xMWrGO 

composites 

Fig. 6-1 interprets the XRD patterns of as-milled LCO powder, MWrGO, and 

LCO/xMWrGO pellets (x=0.5 wt%, 1 wt%, 2 wt% and 3 wt%) produced by CSP. All the 

XRD results of LCO/xMWrGO pellets have diffraction peaks at the same locations within 

instrument error and are in close agreement with the JCPDS crystallography entry 

database No.: 70-2685 [260, 261], which can be corelated to the layered hexagonal 

structure (α-NaFeO2 structure [259]). No amorphous background noise is presented, and 

all the major peaks are sharp and intense. Moreover, no minor peak can be identified to 

the characteristic (002) peak of MWrGO in the 2θ range of 20° - 30°, as shown in Fig. 

6-2. This is not a surprise because the minor amount of MWrGO inclusions in the LCO 

matrix was difficult to discern in the XRD patterns.  

 

Fig. 6-1. XRD patterns of as-milled LCO powder, MWrGO, and LCO/xMWrGO (x=0.5 wt%, 1 wt%, 2 

wt%, and 3 wt%) pellets produced by CSP. 
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Fig. 6-2. The enlarged XRD plots of 20° - 30° range as indicated in Fig. 6-1. 

It is worth mentioning that in comparison with LCO/3%CNTs pellet, a more intensive c-

axis (003) peak can be observed for the LCO/1%MWrGO pellet in Fig. 6-3, which can 

be attributed to the preferential rearrangement and improved compaction of as-milled 

LCO powders under external pressure. As shown in Fig. 4-2 (b), the as-milled LCO 

powders presented itself as platelet with sharp edges which was believed to increase the 

difficulty in powder rearrangement and compaction under external pressure. Through a 

combination of ultrasonication bath and ball-milling process, the platelet-shape LCO 

particles were believed to be thoroughly mixed with planar graphene sheets. Compared 

to CNTs, graphene sheets were able to provide more contact sites with LCO particles. In 

this scenario, the graphene sheets can help reduce the friction during re-orientation and 

rearrangement of LCO particles at high uniaxial pressure, thereby increasing the 

alignment degree and yielding a more pronounced (003) texturing orientation, as shown 
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in Fig. 6-4. A typical FEGSEM image of fractured surface of LCO/1%MWrGO pellet is 

given in Fig. 6-5 and it is worth noting that the graphene sheets were uniformly distributed 

across the dense LCO/1%MWrGO pellet without presence of any cracks. The intrinsic 

wrinkles and ripples on the graphene flakes also lays a foundation for intact contact 

between planar graphene sheets and LCO.  

 

Fig. 6-3. X-ray diffractograms of as-milled LCO powder, LCO/3%CNTs pellet produced by CSP, and 

LCO/1%MWrGO pellet produced by CSP. 
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Fig. 6-4. FEGSEM images of fractured surface of LCO/1%MWrGO pellet produced by CSP.  

 
Fig. 6-5. FEGSEM image of the fractured surface of LCO/1%MWrGO pellet produced by CSP. 
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6.2. The effect of graphene content on electrical conductivity of 

composite cathode 

As discussed in Section 4.2, the electrical conductivities of LCO/xCNTs pellets were 

significantly increased from ~1.66 × 10-4 S cm-1 at x=0 wt% to ~2.84 S cm-1 at x=3 wt% 

and then levelled off with further increasing x values, indicating that the percolation 

threshold of CNTs to form a 3D conductive network in LCO/xCNTs pellets was 3 wt%. 

Highly conductive MWrGO with porous structure was applied as conductive filler 

alternative to CNTs to reduce the usage of conductive filler in LCO composite. The effect 

of MWrGO inclusion on the electrical conductivities of LCO/xMWrGO pellets was first 

investigated in Fig. 6-6. It is similarly observed that the electrical conductivities of 

LCO/xMWrGO pellets underwent an incremental improvement with increasing MWrGO 

inclusion. The electrical conductivity of LCO/xMWrGO pellets at x=0.5 wt% was only 

4.15 × 10-3 S cm-1 which means that the long-range 3D conductive network has not yet 

established, but it significantly increased to 2.81 S cm-1 at 1 wt% which was comparable 

to ~2.84 S cm-1 that was achieved for LCO/3%CNTs pellets produced by CSP. With 

further increasing MWrGO inclusions, the electrical conductivities of LCO/xMWrGO 

pellets was raised to ~3.21 S cm-1 at x=2 wt% and ~6.49 S cm-1 at x=3 wt%.  
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Fig. 6-6. The effect of MWrGO content on the electrical conductivities of LCO/xMWrGO pellets prepared 

at CSP conditions of 250 ℃, 250 MPa, and 60 min. 

The electrical conductivities of LCO/xMWrGO pellets and LCO/xCNTs pellets with 

respect to the various contents of 800W/10min MWrGO and CNTs, respectively, are 

compared and plotted in the same scale in Fig. 6-7. It is easily found that 1 wt% MWrGO 

inclusion endowed LCO/MWrGO pellets with the competitive electrical conductivity to 

that of LCO/3%CNTs pellets. The lower conductive filler content of MWrGO can be 

largely related to the larger surface areas and porous structure of MWrGO which was 

prepared using rapid microwave absorption method. Fig. 6-8 shows the comparison 

between MWrGO and CNTs in terms of the surface areas and porous structure. From the 

perspective of surface area, MWrGO exhibited much higher surface area (310.24 m2 g-1) 

than CNTs (125.01 m2 g-1). The larger surface area can provide more contact sites with 

LCO particles at the same content of conductive filler. On the other hand, the N2 

adsorption/desorption hysteresis loops of MWrGO was larger than that of CNTs in the 

relative pressure range of > 0.4, indicating impediment in the release of N2 gas during 
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desorption process by the presence of porous structure in MWrGO. The porous structure 

of MWrGO is believed to effectively establish an interconnecting 3D electrically 

conductive network. Moreover, the porous structure can enhance the absorption and 

retention of excess electrolyte solution, providing more lithium ion source to smoothly 

complete intercalation/deintercalation process in LIBs, which will be discussed below.  

 

Fig. 6-7. The comparison of electrical conductivities of LCO/xMWrGO pellets produced by CSP and 

LCO/xCNTs pellets produced by CSP with respect to the varied contents of 800W/10min MWrGO and 

CNTs, respectively. 

 

Fig. 6-8. Nitrogen adsorption/desorption hysteresis loops of MWrGO and CNTs. 
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Albeit that LCO/3%MWrGO pellets showed the highest electrical conductivity in Fig. 

6-7, our experimental work found that they had difficulty of being polished down to the 

thickness of less than 200 μm for the subsequent battery testing, which was presumably 

due to the significant “pull-out” effect of planar graphene sheets by sand paper. Note that 

the electrical conductivity (2.81 S cm-1) of LCO/1%MWrGO pellets was very close to 

that (2.84 S cm-1) of LCO/3%CNTs pellets. In order to make a meaningful comparison 

with LCO/3%CNTs pellets, LCO/1%MWrGO pellet was used for the subsequent 

experimental process. 

6.3. The effect of post-CSP annealing treatment 

In the same vein, the effects of post-CSP annealing treatment (temperature range of 100 

- 500 ℃) on the relative densities and electrical conductivities of LCO/1%MWrGO 

pellets produced by CSP were studied, as shown in Fig. 6-9. In comparison, the control 

group, dry-pressed LCO/1%MWrGO pellets, was also annealed at the temperatures range 

from 100 to 500 ℃. After being subjected to annealing treatment up to 500 ℃, the relative 

densities of LCO/1%MWrGO pellets were slightly increased from 77.1% at room 

temperature to 80.6% at 400 ℃ and to 81.0% at 500 ℃, as shown in Fig. 6-9. In contrast, 

an appreciable effect on densification was observed in dry-pressed LCO/1%MWrGO 

pellets. Specifically, the relative density of dry-pressed LCO/1%MWrGO pellets 

increased from 59.4% at room temperature to 78.4% at 500 ℃. 

Fig. 6-10 shows the impact of post-CSP annealing treatment (100 - 500 ℃) on the 

electrical conductivities of both LCO/1%MWrGO pellets produced by CSP and dry-

pressed LCO/1%MWrGO pellets. It can be found that the electrical conductivities of 

LCO/1%MWrGO pellets increased slightly from 2.81 S cm-1 at room temperature to 2.85 
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S cm-1 at 200 ℃ and then significantly to 3.51 S cm-1 at 400 ℃ before levelling off at 

500 ℃. Despite that little improvement was observed for the relative densities of 

LCO/1%MWrGO pellets after being annealed at 100 - 500 ℃, the electrical 

conductivities of LCO/1%MWrGO pellets can be effectively improved, which is 

presumably associated with the crystallisation of amorphous LCO phase precipitated on 

the grain boundaries of LCO/1%MWrGO pellets produced by CSP. On the contrary, the 

annealing treatment increased the electrical conductivities of dry-pressed 

LCO/1%MWrGO pellets from 0.93 S cm-1 at room temperature to 1.80 S cm-1 at 500 ℃. 

It can be concluded that the annealing treatment at 400 ℃ is beneficial to crystallising 

the amorphous LCO phase formed during non-equilibrium precipitation process induced 

by CSP. As such, higher relative density and electrical conductivity of LCO/1%MWrGO 

pellets can be obtained after annealing treatment at 400 ℃. Henceforth, all the 

LCO/1%MWrGO pellets produced by CSP were first annealed at 400 ℃ for 1 hour prior 

to being polished to thin pellets (< 200 μm in thickness). 
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Fig. 6-9. The plot of relative densities of LCO/1%MWrGO pellets produced by CSP and dry-pressed 

LCO/1%MWrGO pellets as a function of annealing temperatures in comparison with as-CSPed 

LCO/1%MWrGO pellets and as-dry-pressed LCO/1%MWrGO pellets. 

 

Fig. 6-10. The plot of electrical conductivities of LCO/1%MWrGO pellets produced by CSP and dry-

pressed LCO/1%MWrGO pellets as a function of annealing temperatures in comparison with as-CSPed 

LCO/1%MWrGO pellets and as-dry-pressed LCO/1%MWrGO pellets. 
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In summary, the LCO/1%MWrGO pellets (80.6% relative density, 3.51 S cm-1) were 

successfully prepared at the CSP condition of 250 ℃, 250 MPa and 1-hour duration time 

with 20 wt% LiOH solution, followed by post-CSP annealing treatment at 400 ℃. 
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6.4. Electrochemical characterisation 

The LCO/1%MWrGO pellets prepared above were then electrochemically probed using 

cyclic voltammetry (CV), galvanostatically charge/discharge techniques and 

electrochemical impedance spectroscopy (EIS). All the obtained data are compared with 

the data of LCO/3%CNTs pellets produced by CSP to study the viable substitution of 

CNTs with MWrGO in LCO composite cathodes. 

The CV test is a complementary technique to provide insights regarding the 

electrochemical reactions happening in cathode, such as redox potentials, reaction 

kinetics, and reaction reversibility. Fig. 6-11 shows the first-cycle CV curve of 

LCO/1%MWrGO cathode at a slow-scan rate of 0.1 mV s-1 in the potential window of 

3.0 - 4.2 V. The CV behaviour of LCO/1%MWrGO cathode was also characterised by 

three sets of well-defined redox peaks, which resembled very much LCO/3%CNTs 

cathode as shown in Fig. 6-12. More notably, the current peaks of LCO/1%MWrGO 

cathode were sharper and more distinguished in comparison with the counterpart. The 

main redox peaks represented the typical oxidation and reduction reaction of Co3+/Co4+, 

which was associated with the first-order phase transition between hexagonal I and 

hexagonal II in which lithium ions were inserted into/extracted from LiCoO2 hexagonal 

host matrix [247, 274, 275]. The two successive redox peaks at 4.06 V/4.05 V and 4.18 

V/4.16 V have been ascribed to the second-order hexagonal/monoclinic phase transition 

due to the lithium ion ordering in the CoO2 framework [71]. In short summary, when the 

LCO/1%MWrGO cathode was galvanostatically charged from 3.0 V to 4.2 V, a sequence 

of multiple phase transitions occurred by the variation in the value of x = 0.5~1 in LixCoO2: 

(i) hexagonal I to hexagonal II; and (ii) hexagonal structure to monoclinic structure, which 

agrees well with the in situ XRD analysis by Reimers and Dahn [71]. Furthermore, the 
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nearly symmetrical area under redox peaks in the CV curve of LCO/1%MWrGO was 

indicative of the excellent coulombic efficiency without too much capacity loss upon 

cycling.  

 

Fig. 6-11. The cyclic voltammogram of a half-cell consisted of LCO/1%MWrGO pellet for the initial cycle 

recorded at the sweep rate of 0.1 mV s-1 

In closer inspection of first-cycle CV curve of LCO/1%MWrGO cathode in Fig. 6-12, the 

anodic peak (3.95 V) and the cathodic peak (3.88 V) were separated by 0.07 V, which is 

smaller than 0.11 V for LCO/3%CNTs cathode. The reduced peak separation manifested 

the lower ohmic resistance in LCO/1%MWrGO cathode owing to the higher electrical 

conductivity of MWrGO over CNTs. The divergence in electrical conductivity between 

MWrGO over CNTs can also be studied by direct current internal resistance (DCIR). 

Despite that DCIR measures the overall ohmic resistance of testing cells which includes 

all the resistivity of the components of the cells, such as cell casing, active material itself, 

electrolyte, and conductive fillers, it can still be used to give an indication of electrical 

conductivity of MWrGO over CNTs because all the cell components used were the same 

except the conductive fillers. The DCIR of LCO/1%MWrGO pellet and LCO/3%CNTs 

pellet is compared at the 25%SOC, 50%SOC and 75%SOC in Fig. 6-13. This range of 

SOC was chosen because any associated error can be minimised within this range and it 
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can give a more reliable evaluation. Their results were calculated in Table 6-1. It can be 

readily seen that the DCIR for LCO/1%MWrGO pellet was lower than those for 

LCO/3%CNTs pellet regardless of SOC, which is simply attributed to the divergence in 

electrical conductivity of conductive fillers. It is worth noting that the DCIR for both 

LCO/1%MWrGO and LCO/3%CNTs decreased with increasing SOC. This decreasing 

trend is line with the reduce in electrical conductivity of LCO when the lithium ion are 

extracted from the host structure [322, 323].  

  

Fig. 6-12. The comparison for initial-cycle CV plots of LCO/1%MWrGO pellet and LCO/3%CNTs pellet 

at the sweep rate of 0.1 mV s-1 

 

Fig. 6-13. The DCIR profiles of LCO/1%MWrGO pellet and LCO/3%CNTs pellet performed at the same 

state of charge (SOC). 
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Table 6-1. The calculated DCIR values for LCO/1%MWrGO pellet and LCO/3%CNTs at different SOC. 

 LCO/1%MWrGO LCO/3%CNTs 

25%SOC [Ω] 23.31 46.97 

50%SOC [Ω] 20.33 37.35 

75%SOC [Ω] 18.41 31.49 

Fig. 6-14 (a) shows the CV curves of LCO/1%MWrGO composite cathode at various 

sweep rates in the potential window of 3.0 - 4.2 V. Three sets of well-defined current 

peaks were clearly observed at low sweep rate of 0.1 mV s-1. However, with increasing 

sweep rates, the anodic peaks shifted to higher potential while the cathodic peaks shifted 

to lower potential, as shown in the inset of Fig. 6-14 (a). Also, both anodic and cathodic 

peaks were less identified at high sweep rates. Since the insertion of Li ions in the bulk 

of the electrode material is a diffusion-based process, the kinetic reaction can be assumed 

to be in a condition of semi-infinite diffusion. It is worth noting that the peak currents (Ip) 

of the main peak (Ep=3.95 V) was found to be positively proportional to the square root 

of the sweep rates, which is shown in Fig. 6-14 (b) and can be described as Randles-

Sevcik equation [258]: 

𝐼𝐼𝑝𝑝 = (2.69 × 105) 𝑛𝑛
3
2 𝐴𝐴 𝐷𝐷𝐿𝐿𝐿𝐿

1
2  𝐶𝐶𝐿𝐿𝐿𝐿 𝑣𝑣

1
2  [Equation 22] 

Where, Ip is peak current (unit: A), 𝑛𝑛 is the number of electrons per molecule during Li 

ion insertion (𝑛𝑛 =1 for LiCoO2), A is the surface area of the electrode (unit: cm2), DLi is 

the Li-ion chemical diffusion coefficient (unit: cm2 s-1), CLi is the Li-ion concentration 

(unit: mol cm-3), and v is the sweep rate (unit: V s-1). The anodic and cathodic chemical 

diffusion coefficients in the solid phase at room temperature were determined using the 

Randles-Sevcik equation to be 2.276  × 10-12 cm2 s-1 and 0.863  × 10-12 cm2 s-1, 
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respectively, which are comparable with the reported values for thin-film LiCoO2 

electrodes (7.7 × 10-12 cm2 s-1 in reference [247] and 0.3~9.9 × 10-13 cm2 s-1 in reference 

[324]). The small divergence in the anodic and cathodic chemical diffusion coefficients 

was indicative of the excellent reaction reversibility, which is governed by Li-ion 

diffusion process.  

  

 

Fig. 6-14. (a) Sweep rate dependence of cyclic voltammogram for LCO/1%MWrGO pellet produced by 

CSP, (b) The relationship between the square root of the sweep rates for the LCO/1%MWrGO pellet and 

anodic/cathodic peak currents. 

(a) 

(b) 
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Fig. 6-15 shows the galvanostatic charge/discharge response of LCO/1%MWrGO 

cathode produced by CSP, along with their corresponding gravimetric/volumetric 

capacities at the constant current rate of 0.1 C in the potential scan range of 3.0 - 4.2 V. 

Due to the tiny inclusion of MWrGO, the LCO/1%MWrGO composite cathode exhibited 

a remarkably high density of 4.02 g cm-3 (corresponding to 80.6% relative density), which 

was even larger than that (3.82 g cm-3 corresponding to 79.5% relative density) of 

LCO/3%CNTs composite cathode prepared in Section 4.4. Indeed, it is overwhelmingly 

higher than that of conventional electrodes prepared by tape-cast method (~0.55 g cm-3), 

showing the merits of CSP to obtain dense cathode. 

In the initial cycle, the LCO/1%MWrGO cathode delivered a gravimetric charge capacity 

of 151 mAh g-1 and a gravimetric discharge capacity of 126 mAh g-1, yielding a coulombic 

efficiency of 83.4%. In consideration of the effective loading of LCO in the 

LCO/1%MWrGO cathode (4.02 g cm-3 × 99%), an extraordinary volumetric discharge 

capacity of ~501.5 mAh cm-3 was obtained in the initial cycle which was superior to that 

of LCO/3%CNTs cathode (459 mAh cm-3). Given that the discharge voltage was 3.88 V, 

the volumetric energy density of LCO/1%MWrGO cathode was determined to be 1946 

Wh L-1, which was greater than ~1764 Wh L-1 for LCO/3%CNTs cathode. In closer 

inspection of Fig. 6-15, the LCO/1%MWrGO cathode exhibited definite potential 

plateaus at around 3.95 V and 3.88 V during galvanostatic charge and discharge process, 

which were ascribed to the single stage intercalation of Li ions from/into the octahedral 

sites [74]. Two small successive plateaus were also observed at 4.07 V and 4.18 V in the 

charge process. These steady potential plateaus are in good agreement with the 

abovementioned CV analysis.  
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Fig. 6-15. The galvanostatic cycling curves of LCO/1%MWrGO pellet for 1st, 2nd, 5th, 10th, and 20th cycles 

at the current rate of 0.1 C. 

Fig. 6-16 compares the cycling behaviour of LCO/1%MWrGO composite cathode and 

LCO/3%CNTs composite cathode over 40 cycles at the current rate of 0.1 C. With regard 

to LCO/1%MWrGO cathode, a reversible gravimetric discharge capacity of 101.9 mAh 

g-1 can be retained after 40 cycles, corresponding to a capacity retention of 80.9%. This 

capacity retention was astonishingly higher than that of LCO/3%CNTs cathode (62% 

capacity retention) largely due to the use of porous graphene sheets in the rigid LCO 

matrix prepared by CSP. The presence of flexible graphene cushion was able to 

sufficiently buffer the repetitious volumetric change of LCO particles induced by first-

order phase transition to some extent and mitigate the formation of micro-cracks in the 

densely packed primary particles. Generally speaking, the formation and the propagation 

of micro-cracks results in a loss of grain-to-grain connectivity among primary particles, 
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which is the main reason to cell degradation. In addition to the buffer effect, the wrapping 

architecture of LCO by graphene sheets can also suppress LCO particles from 

disintegrating from the main matrix, as confirmed in Fig. 6-5. The ex situ XRD results of 

LCO/1%MWrGO electrode and LCO/3%CNTs electrode at pristine state and after 40 

cycles at full discharge state are shown in Fig. 6-17. It is easily recognised that the (003) 

peak of LCO/1%MWrGO cathode exhibited less shifting (from 18.9326° to 18.9017°) 

than LCO/3%CNTs cathode (from 18.9358° to 18.8685°) after 40 cycles, indicating the 

better structural integrity of LCO/1%MWrGO cathode during battery operation.  

 

Fig. 6-16. Cyclability comparison of LCO/1%MWrGO pellet and LCO/3%CNTs pellet between 3.0 V and 

4.2 V over 40 cycles at the constant rate of 0.1 C. 
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Fig. 6-17. X-ray diffractograms of (a) LCO/1%MWrGO cathode and (b) LCO/3%CNTs cathode at pristine 

state and after 40 cycles at full discharge state. The insets show the magnified view of (003) peak of each 

XRD result. 

Fig. 6-18 (a) shows the discharge rate capabilities of LCO/1%MWrGO composite 

cathode in the current rates of 0.1 - 5 C in comparison with LCO/3%CNTs composite 

cathode. It is clearly found that the overall rate capability performance of 

LCO/1%MWrGO cathode was superior to LCO/3%CNTs cathode, especially at high 

current rates (> 1 C). This could be attributed to the more abundant inter-planar tunnels 

which could enhance the absorption and retention of excess electrolyte solution for the 

diffusion of lithium ions across the thick solid electrode. At 0.1 C current rate, both 

cathodes delivered a comparable gravimetric capacity at ~120 mAh g-1. Nevertheless, 

with the increasing current rates, LCO/3%CNTs cathode showed more rapid capacity loss 

from ~80 mAh g-1 at 0.2 C to almost 0 mAh g-1 at 1 C. In contrast, the LCO/1%MWrGO 

cathode was still capable to deliver ~50 mAh g-1 at 1 C. At even higher current rate, the 

bulk-type LCO/1%MWrGO cathode can still release ~30 mAh g-1 at 2 C but it declined 

to merely ~10 mAh g-1 at 5 C. All the rate capabilities of the LCO/1%MWrGO cathode 
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and the LCO/3%CNTs cathode are clearly interpreted against C-rate in Fig. 6-18 (b), 

showing the advantages of MWrGO due to the excellent electrical conductivity and the 

high SSA. It is believed that a high SSA leads to a lower current density under the same 

current load and the lower current density is able to reduce the electrochemical 

polarisation, especially concentration polarisation, and facilitate the utilisation of 

electroactive materials. Provided that concentration polarisation is negligible, the 

distribution of current density across the bulk cathode can be described as: 

𝑖𝑖𝑎𝑎,0− 𝑖𝑖𝑎𝑎,𝐷𝐷
𝛼𝛼

− 𝑖𝑖𝑐𝑐,0− 𝑖𝑖𝑐𝑐,𝐷𝐷
𝛽𝛽

=  𝑖𝑖𝑎𝑎2𝑛𝑛𝑛𝑛
2𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

  [Equation 23] 

Where, 𝑖𝑖𝑎𝑎,0, 𝑖𝑖𝑎𝑎,𝐷𝐷, 𝑖𝑖𝑐𝑐,0 and 𝑖𝑖𝑐𝑐,𝐷𝐷 represent the oxidised current density and reduced current 

density at the cathode surface (𝑥𝑥 = 0) and under the cathode surface at the depth (𝑥𝑥 = D); 

𝛼𝛼  and 𝛽𝛽  are the transfer coefficients; 𝑛𝑛  represents the number of transfer electrons 

involved in the electrochemical reaction; F is the Faraday’s constant, 96485.33 C mol-1; 

R is the gas constant; 8.3145 J mol-1 K-1; T is the absolute temperature in the unit of K; 𝑘𝑘 

is the electrical conductivity; 𝜎𝜎 means the Warburg factor determined by 𝑍𝑍𝑟𝑟𝑟𝑟 and 𝜔𝜔−1/2 

(𝑍𝑍𝑟𝑟𝑟𝑟 ∝ 𝜎𝜎𝜎𝜎−1/2); S represents the SSA. It can be seen that higher electrical conductivity 

and SSA are beneficial to generating a more uniform distribution of current density. In 

this case, the electrical conductivity and SSA of MWrGO were measured to be 761.4 S 

m-1 and 310.24 m2 g-1, respectively, which are all higher than 528.2 S m-1 and 125.01 m2 

g-1 of CNTs, thereby leading to an improved accessibility of the cathode composite and 

better electrochemical dynamic performance at the same C rate. 

Notably, when the current rate reversed back to 0.1 C immediately after 5 C, the discharge 

gravimetric capacity of LCO/1%MWrGO cathode remained much the same as the initial 

value whilst the discharge gravimetric capacity of LCO/3%CNTs was slightly lower than 
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the initial value, indicating the microstructural integrity of LCO/1%MWrGO cathode has 

been preserved.  

        

 

Fig. 6-18. (a) Rate capability comparison of LCO/1%MWrGO pellet produced by CSP and LCO/3%CNTs 

pellet produced by CSP. (b) The dependency of capacity retention on C-rate of LCO/1%MWrGO pellet 

and LCO/3%CNTs pellets in semi-logarithmic plots (normalised to first-cycle capacity). 

Fig. 6-19 (a) shows the charge/discharge profiles of the LCO/1%MWrGO composite 

cathode at the rate range of 0.1 - 5 C within a cut-off window of 3.0 - 4.2 V. The potential 

plateaus appearing at around 3.95 V and 3.88 V during charge and discharge processes 

became less pronounced with increasing current rates, indicating that the first-order phase 

(a) 

(b) 
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transition was the diffusion-controlled process in the course of 

intercalation/deintercalation process. Close inspection of Fig. 6-19 (a) revealed that the 

discharge potential gradually declined with increasing current rates during discharge 

process, which is depicted in Fig. 6-19 (b). The phenomenon can be described by the 

relationship between discharge potential (𝜙𝜙), OCV (𝜙𝜙𝑜𝑜), polarisation potential (𝜂𝜂), and 

the internal resistance (𝑅𝑅) [209]: 

𝜙𝜙 = 𝜙𝜙𝑜𝑜 − (𝜂𝜂 + 𝐼𝐼𝐼𝐼) [Equation 24] 

𝜙𝜙𝑜𝑜 is a constant value determined by Gibbs free energy, as discussed in Equation 1; 𝐼𝐼 

represents the current flowing through the electrode; and the internal resistance  𝑅𝑅  is 

determined by (i) the intrinsic LCO particle resistance, (ii) intrinsic graphene sheets 

resistance, as well as (iii) the contacting resistance between LCO particles and graphene 

sheets/electrolyte. That being the case, it can be readily understood that 𝜙𝜙 is only affected 

by 𝜂𝜂 and 𝐼𝐼𝐼𝐼. Under constant internal resistance 𝑅𝑅, the higher 𝐼𝐼 will result in the lower 𝜙𝜙. 

The large ohmic overpotentials 𝐼𝐼𝐼𝐼 could be one of the reasons leading to the reduced 

reversible capacities at high current rates due to the earlier voltage cut-off and thus the 

premature termination of intercalation/deintercalation process of Li ions into/from the 

host structure. 
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Fig. 6-19. (a) The electrochemical charge/discharge curves of the LCO/1%MWrGO composite cathode at 

varying current rates, (b) The plot of discharge potential versus current rates plot for the LCO/1%MWrGO 

cathode. 

EIS measurement is the useful tool for obtaining battery dynamics information, especially 

the interfacial resistances between conductive fillers and active materials. It was 

conducted to investigate the reasons why LCO/1wt%MWrGO exhibited improved 

electrochemical properties and reaction kinetics over LCO/3wt%CNTs, particularly at 

tough charge/discharge rates. Fig. 6-20 interprets the Nyquist impedance spectrum 

obtained with a coin cell for LCO/1wt%MWrGO and LCO/3wt%CNTs over a frequency 

(a) 

(b) 
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range of 0.01 Hz to 10 kHz before and after the 40 cycles. All the curves comprise a single 

semicircle in the high-to-medium frequency regime and a quasi linear tail in the low-

frequency regime. An intercept on the real axis Zreal at high frequency regime is associated 

to the electrolyte resistance. The semicircle represents the charge transfer process which 

is highly related to electrode conductivity and interfacial contact with organic electrolyte. 

The inclined straight line at low frequency regime is ascribed to Li ion diffusion in the 

solid phase of the electrode or so-called Warburg diffusion. The impedance spectrum 

were fitted with an equivalent electrical circuit composed of different components to 

study the underlying species transport and reaction kinetics of LCO. The simulation 

circuit is given in the inset and the fitted results are listed in Table 6-2. 

After 40 cycles, the Rs for the LCO/3wt%CNTs exhibited greater increase (from 7.37 to 

8.67 Ω) than that for LCO/1wt%MWrGO (from 3.38 to 4.15 Ω), which indicated the 

parasitic side reactions of the electrolyte happening on the LCO particles could be 

suppressed by the MWrGO and hence lower resistance was observed. Rct is the main 

factor to affect the electrode kinetics during rate capability test, especially at high current 

rate. It is worth noting that the Rct for LCO/1wt%MWrGO was much smaller than that of 

LCO/3wt%CNTs regardless of cycling test. The effectiveness of MWrGO in improving 

interfacial charge transfer kinetics manifests itself when comparing charge transfer 

resistances at solid particles. The small values of LCO/1wt%MWrGO can be attributed 

to the improved contact area of MWrGO and the electrolyte retention through the porous 

structure of MWrGO. 
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Fig. 6-20. Nyquist plots of LCO/1%MWrGO pellet and LCO/3%CNTs pellet before and after 40 cycles 

with the equivalent circuit in the inset, where Rs represents the electrolyte resistance, Rct represents the 

charge transfer resistance, CPE stands for constant phase element for the electrode-electrolyte interface and 

Zw is often referred to the Warburg impedance, which arises from the Li diffusion in LCO particles. 

 

Table 6-2. Independent components of the LCO/1wt%MWrGO and LCO/3wt%CNTs electrodes deduced 

from the modelling of EIS data with the value uncertainty. 

Sample 
Pristine After 40 cycles 

Rs Rct Zw Rs Rct Zw 

LCO-MWrGO 3.38 18.27 5.45 4.15 18.84 6.47 

Uncertainty [%] 1.8981 0.9539 19.688 1.8813 1.0952 19.292 

LCO-CNT 7.37 28.53 19.72 8.67 31.19 34.11 

Uncertainty [%] 1.3847 1.2744 16.247 1.6016 1.0667 19.956 

To further understand the benefits induced by MWrGO, the diffusion coefficient (DLi, 

cm2 s-1) of Li ions are estimated from the plots in the low-frequency region using the 

following equation [325, 326]: 

𝐷𝐷𝐿𝐿𝐿𝐿 = 𝑅𝑅2𝑇𝑇2

2𝐴𝐴2𝑛𝑛4𝐹𝐹4𝐶𝐶𝐿𝐿𝐿𝐿
2 𝜎𝜎2

  [Equation 25] 
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Where, R is the gas constant (8.3145 J mol-1 K-1), T is the absolute temperature (298.15 

K), A is the surface area of the electrode (unit: cm2), 𝑛𝑛 is the charge transfer number (𝑛𝑛 

=1 for LiCoO2), F is the Faraday’s constant (96485.33 C mol-1), CLi is the Li-ion 

concentration (unit: mol cm-3) and σ is the Warburg factor which can be determined using 

the following equation:  

𝑍𝑍𝑅𝑅𝑅𝑅 =  𝑅𝑅𝑒𝑒 +  𝑅𝑅𝑐𝑐𝑐𝑐 +  𝜎𝜎𝜔𝜔−1/2  [Equation 26] 

Where, Rs represents the electrolyte resistance; Rct represents the charge transfer 

resistance and ω is the angular frequency. Fig. 6-21 interprets the linear relationship 

between Zre and ω-1/2 in the low-frequency regime, from which 𝜎𝜎 can be calculated. The 

DLi for LCO/1wt%MWrGO and LCO/3wt%CNTs pellets produced by CSP can be 

determined to be 9.18 × 10-13 cm2 s-1 and 1.71 × 10-13 cm2 s-1, respectively, with the former 

4 time than the latter. Thus, it can be seen that the MWrGO coating on the LCO particle 

surfaces can be helpful to improve the electrochemical kinetics.  

 

Fig. 6-21. The plots of Zre and the reciprocal square root of frequency for LCO/1wt%MWrGO and 

LCO/3wt%CNTs pellets produced by CSP. 
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Based on the above analysis, despite that MWrGO and CNTs are the allotropes of carbon 

in different dimensions and are constructed by the same basic carbon blocks: hexagonal 

carbon lattice, they result in different enhancement to the performance of LIBs. The 

differences can be elucidated in the perspectives of their intrinsic physical properties, 

such as electrical conductivity and morphology, and their interaction/architecture with 

the surrounding LCO particles. With the demonstration in Fig. 6-22, the key differences 

in the following aspects can be highlighted: 

(i) Morphology: MWrGO and CNTs are geometrically built by hexagonal carbon unit in 

2D and 1D, respectively. The establishment of an interconnected carbon network by 1D 

nanotubes and 2D nanosheets is of critical importance to sustain abundant electron 

pathways in electrode. However, the direct contact between LCO particles and the 

surfaces of conductive fillers results in the different contact modes. The 2D planar 

characteristics of MWrGO generally provides a “plane-to-point” contact mode which is 

able to guarantee rapid electrode conduction as compared to the “line-to-point” contact 

mode achieved in CNTs network. This effective interfacial contact between LCO 

particles and graphitic sheets not only improves the utilisation of LCO active materials, 

but also facilitates the less use of conductive filler, even at ultrahigh LCO content (99%) 

in LCO/1wt%MWrGO pellet. Moreover, in the wrapping/encapsulation architecture, the 

layered graphitic nanosheets can serve as an effective protective “blanket” to reduce the 

undesired side reactions between LCO and organic electrolyte, as confirmed in the above 

EIS results. 

(ii) Surface chemistry: due to the processing nature, MWrGO is likely to have more 

oxygen functional groups, as discussed in Chapter 5, on the surface compared to CNTs 

which is dominantly produced via CVD and has less oxygen functional groups. The 
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presence of oxygen functional groups endows MWrGO with a hydrophilic surface that 

promises strong polar-polar binding with organic electrolyte, thereby reducing the charge 

transfer resistance. 

(iii) Physical properties: MWrGO has higher specific surface area than CNTs and exhibits 

abundant porous structure. The two physical attributes as well as ripple flake edges 

together help to facilitate the penetration of organic electrolyte, resulting in enhanced Li 

ion movement during cell cycling. In addition, MWrGO shows a promising electrical 

conduction in two dimensions whilst CNTs only show electrical conduction in uniaxial 

direction, which may lead to anisotropic polarisation in CNTs-reinforced electrode.  

(iv) Void space: one of the major benefits induced by 3D interconnected porous structure 

formed by MWrGO is to introduce internal void space between LCO particles and 

MWrGO nanosheets, as schematically shown in Fig. 6-22 (b). The ample internal void 

space is of critical significance to relieve/alleviate repetitious volume 

expansion/contraction upon lithiation and delithiation to a large extent, thereby improving 

the structural integrity of dense and thick electrodes. Consequently, MWrGO retained a 

high volumetric energy density of 405.5 mAh cm-3 after 40 cycles, which was ~1.5 times 

higher than that of LCO/3wt%CNTs (278 mAh cm-3).  

The abovementioned aspects are equally essential for improving the electronic/ionic 

conductivities of electrode, electrochemical utilisation of active materials, 

electrochemical reversibility, and packing density of high-performance electrode for 

LIBs. 
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Fig. 6-22. The schematic representation of the architecture of LCO particles and (a) CNTs and (b) MWrGO. 
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6.5. Chapter conclusions 

This chapter presents the successful fabrication of high-volumetric-capacity LCO 

composite cathode with MWrGO as conductive filler. The LCO/1%MWrGO cathode was 

produced at the CSP condition of 250 ℃, 250 MPa and 1-hour duration time with 20 wt% 

2 M LiOH solution. The LCO/1%MWrGO cathode was electrochemically characterised 

in half cell configuration and was compared with the LCO/3%CNTs counterpart. 

 1 wt% MWrGO inclusion in LCO composite cathodes (2.81 S cm-1) was capable to 

provide a comparable electrical conductivity to 3 wt% CNTs inclusion in LCO 

composite cathodes (2.84 S cm-1). The lower MWrGO inclusion in LCO/xMWrGO 

composite cathodes increased the material of LCO loading to as high as 99 wt% in a 

composite cathode. Meanwhile, the MWrGO established an effective 3D electrically 

conductive network due to (i) the large surface area and the porous structure; and (ii) 

the unique graphene-wrapping-particle architecture. As such, the electrochemical 

properties of LCO composite cathodes were improved with even lower content of 

conductive filler. 

 The unique graphene-wrapping-particle architecture in electrodes not only preserves 

the original nanoscale characteristics of each constituent, but also provides synergism 

between different primary structures, thereby giving rise to better electrochemical 

properties under practical electrode conditions. 

 The LCO/1%MWrGO composite cathode delivered a gravimetric discharge capacity 

of 126 mAh g-1 in the initial cycle, corresponding to an extraordinary volumetric 

discharge capacity of ~501.5 mAh cm-3 and volumetric energy density of 1946 Wh 

L-1. Moreover, the rate capability performance of LCO/1%MWrGO cathode was 
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superior to LCO/3%CNTs cathode, especially at high current rates (> 1 C). The 

LCO/1%MWrGO composite electrode concurrently showed high volumetric energy 

density and promising rate performance at large mass loadings, which represented a 

critical step toward the practical application of high-energy-density LIBs. 

 This study demonstrated a versatile approach to fabricate bulk-type electrode towards 

next-generation energy storage devices, including supercapacitor but not limiting to 

LIBs, on which the high volumetric capacity/energy is the primary concern.  
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Chapter 7. Thesis conclusions 

This thesis described the research works of the novel CSP technology for the fabrication 

of binder-free LCO cathodes with high volumetric energy density and enhanced 

electrochemical figures of merit, which enables a highly attractive application in 

miniature electronic devices, electric/hybrid vehicles, and grid-scale energy storage 

system. Due to the low-temperature nature of CSP (< 300 ℃), the simultaneous sintering 

and integration of LCO and conductive fillers is achievable within short time, which has 

not been reported before. The conductive fillers used in this project were commercially 

available CNTs and MWrGO, the latter of which was synthesised via microwave-assisted 

reduction method. Several notable remarks on the project are listed as below: 

1. Influences from CSP process variables such as uniaxial pressure, process temperature 

and process duration time have been studied for monolithic LCO pellets and have 

found that they all have nearly equivalent effects on the consolidation of LCO. With 

a systematic investigation, the CSP processing condition of 250 ℃, 250 MPa and 1-

hour duration time was selected as the standard CSP processing parameters to co-

sinter LCO/carbon composite. 

2. The one-step synthesis of LCO/carbon composite cathodes has been reported for the 

first time and also the electrical conductivities of LCO/carbon composite cathodes is 

able to be manipulated by varying the carbon content and carbon type. It is found in 

this project that the percolation thresholds of conductive fillers in CSP-ed LCO pellets 

were 3 wt% for CNTs and 1 wt% for MWrGO. The discrepancy in building 

continuous electrically conductive network in bulk LCO cathodes with CNTs and 

MWrGO was attributed to the nanoporous structure, planar character, and high 
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electrical conductivity of MWrGO. The successful fabrication of LCO/carbon 

composite demonstrates that CSP is a new approach to prepare composite cathode 

which compromised ingredients with large chemical/physical differences. 

3. The major advantages of less addition of highly conductive MWrGO and the complete 

removal of the binder/current collector in LCO matrix translate into a ~10% increase 

in volumetric energy density as compared to the use of CNT. That is, ~501.5 mAh 

cm-3 for LCO/1%MWrGO and ~459 mAh cm-3 for LCO/3%CNTs. These values are 

amongst previously reported highest volumetric energy densities for bulk LCO 

cathode. 

4. The quality of MWrGO, mainly in terms of remaining oxygen functional groups, 

structural defects, surface area and electrical conductivity, can be manipulated 

through controlling the microwave powers and the inert gas atmosphere, which have 

not been reported before. Despite that the microwave power of 800 W and argon 

flushing time of 10 min were demonstrated to be the optimal MWrGO processing 

condition for the application of LIBs in this project, the microstructure and chemistry 

of MWrGO can be tuned for other application based on the realistic needs. 

5. The microwave coupling effect of GO was shown to be highly dependent on the long-

range π-π conjugated networks because free π electrons are required to move in a long 

distance to generate sufficient Joule heating. Compared with the addition of 

secondary microwave susceptor which is believed only to locally reduce the 

surrounding GO, the strategy of restoring the GO conjugated network by annealing at 

250 ℃ is beneficial to boosting the microwave absorption, thereby leading to a 

uniform reduction of GO. 
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6. The contribution of D’ peak to the apparent G peak likely give misinterpretation data 

of ID/IG and give misleading conclusions in the perspective of structural disorders in 

graphene. Therefore, by deducting the intensity contribution of D’ peak from the 

apparent G peak, a more reliable ID/IG-in ratio was proposed in this project to 

characterise the structural evolutions of graphene. This modified ID/IG-in ratio could 

be applicable to other graphene-based materials prepared using other methods, such 

as thermal/chemical reduction, liquid/gas exfoliation or CVD approaches. 
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Chapter 8. Future work 

 Despite that the capacity retention was improved for LCO/1%MWrGO cathodes by 

using porous and conductive graphene, the gravimetric discharge capacity was still 

diminished from 126 mAh g-1 to 101.9 mAh g-1 after 40 cycles, corresponding to a 

capacity retention of 80.9%. The cycle to cycle capacity fading could be attributed to 

the small LCO particles which exhibited large surface areas. Although the small 

particle size can enhance the dissolution process of LCO species during CSP and 

conduce to the diffusion rate of Li ions, the large surface areas react strongly with 

electrolyte liquid, leading to the serious decomposition [281]. Henceforth, the 

perspective for future research endeavour could be focussed on cold sintering process 

of LCO particles with slightly larger particle size without the sacrifice in relative 

density of bulk LCO pellets. 

 The concept of CSP on densification of LCO has been verified in this project for the 

first time, which enlarges the spectrum of cold-sintered ceramics for LIBs application. 

To date, bulk cathodes, such as LCO, LiFePO4 [17, 18] and V2O5 composite [106], 

and solid-state electrolyte, such as Na3.256Mg0.128Zr1.872Si2PO12 solid electrolyte [102] 

and Li1.5Al0.5Ge1.5(PO4)3 [105], have been reported using CSP technology. However, 

no report has been found for bulk anode. It is therefore worth pushing the boundaries 

of the CSP technology for fabricating full solid-state LIBs prototype which is 

demanded for its high safety. With further exploitation and multidisciplinary, there 

is no doubt that the development of CSP will bring about many advances in sintering 

technology and act to assist in the development of high safety energy storage devices. 

 Whilst the electrochemical evaluation of LCO cathodes to date has predominantly 
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relied on half-cell configuration, the studies using full-cell configuration are rather 

limited. Some perceived problems which are not identified in half cells may become 

obstacles in full cells and thus deteriorate the overall electrochemical performance. 

The full cell containing bulk LCO composite cathodes can be constructed with 

commercial graphite powder or the high-capacity MWrGO powder synthesised in 

Chapter 5. 

 The preparation of chemically doped graphene is normally achieved using high 

temperature CVD or heat treated at relative high temperature. However, this 

incorporation of dopants into the carbon framework of graphene sheets is generally 

not efficient and it may take up to several hours [327] and require high temperature 

[328]. Microwave-assisted heating is an efficient and homogenous heating method 

which can increase the reaction temperature within seconds. It would be interesting 

to make use of this unique heating strategy to produce chemically doped graphene 

with manipulating properties. 
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