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With the continuous increase of global population and consumption of 

resources, the dire need for an efficient and reliable energy system is 

becoming progressively prominent. The current energy system is still heavily 

dependent on fossil fuel, which is limited and harmful to the environment. In 

recent years, many countries have taken the initiative to transition into a 

phase where renewable and clean energy sources are gradually replacing fossil 

fuels and applied in various scenarios from residential buildings to power 
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grids. However, renewable energies has their intrinsic drawbacks because of 

their intermittent and fluctuating nature. Consequently, it is crucial for the 

energy storage system to be highly capable in terms of storage capacity, 

instant supply, and durability. Among various energy storage systems, 

lithium-ion batteries have emerged as a preferable choice because of its high 

capacity, chemical and thermal stability, and gradually decreasing cost. In this 

dissertation, we developed a series of composite electrode materials for 

lithium-ion batteries of high performance and low cost.  

Carbonaceous materials have been reported to improve the battery 

performance to a certain extent. However, the lack of focus in the designing of 

the architecture of the carbon materials could limit the effect that they might 

bring. We thus developed an intercalation method that allows FeCl3 to be 

directly embedded into the graphite matrix to synthesize LFP/Graphite as a 

cathode material. This method significantly increased electronic and ionic 

conductivity through a robust and highly conductive graphite matrix, 

tremendously improving the performance of commercial LFP to a reversible 

capacity of 160 mA h g-1, a rate performance of 107 mA h g-1 at 60 C, and an 

outstanding cycling ability of > 95% reversible capacity retention over 2000 

cycles. 

The intercalation method is then combined with Fe2O3 to improve the 

performance of graphite, which is the most prevalent material of the anode 

market. Graphite scaffold made via the intercalation process was able to 
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provide a stable supporting structure to prevent structural failure due to large 

volumetric expansion and a highly electroconductive network. We synthesized a 

high-performance anode material with a specific capacity of 391 mAh/g after 

350 cycles of charging/ discharging @ 500 mA/g, which improved the capacity 

of graphite by 50%. 

With rapidly growing world population and economy growth, the need for 

high-energy batteries with fast-charging capability is surging. Thus, it is 

essential to strategically combine materials so that while maintaining a high 

capacity and energy density, they could also exhibit an ability to accept fast 

charging. Graphene has been numerously studied and applied in composite 

materials in recent years, but its performance in terms of fast-charging has 

always been less than satisfactory because of both the poor quality of 

graphene, and the irreversible stacking of 2D structure within graphene. With 

this beard in mind, we designed synthesis processes for a hierarchical flower-

like nitrogen-doped graphene-based LiFePO4 composite material for cathodes, 

and high-quality mesoporous graphene particles for high-energy and fast-

charging anodes. 

In a hierarchical flower-like nitrogen-doped graphene-based LiFePO4 

composite, we used a template-based process to obtain a CVD-grown nitrogen-

doped graphene; the structure was able to withstand acid etching and 

subsequent charging/discharging processes, remaining at a ~100% coulombic 

efficiency at a high rate of 20C.  
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 In high-quality mesoporous graphene particles, we strategically combined a 

robust yet flexible graphene network with LFP nanoparticles that are closely 

packed. Followed by a microwaving process to largely increase the quality of 

the graphene to better provide an excellent electronic and ionic conducting 

network. The HNMG electrode provides a reversible capacity of 448 mA h g-1 

even at a high charge-discharge rate of 60 C, 3 times the capacity of the NMG 

electrode (163 mA h g-1) and 70 times the capacity of the graphite electrode (6 

mA h g-1). HNMG electrode also shows an excellent reversibility. Besides, due to 

the high tap density (0.63 g cm-3) of HNMG particles, the volumetric capacity of 

334 mA h mL-1 at a high rate of 60C.  

These methods provided potential solutions to the current issues of electrode 

materials of LIBs by synthesizing a series of carbon-based composite materials 

with unique designs targeting the conductivity issue of high-performance 

materials.  
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1 Introduction 

1.1 Background Information 

1.1.1 World Energy Crisis & Air Pollution 

Increasing consumptions of energy sources nowadays are mainly results of 

increasing population and prosperity. Consequently, technological developments in 

production and manufacturing to meet the ever-growing demand from the market. 

As shown in Figure 1.1, by 2050, it is projected that the world energy consumption 

will increase by 50%, led by growth in Asia.1 The increase, which could be mainly 

attributed to the industrial sector, including refining, mining, manufacturing, 

agriculture and construction in non-OECD countries.  Besides, petroleum and 

natural gas consumption are also predicted to rise.1 

 

Figure 1.1 Global Energy Consumption by Sector1 
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As illustrated in Figure 1.2, United States, energy consumption rate will be slightly 

lower than its production rate with energy efficiency continuing to increase.2  

 

Figure 1.2 United States Energy Consumption, History and Projections2 

In terms of petroleum, the demand is continuing to rise. It has been a focus of 

discussion that the peak of oil demand is approaching. However, the point of the 

peak is difficult to precisely predict because current estimations are largely dependent 

on assumptions. Besides, the price of oil will not drop immediately after the peak is 

reached, due to the fact that oil demand in the foreseeable future will remain 

significant. As illustrated in Figure 1.3 below, different projections based on various 

factors all show a demand of at least 80 Mb/d in 2040, which, if oil production is 

assumed to be declining at 3% every year, will still generate a wide gap between 

supply and demand.3 
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Figure 1.3 World Oil Demand (Mb/d) 

These statistics and projections indicate that the oil supply is becoming more 

challenging through the next few years, it is imperative to find solutions in terms of 

alternative forms of energy while putting carbon emission restraints into 

consideration.  

Gasoline is a major product from petroleum. The toxic and highly inflammable 

liquid is a major contributor of air pollution. When it is burned, the vapors it 

produces are mainly carbon monoxide, nitrogen oxides, and unburned 

hydrocarbons. Other primary pollutants also include sulfur dioxide. Secondary 

pollutants include O3 (from nitrogen oxides and hydrocarbons in the atmosphere), 

sulfuric acid (from sulfur in the atmosphere) and ammonium nitrate aerosols (from 

nitrogen oxide in the atmosphere). Another product of petroleum is diesel, which 

evolves gaseous pollutants including numerous cancer-causing organic compounds 
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including benzene, formaldehyde, polycyclic hydrocarbons, acrolein and 1,3-

butadiene. Despite the risks of emitting these exhausts, it was reported that diesel 

trucks are still one of the biggest polluters in California, accounting for 60% of smog 

pollution.4 

Air pollution has become one of the top risk factors that cause death globally, 

accounting for 4.2 million deaths and contributing to 9% of deaths in 2017.4  

Besides primary and secondary pollutants, greenhouse gases, which include carbon 

dioxide, methane, nitrous oxide, and fluorinated gases, trap heat in the atmosphere 

and consequently cause temperature rise. It was concluded that these climate 

changes are causing damages to human well-being, infrastructure, and ecosystems by 

due to increases in extreme weather.5 

With the growth of energy demand, decline in oil production, energy supply 

shortages and health risks caused by combustion of the products from petroleum, 

we are in dire need to replace fossil fuels by other forms of renewable, sustainable 

and clean energy.   
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1.1.2 Current Status and the Future Trend of the Energy Storage System 

There are four main categories of the current energy storage system: Portable 

consumer electronics; electrification, which consists mainly of energy storage in 

transportation; residential, and industrial energy storage.  

As illustrated in the Energy consumption by sector, the industrial sector is the largest 

consumer of energy worldwide, constituting more than half of global energy 

consumption.6 This is because the industrial sector contains refining, mining, 

manufacturing, agriculture, and construction. Industrial and transportation sectors 

are seeing an increase partly because of the increase in electric vehicles as well. It is 

also concluded that the energy paradigm is shifting from systems heavily dependent 

on fuel to electricity-powered storage. 

Over the past decade, solar and wind price have dropped to $0.02-0.03/kWh, which 

is 1/10 of the price a decade ago. As a comparison, energy storage by lithium-ion 

batteries costs around $100/kWh, also 1/10 of the price a decade ago, however still 

many magnitudes higher than solar and wind energy storage. In the foreseeable 

future, it is estimated that wind and solar usage will see a significant rise, not only in 

transportation, but also in residential uses. 

Nuclear energy, although not considered renewable, is a clean energy, and has been 

contributing to ~70% of the electricity generation of European countries such as 
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France and Slovakia. 7 However, despite researches conducted in institutes and 

universities, nuclear energy has not been a major contributor in the United States. 

Especially in California, Diablo Canyon, which is the only operational nuclear plant 

left in California since the permanent shutdown of the San Onofre Nuclear 

Generating Station in 2013, is voted unanimously by California regulators to be 

decommissioned in 2025, after 34 years of providing a constant base loading of ~ 

2000kWh.8 

1.1.3 Renewable Energy 

Renewable energy is considered to be any form of energy that is replenishable within 

a timeframe relevant for humanity. Three main categories of renewable energy are 

solar, planetary, and geothermal energy. The two forms of renewable energy that are 

the most prevalent are solar and wind energy. Over recent years, solar and wind-

powered energy systems have gradually replaced coal and is becoming the backbone 

of the energy industry. 

As mentioned in 1.1.1, researchers and policy makers are coming to a consensus that 

renewable energies should be replacing fossil fuels gradually because of the pollution 

and health risks that fossil fuels bring. It is imperative for the energy system to be 

powered by renewable, recyclable, and clean energy. Besides, the price of renewable 

energies has been brought further down because of the technological developments 
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in increasing their energy utilization efficiency. By 2019, 19% of the total energy 

generation of electricity could be attributed to renewable energy, which is predicted 

to be doubled at 38% by 2050. Among major types of renewable energy, solar energy 

is projected to be the fastest growing, from 125 kWh to 1000 kWh, followed by 

wind energy, almost tripling itself at ~750 billion kilowatthours.6 

 

Figure 1.4 Renewable energies in electricity generation 

The main hurdle of renewable energy becoming the only form of energy storage is 

their intermittency. They heavily rely on weather and there are constant fluctuations 

throughout the day. Take solar energy as an example, rooftop solar panels enable 

families to generate their own electricity, with minimal transmission losses since the 

distance of transmission is shorter than the height of their home. However, solar 

panels could only generate electricity when there is sunlight. If electricity generated 

could not be immediately used, it would be wasted; on a gloomy day or during 
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nighttime, power needs to be drawn from the grid as a compensation. This issue is 

commonly referred as the “duck curve problem”.  

 

Figure 1.5 (A) The “duck curve”. (B) Demand& supply curves of renewable energy.9 

 

The duck curve mainly addresses the dip between two points of time where the 

electricity demand peaks on a typical weekday.9 Throughout the years, since solar 

energy are utilized increasingly, the potential overgeneration is growing 

consequently.  

Besides, solar energy peaks during a day cannot be matched exactly with the demand 

peaks. Around sunset, demand peak of the day arrives when solar production just 

ends, which requires the grid generation to increase dramatically to compensate for 

the supply-demand difference. The same situation exists with other forms of 

renewable energy as well. Figure 1.5 shows the combined intermittent supply curve, 

which is constantly fluctuating, and needs to be complemented by easily adjustable 

hydro power and grid power.9 As long as the issue persists, electricity storage 
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systems will be needed to generate and provide immediate electricity generation and 

utilization. Therefore, electricity could be supplied at a constant and stable rate and 

remain in a dynamic balance when the electricity storage systems work in 

conjunction with the renewable power system. 

1.2 Electrical Energy Storage Systems 

There are four main categories of electrical energy storage systems.  

Mechanical Energy Storage Systems 

Mechanical energy storage systems are one the of the systems that are deployed in 

large scale. It includes PHS (pumped hydroelectric storage), CAES (compressed air 

energy storage), and FES (flywheel energy storage). All of the three energy storage 

systems are largely deployed. Pumped hydroelectric storage is one of the easily 

adjustable systems as a complementary system mentioned in 1.1.3. Water is pumped 

through the system from a low to a high reservoir; water is then released through a 

hydroelectric turbine to generate electricity when electricity is needed. PHS system 

have a relatively high efficiency at around 80%, and a long cycle life of around 50 

years; however, the installation construction usually takes 3-5 years, which is less 

practical and financially feasible than other storage systems.10 
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Compressed air energy storage systems pump air into a cavern. Air is pressurized 

and stored there. When electricity is needed, the stored air is heated through the 

system and hence expanded to turn an electricity generator. CAES generates three 

times of energy than natural gas; however, it has a relatively low efficiency of around 

50%.10 This is also the reason that CAES are only used in several locations in the 

U.S. 

FES (flywheels energy storage) is mostly used for effective load-leveling to 

compensate for the changes in supply-demand balance. It stores electricity by rotors 

spinning at an adjustable speed, the kinetic energy generated is then used to generate 

electricity. They have a long cycle life, high efficiency at 85%, high energy density, 

and low installation costs. However, they are not suitable for long-term energy 

storage.11 

Electrochemical Energy Storage Systems 

Electrochemical energy storage systems consist of flow batteries and secondary 

batteries. These systems account for 7-13 times of electric power compared to 

mechanical energy storage systems.12 Secondary batteries store electricity as chemical 

energy; when electricity is needed, chemical energy stored is then converted back 

into electrical energy. Deployed secondary energy storage system contains lithium-
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ion batteries, lead-acid batteries, nickel-based and sodium-based batteries. They have 

a high efficiency of 60-95%. 11 

Flow batteries are essentially rechargeable fuel cells that also converts chemical 

energy to electrical energy reversibly. They have long life cycles but lower energy 

density, hence used mainly for continuous low energy density power supply. 

Chemical Energy Storage Systems 

Chemical energy storage system refers to hydrogen fuel cells, where hydrogen and 

oxygen are combined to generate electrical energy. It is a technology that’s still in its 

early stage. There are several advantages of this system: it has a high energy density; 

it has no carbon emission since its only product is water; when the process is 

reversed, oxygen and hydrogen, both useful resources, are produced. However, 

because of the high cost and well-known safety issues, it is still being heavily studied 

and optimized for practical use. It is mainly used as back-up power systems. 

Electrical Energy Storage Systems 

Electrical energy storage systems include mainly electrochemical capacitors. They 

generate electricity by directly storing electrical charge in between two plates, instead 

of converting electricity to chemical energy to be stored as in batteries. Thus, they 

have a higher rate capability than batteries. This trait makes them suitable to be used 
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for providing a large current during load spikes. However, because of the large 

amount of the charge that they are able to store, electric shock hazard of capacitors 

is the main obstacle of them being deployed in a larger scale. They are still in the 

process of being demonstrated. 

Thermal Energy Storage Systems 

Thermal energy storage systems use salts, rocks and other material to be heated in 

order to store heat energy in an insulated environment. Steam generated by pumping 

cold water onto the heated salts and rocks are used to turn turbines when electricity 

is needed. Energy efficiency of thermal energy storage system varies drastically from 

50% to 90%.10 

1.3 Electrochemical Energy Storage Systems 

With numerous commercialized applications and continuing research interests for 

improvements, electrochemical energy storage systems are the most utilized systems 

in the recent years out of all deployed systems discussed in 1.2. By comparison with 

other forms of energy storage, electrochemical energy storage systems have the most 

characteristics that fits the requirements of a reliable power system: it must provide a 

high capacity, energy density, energy efficiency while maintaining low cost and long 

lifespan. Compared to PHES and CAES, batteries in general have an energy 

efficiency of >90%; they also don’t have a rigorous requirement for geographical 
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locations as PHES and CAES do; moreover, they have a long cycle life, flexible size 

and energy density for different grid needs, making them a practical choice to store 

excess energy generated and release it when demand is high.  

1.3.1 History of Batteries 

 

Figure 1.6 History of batteries 

Battery systems have come a long way ever since before the 1800s. From the first 

discovered battery “Baghdad Battery”, to numerous battery systems that operate on 

different chemical reactions to meet the large-scale application needs, 

electrochemical energy storage is gradually taking over multiple sectors of energy 

storage.13 

Benjamin Franklin was the first person to use the word “battery” to describe a series 

of capacitors linked together during an experiment he did in the 1740s. After that, 

the first electrochemical cell was made by Alessandro Volta in 1800, followed by the 
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arrival of lead-acid batteries almost 60 years after that, which are still used in smaller 

power systems.14 1866 was the year carbon-zinc battery was invented. Using zinc and 

manganese dioxide as electrodes and replacing ammonium chloride solution with a 

pastier version of an electrolyte, the first dry cell was created. Replacing the 

electrolyte by alkaline, alkaline batteries with higher energies at larger currents were 

made. In 1899, the first nickel-cadmium battery was made.15 Lithium and lithium ion 

batteries, first invented in 1980 by John B. Goodenough, was made by lithium cobalt 

oxide as the cathode and lithium metal as the anode. It was later commercialized by 

Sony in 1990. After that, Goodenough proposed another cathode, lithium iron 

phosphate, a more thermally stable material than lithium cobalt oxide. Akira Yoshino 

switched the anode material with a carbonaceous material, petroleum coke, as the 

anode material for lithium-ion battery, and made the system more stable and safer. 

John B. Goodenough, Akira Yoshino, along with Stanley Wittingham, won Nobel 

Prize in Chemistry 2019 for the development of the lithium-ion battery. 

1.3.2 Types of Electrochemical Energy Storage Systems 

Lithium-ion Batteries 

See Chapter 2 for detailed introduction and discussion. 

Compared with other forms of electrochemical energy storage systems, lithium-ion 

batteries have high cell voltage of 4V and energy density of up to 700 Wh/L.16 
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Coupled with long cycle life and high rate capability, it has already been highly 

adapted in portable consumer electronics, electric vehicles. However, in order to be 

put into application in grid storage systems, cost per unit kWh needs to be brought 

further down in the future.  

Lead-acid Batteries 

Lead-acid batteries are the first rechargeable batteries ever developed; first made in 

1859, it has been continuously improved and adapted in various applications such as 

grid storage for renewable energy, engines, and power tools. Schematic illustration 

and reaction equations are shown in Figure 1.7 below.17 The advantages of lead-acid 

batteries are that the production and installation are easier and less expensive than 

most of other batteries; however, the chemistry of this type of batteries determined 

that they have a fairly slow charging process, irreversible reaction after a lead sulfate 

layer forms on the surface of anode when discharging, and short cycle lives. 

Furthermore, chemical waste of lead-acid batteries are corrosive and toxic, making it 

harder to justify for investors and customers.  
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Figure 1.7(A) Discharging process of a typical lead-acid battery; (B) Charging process of 
a typical lead-acid battery; (C) Reaction Equations of a lead-acid battery.17 

Ni-MH and Ni-Cd Batteries 

Ni-Cd batteries were developed in the 1990s. It was the most prevalent battery 

system during that time. Ni-MH batteries were later developed; since they provide 

40% more specific energy at 60-80 Wh/kg, higher power capability, and more 

environmental friendliness compared to Ni-Cd batteries, Ni-MH batteries gradually 

replaced Ni-Cd batteries and dominated hybrid electric vehicle market with a 95% 

share.18 Figure 1.8 (A) and (B) show the scheme of Ni-MH and Ni-Cd batteries.19 20 
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Figure 1.8(a) Structural components of Ni-Cd battery; (b) Structural components of Ni-
MH battery.19 20 

Na-S Batteries 

Sodium sulfur batteries are utilized in large scale energy storage systems as load 

leveling and peak shaving. The structure of the system could be found in Figure 

1.9.21 Na-S batteries have a high efficiency of 75-85%, high energy density(150-240 

Wh/kg), a long cycle life of 15 years, and a low cost of raw materials.22 The only 

drawback of this system is the high operating temperature. Since to maintain sulfur 

at a molten state, the temperature needs to be kept at a temperature as high as 270-

350 °C.22 This requires heavy precaution due to potential risk of explosion when 

sodium comes into contact with air. 

(a) 

(b
) 
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Figure 1.9 Schematic of the Na-S battery21 

Redox-flow Batteries 

Redox-flow batteries are currently the most discussed type of flow batteries. 

Generally, flow batteries distinguish themselves from other batteries by storing 

energy in the electrolyte, which is continually supplied by continuously pumping 

from a storage tank.23 This unique structure giving flow batteries a long cycle life. 

Raw materials for these batteries are inexpensive and highly available, which fits the 

requirements for large-scale energy storage systems in level-loading and peak 

shaving. The main focus of studies on flow batteries is to improve the energy 

density, currently at 40 Wh/kg.24 
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Figure 1.10 Structure of a redox flow battery.23 

Metal-air Batteries 

Researchers have been studying various forms of metal-air batteries because of their 

high theoretical energy densities. Since the cathode is comprised of only air, it 

tremendously reduces the weight and cost of the cathode material compared to all 

other types of batteries. However, because of the existence of the liquid-gas-solid 

interface, as shown in Figure 1.11, catalysts are often used in the system to aid the 

oxygen reduction reaction process.25 It has been discovered that Pt has a good 

catalytic activity for metal-air batteries, but due to the high cost, carbon composite 

materials are also being heavily studied to improve the ORR activity.26  

The most commonly used and commercialized metal-air batteries are zinc-air 

batteries. A schematic of Zn-air battery and reaction equations for both electrodes 

are shown in Figure 1.11 below. Zinc-air batteries have a theoretical energy density 

of 1084 Wh/kg, much higher than practical energy density of Li-ion batteries.25 They 
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are suitable for applications that requires a light weight, smaller current supply, and 

longer operation time, such as hearing aids, wireless headphones, and muscle 

stimulators. However, they also suffer from zinc dendrite formation, low oxygen 

solubility, and internal polarization, disqualifying them from being adopted in large-

scale energy storage systems. 

Lithium-air batteries have even higher specific energy and discharging voltage, 

incenting researches for applications. However, obstacles of Li-air battery 

applications include irreversibility of its overall chemical reaction in aqueous 

electrolyte, more expensive raw materials, and more environmentally hazardous than 

Zn-air batteries. Coupled with the low energy efficiency of ~50% for metal-air 

batteries in general, substantial issues need to be addressed before any form of large-

scale application.27 

 

Figure 1.11 A schematic and reaction equations for Zn-air batteries.25 



 
 

21 

Comparisons and Summary 

Among various types of electrochemical energy storage systems including but not 

limited to the ones introduced in this section, lithium-ion batteries have the highest 

possible cell potential (3.2~3.8V vs. Li/Li+), the highest energy density and specific 

power combination, and the highest possible energy efficiency because of its 

extremely light weight.28 With recent developments of various methods, including 

pre-lithiation and employing solid electrolytes, their coulombic efficiency is further 

improved, leading to constantly reducing price and wasted raw materials. It is 

indisputable that LIBs have attracted the most interest in commercialization in 

portable consumer electronics and electric vehicles. 

 

Figure 1.12 Specific energy (in Wh kg-1) and energy density (in Wh L-1) of different battery 
systems.29 
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2 Lithium-ion Batteries 

2.1 Constituents and Reactions 

Common lithium-ion batteries, as shown in Figure 2.1, consist of mainly four parts: 

a cathode, an anode, a separator, and the electrolyte, which allows the ions to move 

through the separator.30 Cathodes are usually made of lithium metal oxide to achieve 

high voltage and capacity due to their structural stability. Graphite is the most 

commonly used anode, among other carbon-based anode materials for LIBs. 

Electrolytes are typically a lithium-containing salts dissolved in an organic solvent, 

such as LiPF6 dissolved in 1:1 vol% ethylene carbonate: diethyl carbonate (EC: 

DEC). Current collectors, usually aluminum foil for cathodes, and copper foil for 

anodes, are placed outside each electrode to conduct current from the electrodes to 

the external circuit.  

Both cathodes and anodes allow Li+ ion to be intercalated and deintercalated. When 

the battery is being charged, Li+ ions are deintercalated from the cathode, move 

through the electrolyte and are intercalated into the anode. At the same time, same 

number of electrons move from the external circuit from the cathode to the anode. 

During discharge, Li-ions move in the reverse direction, and the electrons also move 

from the anode back to the cathode. The intercalation and deintercalation that take 

place at the electrodes are reversible, making the lithium-ion battery rechargeable. 
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Figure 2.1 Basic design of a lithium-ion cell.30 

The cell shown in Figure 3 above consists of a graphite anode and a LiCoO2 

cathode.5 For this cell, reversible reactions that take place on these electrodes are 

shown below: 

Deintercalation during charging (cathode): 

LiCoO2 - xe- - xLi+ → Li1-x<O2 

Intercalation during charging (anode): 

6C + xLi+ + xe-  →  LixC 
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Overall reaction: 

LiCoO
2 
+ 6C → Li

1-x
CoO

2 
+ Li

x
C

6
 

Different combinations of cathode and anode materials, whether it is an 

intercalation-type or conversion-type material, follow similar chemistry of lithium-

ion and electron traveling between the cathode and the anode; however, depending 

on the specific crystalline structure, specific capacity and discharging potential varies 

between individual material. Figure 2.2 gives an illustration of the potential and 

capacity range for commonly studied materials.31 

 

Figure 2.2 Specific capacity and potential for various types of LIB electrode materials.31 
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2.2 Battery Performance Specifications 

Theoretical & Practical Specific Capacity 

Capacity represents specific energy in ampere-hours (Ah). Ah is the discharge 

current a battery can deliver over time. Chargers have some tolerance as to Ah rating 

(with same voltage and chemistry. 

The theoretical capacity of a cell can be calculated by Faraday’s law: 

𝑄!"#$%#!&'() =
*+

,-../!
 mAh/g; 

where n is the number of charge carrier, F is the Faraday constant and Mw is the 

molecular weight of the active material used in the electrode.9 

Taking one of the most commonly used cathode materials as an example, we have: 

LiFePO4 → FePO4 + Li+ + e- 

Since molecular weight, 𝑀0 of LiFePO4, is 157.7 g/mol, number of charge transfer, 

n=1, and F=96485.3329 s·A/mol, Q=170 mAh/g.32 

However, in reality, practical specific capacity of an operating cell can be different 

from the theoretical value. Practical specific capacity can be calculated from reading 

the voltage-time curve from the galvanostatic cycling test: 
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𝑄!"#$%#!&'() =
&∗2∗!"#$	&''
,-../!

 mAh/g; 

where i is the current density in A/m2, A is the area in m2, tcut off is the time to reach 

the cut off potential (Vcut off) in seconds, and Mw is the molecular weight of the active 

material used in the electrode. 

Specific Energy Density, Volumetric Energy Density and Specific Power 
Density 

There are two types of energy density that are commonly referred to in order to 

describe the energy stored in a given system. Specific energy density is the amount of 

energy stored in a given cell per unit mass, it has the unit of Wh/kg.33 Volumetric 

energy density, sometimes referred to as energy density, is the amount of energy 

stored in a given cell per unit volume, with the unit of Wh/dm3. With the same 

amount of energy stored, energy density is higher for lighter materials. Hence, in 

order to achieve a higher energy density, it is crucial to use lighter materials when 

choosing from materials with similar amount of energy stored. Specific power 

density refers to the power generated by a cell per unit mass, with a unit of W/kg.33 

Coulombic Efficiency 

Coulombic efficiency, also called faradaic efficiency, describes the efficiency with 

which charge is transferred in a system facilitating an electrochemical reaction. 
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Coulombic efficiency is the ratio of charge extracted from the battery to total charge 

put into the battery over a full cycle. 

Lithium-ion batteries usually have high coulombic efficiencies that exceeds 99%.33 

However, when charged at a higher current or temperature, coulombic efficiency 

could be affected. Besides, coulombic efficiencies are lowered under ultra-fast 

charging because of losses due to charge acceptance and heat.34  

2.3 Battery Testing Methods  

Open Circuit Voltage 

Open-circuit voltage is the difference of electronic potential between two terminals 

of a device when disconnected from a circuit. However, measuring a battery's open 

circuit voltage is not a reliable measure of its ability to deliver current. As a battery 

ages, its internal resistance builds up, reducing the battery's ability to accept and to 

hold charge, but the open circuit voltage will still appear normal despite the reduced 

capacity of the battery. Comparing the actual internal resistance with the resistance 

of a new battery will provide an indication of any deterioration in battery 

performance. 
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Cycle Testing 

Batteries experience repeated charge-discharge cycles to verify if they could meet the 

expected cycle life. Cycle life is usually defined as the number of charge - discharge 

cycles a battery can perform before its nominal capacity falls below 80% of its initial 

rated capacity. Taking a cathode material, LiFePO4, as an example, the half-cell 

battery is usually first charged up to ~3.6V, then discharged to ~2.8V,35 and the 

process is repeated to test its cycle life and coulombic efficiency. During charging 

and discharging, the processes could be set as a constant-current process, or 

constant-rate process, which is obtained from the current (mA/g) divided by the 

specific capacity (mAh/g). It is also equivalent to the reciprocal to the unit of 

time(h). Specifically, if a battery is charged at a constant rate of 2C, the voltage will 

reach the cut-off voltage in 1/2=0.5h. Temperature change, charge/discharge rates 

could potentially impact the cycle life of the cells.  

Impedance and Conductance Testing 

Conductance, C, has a direct correlation with the battery's capacity, whereas 

Impedance, Z, gives an inverse correlation. The conductance of the cell therefore 

provides an indirect approximation to the State of Health of the cell.  

Battery impedance increases with age. The test method involves applying a small AC 

voltage "E" of known frequency and amplitude across the cell and measuring the in-
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phase AC current "I" that flows in response to it. The Impedance "Z " is calculated 

by Ohm's Law to be Z=E/I; the Conductance "C" is similarly calculated as C=I/E 

(the reciprocal of the impedance) 

2.4 Cathode Materials  

With ever-growing demand of global energy, rechargeable lithium-ion batteries 

(LIBs) have been thoroughly investigated as power sources for electric vehicles 

(EVs) and hybrid electric vehicles (HEVs). LiCoO2 (LCO) was first reported by 

Goodenough group in 1980 and was commercialized by Sony Corporation in 1991.35 

36 Disadvantages of LCO include low thermal stability and specific capacity, high 

costs, and toxicity. In 2001 Ohzuku and Makimura successfully achieved the 

application of LiNi1/3Mn1/3Co1/3O2 which has the same layered α -NaFeO2 structure 

with hexagonal symmetry (space group R-3m) as LCO.37 Differences are NCM has a 

much higher capacity and thermal stability, lower costs, and it is environmentally 

friendly.38 Anhydrous and stoichiometric layered LMO was prepared almost two 

decades ago; however, its poor cycling stability has hindered its large-scale 

commercialization.39 Since the first report of LiFePO4 in 1997 by Goodenough 

group, LiFePO4 has become one of the most commonly utilized cathode materials in 

both researches and industrial applications.39 In terms of specific capacity, Ni-rich 

cathodes show an absolute advantage out of all cathode materials, with NCM’s 

practical capacity of 160 mAh/g, and NCA, ~200 mAh/g.40 NCA is also known as 
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the cathode material for Tesla Model 3 because of its safety features and higher 

capacity compared to NCM with similar structure. Cell voltages of common cathode 

materials are up to ~3.8V; specific capacity ranges from 170-300 Ah kg-1; and energy 

density ranging from 450-900 Wh/kg.41 As shown in Figure 4(b), Ni-rich NMC, 

such as LiNi0.6Mn0.2Co0.2O2 and LiNi0.8Mn0.1Co0.1O2, have energy densities of ~800 

Wh/kg; Li-rich Mn-rich NMC layered-structure materials have an energy density of 

900 Wh/kg.41 In general, these new types of cathodes have substantially higher 

energy densities than traditional cathode materials, indicating a significant potential 

in improvement in driving mileage for EVs and PHEVs. 

 

Figure 2.3 Potential and specific capacity of common cathode materials.16 
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Figure 2.4(A) Typical discharge voltage profiles of different cathode materials. (B) 
Energy density profiles of different cathode materials.41 

LCO (LiCoO2) 

LiCoO2(LCO) is the first commercially used layered transition metal oxide cathodes. 

It is still used as one of the most common cathode materials for Li-ion batteries. 

Within each crystal unit, Co and Li atoms occupy alternating layers at the octahedral 

sites to form a hexagonal symmetry (as shown in Figure 2.5a).42 LCO is used 

prevalently due to its relatively high theoretical specific capacity of 274 mAh/g, high 

volumetric capacity of 706 Ah/L, high energy density, and long cycle life.43 

However, LCO has high cost due to high price of Co, low thermal stability, and 

experiences significant reduction of capacity under higher currents.  

LMO (LiMnO2) 

LiMnO2(LMO) is another promising candidate for LIB cathodes because of its lower 

cost and toxicity. However, the drawbacks of this material are noticeable: during Li 
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de-intercalation, the layered LMO structure (Figure 2.5b42) tends to turn into spinel 

structure, affecting cycling stability of the cathode. This phase transition of cubic 

lithium manganese oxide to tetragonal lithium manganese oxide leads to a significant 

loss of capacity. Mn dissolution occurs when Mn3+ ions undergo a 

disproportionation reaction to form Mn2+ and Mn4.21 Mn2+, which is soluble in the 

electrolyte, could interrupt the stability of the anode SEI. LMO is thus not widely 

commercialized. 

 

Figure 2.5 Crystal structures of (a) LCO, (b) LMO, and (c) NCA42 

NCA (LiNi0.8Co0.15Al0.05O2) 

LiNi0.8Co0.15Al0.05O2 (NCA) is obtained from substitution of cobalt in NMC for 

nickel and further stabilization of the lattice with Al3+ (Figure 2.5c).44 This material 

has typical values of x=0.15 and y=0.05, making the crystal structure stable to 

endure high-current commercial applications.45 As a result, NCA cathodes have 

extensive commercial uses, for example, in Panasonic batteries for Tesla EVs. NCA 
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has high usable discharge capacity (200 mAh/g) and long storage shelf life compared 

to conventional Co-based oxide cathodes.46 However, at higher temperatures (40–

70C), capacity reduction become comparatively noticeable temperature due to 

formation of solid electrolyte interface micro-crack growth at grain boundaries.47 

Lithium Iron Phosphate (LiFePO4) 

LiFePO4 is one of the most promising and widely commercialized cathode materials 

for LIB. LiFePO4 has an olivine structure.48 49 The oxygen atoms are arranged in a 

hexagonal closed pack. The phosphorus atoms occupy tetrahedral sites; the iron and 

lithium atoms occupy octahedral 4a and 4c sites, respectively.50 Each FeO6 

octahedron is connected with four FeO6 octahedra, forming zigzag planes. One 

FeO6 octahedron has common edges with two LiO6 octahedra.51 PO4 groups share 

one edge with an FeO6 octahedron and two edges with LiO6 octahedra. As shown in 

Figure 6, the delithiated phase of LiFePO4, FePO4, has extremely similar structure to 

that of LiFePO4 except that FePO4 host framework has a small extent of structural 

deformation.52 This similarity in structure minimizes the volume change of the 

cathode when charge-discharge processes take place, hence diminishing the capacity 

fading during the process. This explains the exceptional electrochemical cyclability of 

the system. Besides, because of its strong covalent P-O bonds, LFP structure could 

remain unchanged even at comparatively high temperatures (~350 ºC).53  
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Figure 2.6 Crystal structure of LiFePO4 

Apart from its high theoretical capacity (170 mAh/g) and cyclability, it’s highly 

abundant, safe, and has low toxicity. However, electrochemical performance of 

LiFePO4 cathodes are largely restricted by poor intrinsic electronic and ionic 

conductivity.54  

During charging/discharging process, failure of rapid electron transfer when 

insertion/extraction of Li+ ions happens hinders the process, resulting in a 

deteriorated electrochemical property.55 Interruption of Li+ diffusion is a resistance 

to the motion of a LiFePO4/FePO4 phase boundary, which removes portions of the 

cathode from access to a reversible Li insertion. Li+ ion diffusion coefficient is much 

lower than that of LiCoO2 (5×10-9 cm2/s).30 Reported value of Li+ diffusion 
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coefficient by Franger and co-workers is around 10-13–10-14 cm2/s for LiFePO4. 

Electronic conductivity of LiFePO4 is reported to be 1.8×10-9 S/cm.56 

Since LiFePO4 has high natural abundancy, low cost, and is environmentally friendly 

despite its low Li+ diffusion and electronic conductivity, it is still considered a 

promising candidate for LIB cathode material.57 In order for its electrochemical 

performance to meet the requirements of large-scale commercial applications, there 

are several approaches of structural modification.  

NCM (Li[NixCoyMnz]O2) 

 

Figure 2.7 Crystal structure of NCM 

LiNixMnyCozO2 has a layered crystal structure, as shown in Figure 7. It has space 

group R-NaFeO2 (R-3 m) as shown on Figure 8.58 For various compositions of 

NMC, higher contents of nickel (Ni) often indicated that the capacity of NMC 
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cathode is higher, because of the transition of multivalent state during reduction 

reaction; manganese (Mn) mainly contributes to stabilizing the NMC structure from 

the insertion and extraction of Li+ ion during discharge/charge proces;59 cobalt (Co) 

is an indication for high-rate performance of the cathode. Ni-rich NMC, where the 

coefficient of Ni is at least 0.5, can provide higher capacity of 200-220 mAh/g for 

cathodes than LiNi1/3Mn1/3Co1/3O2 (NMC 111), which has the capacity of around 

160 mAh/g.60  

 

Figure 2.8 Structure of R-NaFeO2 (R3m). 
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Figure 2.9 Effects of Ni, Co and Mn content on properties of NCM 

However, NCM is restricted by its poor rate performance and cycle stability, 

especially at higher C-rates, due to 1) low electronic conductivity, which is 10-7 ~10-2 

S/cm and low Li-ion diffusivity of 10-12 ~10-10 cm2/s; 2) the thermodynamically 

favorable Li+/Ni2+ cation mixing that hinders Li+ ion mobility. Since the ionic radius 

of Ni2+ (0.069 nm) and Li+ (0.076nm) are close, Ni2+ is prone to be transferred into 

Li ions crystallographic 3a sites.58 Meanwhile, Li ions will transfer into 3b sites.61 

This is the major issue that needs to be solved for achieving satisfactory 

electrochemical performance, i.e., to prevent Ni3+from oxidizing to Ni4+ during 

charging, hence collapsing the NCM lattice and reducing the diffusivity of Li-ion.  
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Figure 2.10 (a, b) Ni 2p3/2 X-ray photoelectron spectroscopy (XPS) spectral fitting for Ni-
rich LiNi0.6Mn0.2Co0.2O2 prepared under different conditions: (a) 850 A (calcined in air at 

850 ̊C) and (b) 850 O (calcined in O2 at 850 ̊C). (c) Ni3+ / (Ni2+ + Ni3+) ratio as a function of 
sputtering depth for 850 A and 850 O. (d) Rate performance and (e) cycling 

performance of 850 A and 850 O tested at 1C rate. 

Several modification approaches could be taken to minimize cation mixing in Ni-rich 

NMC. One of the key factors affecting the cation mixing is calcination temperature. 

Calcination temperature and atmospheric pressures could determine the extent of 

non-stoichiometry in Ni-rich NMC cathodes.62 Ni-rich cathodes are more prone to 

oxygen loss compared to Co- and Mn- based cathodes. Oxygen loss results in 

reduction of Ni from Ni3+ to Ni2+ with a similar ionic radius to Li+, making the 

material susceptible to cation mixing/disorder. Idris and co-workers reported that at 

temperatures higher than 700 ̊C in N2, 800 ̊C in air and 900 ̊C in O2, oxygen loss is 
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observed to increase accordingly, as shown in Figure 10.63 Lee et al. studied the 

effects of calcination temperature and atmospheric pressure on the morphology and 

electrochemical performance of LiNi0.6Mn0.2Co0.2O2 (NMC 622).64 From their study, 

it is demonstrated that increasing the oxygen content in the calcination atmosphere 

increases the ratio of Ni3+/Ni2+, reducing the extent of cation mixing/disorder 

between Li+ and Ni2+, as shown in XPS data in Figure 2.10 (a)-(b).64 Moreover, the 

presence of oxygen in the calcination also brings the uniformity of oxidation state of 

Ni ions from NMC surface to the bulk. Hence, higher oxygen content transforms 

into better electrochemical performance. As shown on Figure 10 (d-e), NMC 622 

obtained in O2 shows higher specific capacity, better rate capability and long-term 

cycling stability (89% capacity retention after 100 cycles).64 Therefore, an efficient 

approach to Ni-rich NMC synthesis with minimal cation mixing and enhanced 

electrochemical performance is to conduct the calcination at an oxidative 

atmosphere and relatively low temperature. 

Another approach to minimize Ni2+/Li+ cation mixing is doping.65 Fergus et al. 

reported that doping certain metal ions not only stabilizes the structure of Ni-based 

cathode, but also increase Li-ion diffusivity.66 Since these metal ions have similar ion 

radius with Li+, strength of the bond with oxygen is stronger. In their study, 

Pouillerie et al. substituted a small amount of magnesium for nickel in LiNO2 and 

they found that Mg2+ migrate from the slab to the interslab to form a new cationic 
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distribution in the lattice during the first cycle. Mg2+ ions in the interslab space 

screen the O2—O2- repulsion, thus act as pillars at the end of the deintercalation 

process to prevent the interslab from collapsing.67  Yuan et al. studied the doping 

effect of Al, Mg, Li on LiNi0.8Mn0.1Co0.1O2 (NMC 811) cathode.68 The doping of 

Mg2+ and Al3+ decrease the lattice parameter and increase I003/I004 on XRD patterns, 

as shown in Figure 11(a), which indicates the total amount of Ni2+ occupied in the Li 

layer, since the Mg2+ was preferentially located in the Li layer.69 The Mg-substituted 

sample performed high discharge capacity and the lowest capacity loss after 20 cycles 

with 92.5% capacity retention, as shown in Figure 11(b).68 

 

Figure 2.11 (a) XRD patterns of 811 with different ions doping (b) cycling performance 
of 811 with different ions doping at 0.2C.47 

To enhance electrochemical performance, there are several issues needed to be 

resolved. Ni-rich NCM are shown to be extremely sensitive to oxygen and moisture 

in air. In order to protect the material from being exposed to oxygen and moisture, a 
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coating material should meet the following criteria: (1) the coating material should 

have a super-hydrophobic structure from erosion due to O2 and H2O in air; (2) the 

coating layer on the surface should contain compounds that are beneficial for 

Li+ transportation from the bulk material to the electrolyte.69 70 

 

Figure 2.12 NCM sensitivity of O2 and H2O & carbon coating method. 

Lithium-ion batteries have seen great improvements in terms of reduced costs, 

improved scalability, increased efficiency, and extended life. However, to meet future 

needs of growing population and market, it is imminent to put more efforts in 

enhancing the capacity, energy density, cycle efficiency, life span, and reducing costs 

of LIBs. Therefore, graphene-modified cathode composite cathode materials are 

prominent candidate to resolve such issues. 
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2.5 Anode Materials for Lithium-ion Batteries 

Common anode materials for lithium-ion batteries include carbon (graphite, carbon 

nanotubes, graphene, porous carbon), Ti-based (TiO2 & Li4Ti5O12), silicon, and 

transition metal oxides. Figure 2.13 shows voltage plateau and specific capacity of 

common anode materials. In fact, the theoretical limit of anode specific capacity (3860 

mAh/g & 2061 mAh/cm3) is of lithium metal.71 However, it is currently impractical 

to use lithium as the anode material because of substantial dendrite formation that 

leads to low coulombic efficiency and safety hazards of dendrite piercing through the 

separator. The process of eliminating the dendrite growth has been quite sluggish, 

putting the rest of possible choices of materials to test.  

An ideal anode should have a comparatively high energy density and specific 

capacity, low voltage plateau, high coulombic efficiency, long cycle life, and minimal 

safety restrictions. But similar to lithium metal, almost all of the possible anode 

materials face the issues of volume expansion, low coulombic efficiency, and low ion 

transport.  
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Figure 2.13 Discharging potential and specific capacity for common anode materials.16 

Another noteworthy issue for anode materials that requires a huge amount of work 

is the SEI (solid electrolyte interface) layer. LIB electrolyte, LiPF6, reacts with traces 

of water to produce HF, which would then lead to serious erosion of the anode. As 

shown in Figure 2.14, Li2O3, LiF, Li2O and multiple semicarbonated would form a 

thick layer gradually during charging/discharging process.72 

Hence, selecting suitable anode materials for varying applications, and optimizing 

each material based on its individual crystallinity, structure, and chemical/physical 

properties, is a process that requires an comprehensive understanding of materials.  
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Figure 2.14 Schematic of SEI formation.72 

Carbon-based Materials 

Carbonaceous materials of different structures are deemed appropriate anode 

materials for LIB anodes because they generally have a good thermal stability, good 

intercalation/de-intercalation capability, and low cost. These include fullerene of 0D, 

CNT (carbon nanotubes) of 1D, graphene of 2D, and graphite of 3D structures. 

However, because of the inferior specific capacity, fields of application are limited 

unless energy density is significantly improved.  

It has been reported that combing carbon-based material with other active materials 

is an approach to alleviate the SEI layer formation. As Zhang et al. reported, by 
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coating carbon onto graphite spheres, thickness of the SEI layer reduced by 8 times 

compared to uncoated graphite spheres.73 

Carbon nanotubes include SWCNT (single-walled carbon nanotubes) and MWCNT 

(multi-walled carbon nanotubes). Its superior electronic conductivity and highest 

theoretical specific capacity (1116 mAh/g) have attracted numerous interests of both 

anode materials and composite materials. However, defects of CNT structure elude 

them   from ideal coulombic efficiency.  

2D material graphene and 3D material graphite are also promising candidates of 

anode materials and important composite materials. A more detailed discussion of 

graphite and graphene-based composite materials will be included in 2.8. 

Silicon 

Silicon is discussed here as a representative material for alloy-based anode materials. 

The same category includes Sn, Al, Ge, etc., since they have the similar alloy/de-alloy 

mechanism.  

Silicon has a very high theoretical capacity (>1600 mAh/g). However, poor electrical 

conductivity and rapid capacity fading due to volumetric expansion of ~300% 

during lithiation/delithiation cycles restricts its predominant application.74 Studies 

have been targeting on the solution of this issue: Si/C anode are used to constraint 
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the volume expansion and minimalize pulverization, as well as improving its 

electroconductivity. Liao et al reported a composite material that incorporate more 

than one carbon-based material, CNT and rGO to improve its performance, with 

rGO acting as a electro-conducting network, and CNT as a support system in 

between adjacent rGO layers.75 

Ti-based Materials 

Titanium-based materials are also a class of intercalation-type anode materials. They 

show appealing features of low volumetric expansion upon charging/ discharging (2-

3%), low cost, and long cycle life. However, low theoretical capacity of 175-330 

mAh/g, low electron and ionic conductivity mean that they need further 

development for actual use. Carbon coating, doping, making nanoparticles, 

nanocomposites, and doping are all reported approaches that effectively improved 

electroconductivity, and subsequently rate capability and power density of titanium-

based anode materials. 

In order to mitigate the SEI layer growth of Ti-based materials, extensive efforts 

have been made. He et al. reported that carbon coating on LTO anode reduced the 

decomposition of the electrolyte in comparison to uncoated LTO anode.76 
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Transition-metal Oxides 

Transition-metal oxides is introduced in this section as a representative class of 

transition metal compounds. They are conversion-type materials, with the exception 

of TiO2 that was included in Ti-based materials.77 These also include phosphides, 

sulphides, and nitrides. Metal oxides, during lithiation, form lithium metal oxides, 

and forms metal oxide when the process is reversed, making it a reversible reaction. 

This type of materials have a high specific capacity; however, low coulombic 

efficiency stemmed from long ion diffusion pathways and irreversible loss of 

capacity due to large particle size put up a barrier on transition metal oxides in 

becoming a satisfactory anode material for lithium-ion batteries. 

2.6 Other Main Concerns for Lithium-ion Batteries 

2.6.1 Electrolytes 

As a conduit of lithium ions within the battery, electrolytes play an important role of 

maintain the chemical and electrochemical stability, ensuring safety at higher 

temperatures, while providing a good conductivity of ions. Nonaqueous electrolyte 

are compatible with most lithium-ion batteries since they have an operating voltage 

of 3.5-5.5 V. The two main composition of electrolyte are lithium-containing salts 

and solvents.78 
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Common lithium-containing salts include LiPF6, LiBF4, LiClO4, LiTFSI, etc. Good 

conductivity of ions requires high dissociation and mobility. Among these common 

conducting salts, LiPF6 has the highest ion conductivity. For solvents, it is common 

for electrolyte solvents to be several solvents, depending on the particular required 

features, mixed at a certain volume ratio. 

Regarding solvents, since they are prone to decomposing at anodes during charging 

to form SEI layers; hence, resistance to reduction is a key factor when choosing the 

appropriate solvents. Besides, it is also a main concern to that solvents tend to 

decompose faster at higher temperatures. 

The most prevalent salt-solvent electrolyte combination is LiPF6 in EC/DEC, not 

only because of the high combined melting point, high ionic conductivity, high 

solubility of LiPF6 in EC/DEC, but also because this electrolyte system forms a 

pseudo-stable protective layer of AlF3 with the cathode current collector, aluminum. 

The passivated layer remains stable at up to 5.0 V, which exceeds highest charging 

potential of almost all lithium ion batteries.16 However, the conductivity of this 

electrolyte becomes drastically lower, making it less satisfactory at colder weather. 

2.6.2 Separators 

Separators in lithium-ion batteries are used to prevent electronic conduction or any 

form of contact between the cathode and the anode besides allowing lithium ions to 
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travel through. Similar to electrolytes, ideal separators are also required to be 

chemically, electrochemically, and thermally stable. It is also required to be 10-25 µm 

in thickness and below 1µm in porosity.79 This allows the battery to have enough 

space to store sufficient electrolyte and prevention of other mobile ions to travel 

through to affect the charging/discharging process and unwanted by-product 

formation. 

Most lithium-ion batteries use polyolefin separators such as PP (polypropylene) and 

PE (polyethylene). To compare the two materials, it was reported that PE 

membranes shrink 10% in volume at 120 °C, 10min.80 This means possible leakage 

of electrolyte, internal short circuit, even thermal runway. In comparison, with a 

melting point at 165 °C, PP could withstand 130 °C while maintaining its mechanical 

integrity. 

2.7 Applications of Carbon-based Materials in Lithium-ion Batteries 

2.7.1 Graphene  

Graphene is a carbon monolayer packed into a 2D honeycomb lattice. It is widely 

known as the building material of all other carbon materials of various 

dimensionalities. It can be wrapped up into fullerene (0D), rolled into carbon 

nanotobes (1D), and stacked into graphite (3D).81 Graphene was thought not to exist 

in a free state until 2004, when Andre Geim and Konstantin Novoselov isolated and 
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characterized a single-atom-thick layer of carbon and received a Nobel Prize for 

their discovery. 

 

Figure 2.15 Graphene is the building block of other carbon-based materials. 

Since then, graphene has attracted numerous interest due to its unique structure and 

appealing physical properties compared with other forms of carbonaceous materials 

(Table 2.1).82 83 These unique properties could enable commercial applications in 

various fields such as electronics, electrochemical energy storage, and optical devices. 

Specifically, for electrochemical energy storage, graphene could be a good addition 

to cathode materials because of its exceptional electronic conductivity (~108 S/m)84 

and light weight. Since most of the commonly used cathode materials for LIBs are 

transition metal oxides that have poor electronic conductivity, graphene, as an 

addition to the cathode, could significantly reduce the resistance to charge transfer 

and overpotential,85 improving energy density, cycling stability, and rate 
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performance. Besides, with strong mechanical strength of 130 GPa,86 it could be 

largely applied in flexible electrode materials. Large surface area (2630 m2/g) make it 

attractive for applications on supercapacitors.87 

 

Table 2.1 Graphene properties compared with other carbonaceous materials.88 89 

2.7.2 Graphite 

As mentioned in 2.8.1, graphite is the product of stacked graphene. However, there 

is an array of graphite products that are made from various approaches; and 

depending on the starting products and individual processes of each approach, it is 

inevitable that not all “graphite” products have the exact same structure, 

composition, defects, and functional groups. Since CVD product has the highest 

quality among all methods, we usually define the 1-layer CVD product as the 

“standard” graphene and multi-layered products as the “standard” graphite. In order 
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to define the degree of graphitization, number of defects, and number of functional 

groups in graphite products, Raman Spectroscopy is used to determine the quality of 

graphene.  

In a typical Raman Spectroscopy of carbon materials, there are D band, G band, D’ 

and 2D band. D band usually has a Raman shift of 1350 cm-1, G band of 1582 cm-1, 

D’ of 1620 cm-1, and 2D band often appears at 2700 cm-1.90 D band reflects the 

amount of stacking disorder and edge defects on the edges of a graphite. As number 

of transferred graphene layer increases, intensity of D band increases accordingly. 

When D band has a high intensity, it is usually perceived as the material having a low 

crystallinity. G band is usually an indicator of the sp2 hybridized carbon structure.91 

The relative intensity of D band and G band, ID/IG, shows the amount of disorder 

and defects in a carbon material. As ID/IG ratio increases, the material has more 

defects and less sp2 hybridization. ,As is determined by CVD process, single-layer 

graphene has an ID/IG ratio of 0.14, which is a representation of the virtually highest 

quality (lowest ID/IG ratio) of a single-layer graphene.92 

2.7.3 Chemical Vapor Deposition 

Chemical vapor deposition, often referred to as CVD, is a process of depositing a 

thin layer of carbon atoms on a metal catalyst under a very high temperature. 

Essentially, gaseous carbon source enters the system when the furnace has already 



 
 

53 

approached its catalyzing temperature. Under that temperature carbon sources 

decompose to form gaseous form of carbon atoms and hydrogen. After the process, 

the system cools down naturally, while carbon atoms precipitate on the substrate 

film. This process is generally known as the approach for making highest-quality 

graphene out of all possible methods in industrial productions. There are several 

factors that directly affects the outcome of the CVD product.  

 

Figure 2.16 Typical CVD process with metal catalysts.93 

Carbon source 

Methane is the most common carbon source for a hydrophobic product; while 

nitrogen-doped carbon source are used for hydrophilic results. All carbon sources 

need an inert gas such as nitrogen and argon as a protective atmosphere to prevent 
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undesirable by-products and safety hazards when hydrogen comes into contact with 

air. 

Flow rate of carbon source 

Generally, with an increasing flow rate of the carbon source entering the system, 

under the same time, more carbon atoms decompose onto the catalyst surface. 

However, time and flow rates always need to be adjusted as a combination for a 

target result.  

Temperature 

CVD temperature is often dependent on the decomposition temperature of the 

chosen carbon source. The temperature needs to be higher than the decomposition 

threshold, and further optimized for desired results. Methane requires at least 900 °C 

for complete decomposition. 

Substrate (catalyst) 

Metal catalysts are often used in a typical CVD process. These catalysts include Ni, 

Cu, Co, etc. Catalyzing activities vary depending on the form of metal catalysts and 

solubility of C in metals. For instance, C atoms have a significantly lower solubility in 

copper than in Ni and Co, which is why carbon atoms, after cooling down, could 

form a uniform single layer on the copper film without extra carbon source being 
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decomposed. Nickel and cobalt with a much higher solubility of carbon atoms, tend 

to form inhomogeneous layers of carbon atoms on the substrate film, with some 

positions having more layers than others. This phenomenon makes copper a more 

desirable catalyst for CVD of high-quality graphene. 

2.7.4 Carbon Materials in LIB cathodes 

Most of the common and newly developed cathodes with high energy density, such as 

LiFePO4, LiNi0.5Mn1.5O4, Ni-rich NMC, have inherently low electronic conductivity, 

which often result in poor rate performance and cyclability. As mentioned in 2.8.1, 

graphene has attracted commercial and research interests as a conductive additive to 

electrode materials for LIB,94 or even as a replacement of currently used carbon 

black(CB) due to its exceptional electronic conductivity and ability to provide a highly 

efficient electronic-conducting network at even a trace amount. Therefore, amount 

required for graphene as a conductive additive to improve the conductivity of the 

cathodes is much less than that for carbon black.95  

Yuan and co-workers added graphene directly into LiFePO4 for a 2% wt. GN-based 

conducting network and obtained better electrochemical performance than cathodes 

with 10% commercial carbon additives.68 Tang and co-workers used 5%-3D graphene 

instead of acetylene black as conductive additives, resulting in a capacity and rate 
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performance enhancement, demonstrating that graphene have high potential in LIB 

cathodes.  

The major challenge when using graphene as a conductive additive in LIBs is that the 

planar structure of graphene exerts a steric hindrance effect for lithium ion diffusion. 

Besides, uniform dispersion in LFP is difficult to achieve. Therefore, it is key to reduce 

the resistance of lithium ion diffusion when taking advantage of the significantly 

improved electronic conductivity of graphene.  

3 Graphite-based High-performance Electrode Materials 

3.1 Embedding of LiFePO4 in Porous Graphite ¾ High-Power Low-
cost Cathode Materials for Lithium-ion Batteries  

3.1.1 Introduction and Background Information 

LiFePO4 is one of the most commonly used cathode materials due to its high 

theoretical specific capacity (170 mAh/g), a flat discharge plateau at 3.4 V, good 

thermal and chemical stability, and low cost. However, with its poor intrinsic 

electronic conductivity, it is crucial to find ways to improve its electronic 

conductivity by efficiently utilizing and appropriately incorporating the graphene 

network.  
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Chen et. al. also reported a synthesis method of bismuth intercalated graphite 

(Bi@Graphite) anode material based on the intercalation theory. Design of the 

synthesis process is shown in Figure 3.1.96 In this study, the Bi nanoparticles 

between graphite interlayers are proven to enhance the capacity, while the graphite 

sheath provides a robust fast electronic connection for long cycling stability. The 

Bi@Graphite is able to deliver a capacity of ∼160 mAh/g at 1C, achieve 90% 

capacity retention after 10,000 cycles at 20C, and 70% capacity at 300C, which is 

equivalent to full charge/discharge in 12 s.96 Bi@Graphite synthesized based on the 

intercalation theory demonstrates the highest rate capability among all reported 

anodes for sodium ion batteries. It is further confirmed by structural characterization 

tests that this outstanding enhancement in electrochemical performance is attributed 

to the intercalated Bi nanoparticle-in-graphite structure and the fast kinetics of ether 

co-intercalation into graphite. This research also provides us insights of adopting the 

intercalation method to achieve LFP/G cathode material with high power density.  

 

Figure 3.1 Reaction scheme of Bi intercalation into graphite96 
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Transition metal chlorides are studied to be able to be inserted into graphene 

interlayers.98 These inserts can weaken the bond between adjacent interlayers, 

making it easier for layers to be further separated.97 This facilitates the process of 

peeling the highly graphitized carbon into single or multiple layered graphene.  

In order to resolve the issue of fast capacity degradation at higher C-rates of 

LiFePO4 cathodes, many efforts have been made. One of the most commonly used 

methods is simple physical mixing of LiFePO4 and highly electronic-conductive 

carbon materials. This usually results in an improvement in specific capacity and a 

reduction in capacity degradation; however, since simple physical mixing leads to 

uneven distribution of LFP nanoparticles on and between graphene layers, i.e., it is 

highly likely for nanoparticles to form and even agglomerate outside the graphene 

network. Enhancement of capacity is restricted due to incontinuity of electronic-

conducting network. Moreover, dissolution and reactions of precursors in liquid 

phase would inevitably leads to nucleation of nanoparticles; aggregation of these 

nanoparticles further hinders lithium ion diffusion and reduces electronic 

conductivity, both affecting the electrochemical performance. A more efficient 

method of synthesizing graphene/LFP nanocomposites needs to be designed.  

Although the Bi atoms intercalated is a single-element molecule, the intercalation 

theory could be applied to the synthesis of LFP/Graphene composite. Since the 
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synthesis of LiFePO4 requires two metal ion containing precursors, Li+ and Fe2+, 

iron chloride could be used as the iron containing precursor, and iron chloride could 

be used as the lithium containing precursor. 

3.1.2 Experimental Methods 

Based on the theory of intercalation of graphite, we designed a method for even 

distribution of LFP nanoparticles between interlayers of graphite. As illustrated in 

Figure 3.2A, FeCl3 is first intercalated into natural graphite using a molten-salt 

method. SEM image of graphite after the molten-salt process is shown in Figure 3.3, 

where it is clearly observable that gaps between adjacent graphite layers are 

expanded, with embedded nanoparticles of FeCl3 between graphite layers. 

Subsequent solvothermal reaction in ethylene glycol containing lithium and 

phosphate moieties allows the formation of LFP within the graphite matrix.  Further 

annealing at high temperature leads to the formation of nano-sized LFP particles 

embedded within the micron-size graphite particles.  As depicted in Fig 4.2B, this 

structure minimizes the ion-diffusion length within the LFP, as well as the interface 

resistance between the graphite and LFP, enabling effective transport of ions and 

electrons.  In addition, such a composite maintains a nanoporous structure, 

functioning as electrolyte reservoirs.  Compared with a traditional LFP cathode that 

are made from randomly distributed carbon black particles and LFP particles, the 
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graphite matrix serves as a highly effective structural and conductive scaffold, leading 

to significantly improved electrochemical performance. 

 

Figure 3.2. (A) Reaction Design of LFP Intercalation into Graphite Interlayers. (B) 
Schematics illustrating the ion/ electron conductive pathways and spatial arrangement 

of the electrode materials in LFP/graphite electrodes and commercial LFP cathode. 

 

Figure 3.3 (A,B) SEM images of the FeCl3/Graphite. 
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3.1.3 Results and Discussion 

 

Figure 3.4 (A) XRD patterns of the graphite, FeCl3/graphite, and LFP/graphite.  (B) TGA 
results of graphite and LFP/graphite. (C) Raman spectra of graphite, FeCl3/graphite, and 

LFP/graphite. (D) N2 adsorption/desorption isotherms and the corresponding (E) pore-
size distributions of LFP/graphite and graphite. 

 
 

Figure 3.4 (A) shows x-ray diffraction (XRD) of graphite, FeCl3/graphite and 

LFP/graphite.  The graphite exhibits characteristic (002) and (004) peaks at 26.5o 

and 54.3o, respectively.  After the intercalation of FeCl3, a series of diffraction peaks 
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at 16.2°,18.6°, 32.1°, 33.6°, 37.8°, 47.2°, and 51.4° can be respectively indexed to the 

(002), (003), (101), (012), (104), (110) and (018) reflections of FeCl3 with hexagonal 

crystal structure.98  The (002) peak of the graphite is slightly reduced from 26.5o and 

25.8o, which is consistent with the intercalation of FeCl3 within the graphite layers.99  

The LFP/Graphite composite before and after annealing exhibits a typical LFP 

pattern with an orthorhombic olivine structure, and no impurity phase was detected.  

In addition, the (002) peak of graphite almost disappears, indicating that the 

formation of LFP particles disrupts the layer structure of the graphite.  Figure 3.4 (B) 

shows thermal gravimetric analysis (TGA) of graphite and LFP/graphite composite 

in air.  Graphite exhibits a weight loss mainly after 500 °C due to the combustion 

reaction.  In contrast, the LFP/graphite composite shows an increase of weight (~ 

2.49 wt.%) from 300 to 500 °C, which can be ascribed to the oxidation of LiFePO4 

to Li3Fe2(PO4)3 and Fe2O3.100 The final weight loss for the LFP/graphite composite 

is ~ 3.09 wt.%, indicating the composite contains ~ 93.19 wt.% of LFP or ~ 6.81 

wt.% of graphite.   

The structural evolution of the graphite during the intercalation with FeCl3 was 

monitored by Raman spectroscopy (Figure 3.4C).  The stage structure of 

FeCl3/graphite was determined by identifying the component and structure of the G 

peak.98 99 Intercalation of FeCl3 into the intra-gallery of graphite results in a large blue 

shift for the G peak from 1581 to 1623 cm-1, which is attributed to the doping effect 
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induced by the charge transfer from graphite to FeCl3.  Similar results were reported 

and suggested that the graphene sheet is flanked on both sides by FeCl3 in 

FeCl3/graphite.98 99 The 2D-band of the graphite also exhibits a change from the 

multi-peak structure to a single-peak structure, verifying the loss of electronic 

coupling between adjacent graphene sheets due to the presence of FeCl3. 

LFP/graphite shows a similar Raman spectrum with FeCl3/graphite.  The intensity 

ratio of the D to G band (ID/IG) is generally accepted to reflect the degree of 

graphitization in carbonaceous materials, which was calculated to be 0.12 for natural 

graphite, 0.18 for FeCl3/graphite and 0.28 for LFP/graphite.  This enhancement 

could be ascribed to the exfoliation of graphite and the presence of the LFP particles 

between the graphite interlayers. 

N2 adsorption/desorption conducted at 77K was also used to investigate the pore 

structure of the LFP/graphite composite.  Figure 3.4D&E show the N2 

adsorption/desorption isotherms and pore size distributions of graphite and 

LFP/graphite particles.  Compared with the non-porous graphite, the LFP/graphite 

particles show an average pore diameter of 28 nm (Figure 3.4E) and a surface area 

calculated by the BET method of 109 m2 g-1, which is significantly higher than that 

of graphite (~ 8 m2 g-1 for graphite) (Figure 3.4D).  Such porous structure could 

provide a large number of energy storage sites and effective ion transport pathways. 
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Figure 3.5 (A,B) EDS elemental maps of C, Fe, P and O, respectively. (C,D) SEM images of 
LFP/graphite architecture at different magnifications. (E,F) TEM images of LFP/Graphite 

architecture at different magnifications. (G) High-resolution TEM of the LFP/graphite 
architecture. The inset in (G) is the electronic diffraction pattern corresponding to the 
LFP/graphite architecture. (H) SEM images of the expanded graphite after etching LFP 
from LFP/Graphite. (I) TEM images of the expanded graphite after etching LFP from 

LFP/Graphite. 

The structure and the morphology of the LFP/graphite were further characterized 

using scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) analysis.  The energy-dispersive x-ray spectroscopic (EDS) mapping of the 

LFP/graphite confirms a uniform distribution of the LFP particles within the 

graphite matrix (Figure 3.5A, B), which is further confirmed by the SEM observation 

(Figure 3.5C,D).  Figure 3.5E-G show TEM images of LFP/graphite, confirming the 
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embedding of the LFP particles with an interplanar distance of 0.429 nm, attributed 

to the (101) facet of the LFP.101 The inset of Figure 3.5G shows the selected area 

electron diffraction (SAED) of a LFP particle, of which the diffraction rings are 

attributed to the characteristic reflections of the LFP nanocrystals (JCPDS Card No. 

81-1173).  To further prove that the LFP particles are indeed embedded with the 

graphite matrix, we etched away the embedded LFP particles by acid washing (Figure 

3.5H&I).  The highly porous graphite-network structure after etching confirms the 

embedding of the LFP within the graphite matrix.  

 

Figure 3.6 (A) Charge-discharge profiles of commercial LFP and LFP/graphite electrodes 
in the 2.0-4.3 V window (versus Li/Li+) at 1 C (the inset shows part of the flat region 

magnified).  (B) Cycle performance of commercial LFP and LFP/graphite at 1 C (herein 
referred to as discharge capacity). (C) Rate performance (herein referred to as discharge 

capacity) of commercial LFP and LFP/graphite electrodes at various C rates. (D) 
Utilization of the active material of the commercial LFP and LFP/Graphite at different C 

rates. The capacity is based on the total mass of the composite. 
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Figure 3.6A shows the charge-discharge profiles of a commercial LFP and 

LFP/graphite electrodes at 1 C in the potential window of 2.0-4.3 V (vs. Li+/Li) at 

room temperature.  Both cells show typical flat plateaus over the voltage range of 3.4-

3.5 V.  For LFP/graphite, a discharge capacity of 155.6 mA h g-1 is achieved at 1 C.  

In contrast, the commercial LFP displays a capacitance of 133.2 mA h g-1 under the 

same condition, which is ~ 85.6 % of the capacity of LFP/graphite.  From the 

enlarged section of the profiles, compared with the commercial LFP, LFP/graphite 

delivers a significantly flatter and longer voltage plateau, with a lower potential 

difference between the charging and discharging process (41 mV vs 122 mV).  The 

mitigated polarization is attributed to the improvement in charge transport and 

electrochemical reaction kinetics in LFP/graphite. 

 
Figure 3.6B displays the cyclic performance of a commercial LFP and LFP/graphite 

electrodes at 1 C.  The initial discharge capacity of the LFP/graphite electrode is 155.6 

mA h g-1, which corresponds to 91.5% of the theoretical capacity.  After 500 cycles, 

the capacity retention of the LFP/graphite is ~ 97.2%.  In contrast, the commercial 

LFP electrode provides an initial discharge capacity of 133.2 mA h g-1, which 

represents 78.3% of the theoretical capacity.  After 500 cycles, the capacity retention 

of the commercial LFP is ~ 90.1%, indicating an excellent cycling stability of the 

LFP/graphite. 
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We further examined the rate characteristics of the commercial LFP and 

LFP/graphite electrodes at various rates from 0.5 C to 60 C (Figure 3.6C).  

LFP/graphite exhibits a much higher discharge capacity than the commercial LFP at 

different rates.  For LFP/graphite, a high discharge capacity of 160.3 mA h g-1 is 

achieved at a low rate of 0.5 C.  A discharge capacity of 155.2, 146.1, 138.5 and 127.5 

mA h g-1 can be obtained at 1, 3, 6, and 10 C, respectively.  The capacity is 

maintained at 116.6 mA h g-1 after the rate is increased to 30 C.  Remarkably, even at 

a high discharge rate of 60 C, LFP/graphite can still maintain a capacity of 107.5 mA 

h g-1, whereas the commercial LFP only delivers a capacity of less than 15 mA h g-1.  

After 75 cycles, the rate was returned to 0.5 C and the capacity of LFP/graphite 

recovers to 158.2 mA h g-1, which is approximately 98.7% of the initial capacity. 

Figure 3.6D further plots the utilization of the active material versus the C rate, of 

which the utilization is estimated by normalizing the specific capacity of the 

electrode at different C rates (the slopes of the lines) vs. the specific capacity at 0.5 

C.  The utilization of LFP in LFP/graphite reduces with increasing the mass loading 

and C-rate, which is 78% at 10 C, 73% at 30 C, or 66 % at 60 C.  In contrast, the 

utilization of LFP in the commercial LFP electrode rapidly decreases with increasing 

C rate (30 % at 10 C, 11% at 30 C, and 6.5 % at 60 C, respectively).  These results 

demonstrate the significantly improved rate capability of LFP/graphite than the 

commercial LFP.  The improvements in both rate performance and cycling stability 
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of LFP/graphite can be attributed to their unique structure, which improves the 

electrical conductivity, shortens the distance for Li+ diffusion, and decreases the 

polarization of the electrochemical process. 

 
 

Figure 3.7 (A) CV curves of the commercial LFP and LFP/graphite electrodes at a scan 
rate of 0.1 mV s-1. (B) Nyquist plot of commercial LFP and LFP/graphite electrodes, 

respectively. Inset of (B) shows the relationship between the real part of the impedance 
spectra (Zre) and ω-1/2 (where ω is the angular frequency in the low-frequency region, 

ω=2πf) in the low-frequency region. (C) Cycling stability of the LFP/Graphite electrode at 
rates of 30 C and 60 C for 2000 cycles. (D) The dependency of the middle discharge 

voltage on current rate in the range of 0.5 C to 60 C for commercial LFP and 
LFP/graphite electrodes. (E) Comparison of rate capability with the reported LFP-based 

cathodes for LIBs. 
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The electronic/ionic kinetics of the commercial LFP and LFP/graphite electrodes 

were further studied by cyclic voltammetry (CV) and electrochemical impedance 

spectrum (EIS) techniques.  The CV curves with scanning rate of 0.1 mV s-1 (Figure 

3.7A) reveal that the potential interval between the cathodic and anodic peaks of the 

LFP/graphite electrode is 158 mV, which is much lower than that of the commercial 

LFP electrode (262 mV).  The redox peaks of the LFP/graphite electrode are sharper 

and more symmetric, indicating an improved redox kinetics.  Moreover, both the 

anodic and cathodic peak currents (Ip) of the LFP/graphite electrode are higher than 

the commercial LFP electrode.  According to the Randles-Sevcik formula, where Li+ 

diffusion coefficient (DLi) is proportional to Ip
-1/2, the LFP/graphite electrode does 

display a larger DLi during the charge and discharge process.  Consistently, the 

Nyquist plots (Figure 3.7B) reveals a higher electronic conductivity and lower charge-

transfer resistance of the LFP/graphite electrode.  Based on a simplified equivalent 

circuit, the total resistance of the LFP/graphite electrode was fitted to be 32.2 Ω, 

which is significantly lower than that of the commercial LFP electrode (~ 91.2 Ω ).102  

The DLi at open circuit was calculated to be 1.90 × 10-11 cm2 s-1 for the LFP/graphite 

electrode, which is much higher than that of the commercial LFP electrode (1.05 × 

10-12 cm2 s-1), according to the slopes of the real part of the complex impedance versus 

the square root of frequency (as shown in the inset of Figure 3.7B).103 
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The results presented above suggest that LFP/graphite can be an outstanding 

candidate with fast charging-discharging capability.  As shown in Figure 3.7C, the 

LFP/graphite electrode still provides a high capacity of 116 and 106 mA h g-1 at 30 C 

and 60 C after cycling for 2000 cycles, which is around 95.7 % and 91.5%, of the 

capacity retention, respectively.  As indicated by the SEM images (Figure 3.8) of the 

LFP/Graphite electrode after cycling for 2,000 cycles, the LFP/graphite electrode still 

retains a homogeneous morphology and structural integrity. Consistently, EIS of the 

LFP/graphite electrode (4.9F) shows a similar transport resistance after 100 cycles, 

1000 cycles and 2,000 cycles at 60 C, indicating the conduction networks for ions and 

electrons are well retained.   

Meanwhile, constant-power discharge is the common discharge mode for electric 

vehicles.102 Therefore, one of the significant factors for LIBs should be the middle 

discharge voltage (the discharge voltage at half of the maximum discharge capacity). 

Figure 3.7D displays the middle discharge voltage vs C rate for the LFP/graphite and 

commercial LFP electrodes. The curves clearly reveal that the LFP/graphite exhibits 

significantly higher middle discharge voltages from 0.5 C to 60 C.  LFP/graphite 

provides high discharge capacity, discharge current, and middle discharge voltage, 

implying the ability to deliver high power (voltage × current) and energy density 

(capacity × voltage), the essential characteristics for electric vehicles and power tools 

applications.   
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For further assessment, Figure 3.7E compares the capacity, cycling number at 

different C-rates for various LFP-based cathodes reported,102,104-109 including carbon-

coated LFP, conductive polymer-coated LFP, graphene-modified LFP and 

LFP/carbon-nanotube composites.  The LFP/ graphite electrode exhibits can supply 

a capacity over 100 mA h g-1 when charged/discharged at 60 C, which is the best-

known values for the LFP-cathodes reported. 102,104-109 

 

Figure 3.8(A,B) SEM images of LFP/Graphite after 2,000 cycles at a rate of 60 C. The 
equivalent circuit for the impedance behavior of the electrode. 
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Figure 3.9 (A) Specific capacity of the LFP/graphite electrodes with different mass 
loadings measured at charge–discharge rate from 0.5 to 60 C. (B) Utilization of the 

active material of the LFP/graphite electrode with various mass loading at different C 
rates. (C) Comparison of electrochemical performance metrics of LFP/graphite electrode 
for mass loadings of 9 mg cm-2 with the reported LFP-based cathodes. (D) Comparison of 
the volumetric energy density of commercial LFP and LFP/graphite electrodes. (E) Cycle 

performance of LFP/Graphite electrodes with a mass loading of 6 and 9 mg cm-2 at 10 C 
(herein referred to as discharge capacity). (F) Nyquist plots of the LFP/Graphite electrode 

after the 1st, 100th, 1000th and 2000th cycles at a charging and discharging rate of 60 C. 

E F 
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The results presented above suggest that LFP/graphite can serve as a cathode 

material with significantly improved power performance, energy density, and cycling 

stability.  To translate such materials for practical use, it is essential to examine their 

performance with a sufficient mass loading.83 Figure 3.9A shows the capacity of 

electrodes with a mass loading of 3 mg cm-2, 6 mg cm-2, and 9 mg cm-2, respectively.  

With the increasing the mass loading from 3 to 6 to 9 mg cm-2, the capacity 

decreases from 160 to 158 to 154 mA h g-1 at 0.5 C or from 117 to 108 to 98 mA h 

g-1 at 30 C, respectively, corresponding to a capacity reduction of 1.3% and 2.5% at 

0.2 C or 7.7% and 16.2% at 10 C.  Furthermore, even at a high charge-discharge rate 

of 60 C, the LFP/graphite electrodes with a mass loading of 3 and 6 mg cm-2 can 

still provide a capacity of 96 and 80 mA h g-1, respectively, confirming the feasibility 

of fabricating high-mass-loading electrodes with high-energy-power performance.  

In addition, the LFP/graphite electrodes with high areal mass loading also exhibit 

excellent cycling stability.  For example, as illustrated in Figure 3.9E, LFP/graphite 

electrodes with a mass loading of 9 mg cm-2 can provide a retention of 92.8% from 

the initial capacity and a coulombic efficiency of 99.9% (from the second cycle) after 

500 cycles at 10 C. 

Figure 3.9B plots the utilization of the active material vs. the C rate, of which the 

utilization is estimated by normalizing the specific capacity of the electrode at different 

C rates (the slopes of the lines) vs. the specific capacity at 0.5 C.  The utilization 
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decreases with increasing mass loading and C rate, which is 79%, 76%, and 72% at 10 

C or 73%, 67%, and 63% at 30 C, for the electrodes with a mass loading of 3, 6, and 

9 mg cm-2, respectively.  It was found that increasing the mass loading from 3 to 9 mg 

cm-2 only reduces the utilization for ~ 10 % even at high charge-discharge rates.  In 

contrast, the utilization of the commercial LFP electrodes rapidly decreases with 

increasing mass loading and C rate, which is only 8.5% and 2.2% at 10 C or 2.7% and 

1.2% at 30 C for the electrodes with a mass loading of 6, and 9 mg cm-2.  Figure 3.9C 

further compares the capacity of LFP cathodes with different mass loadings, including 

carbon-coated LFP, conductive polymer-coated LFP, graphene-modified LFP, and 

LFP/carbon-nanotube composite.  Our LFP/graphite cathode delivers the best rate 

performance with high mass loading and reversible capacity.104,108,109,111-114 These 

studies further confirm the high-energy-power performance of the high-mass-loading 

LFP/graphite electrodes. 

Figure 3.9D further evaluates the volumetric energy density of LFP/graphite, which 

was estimated based on its tap density (≈1.38 g cm-3), working voltage, and the 

capacities at various rates, and compared with a commercial LFP product with a tap 

density of 1.32 g cm-3.  The volumetric energy density of LFP/graphite and 

commercial LFP is ~761 W h L-1 and 686 W h L-1 at 0.5 C, respectively.  At a C-rate 

of 10, the volumetric energy density of the LFP/graphite electrode still retains at 560 

W h L-1, which is significantly higher than that of the commercial LFP (172 W h L-1).  
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It is worth noting that a volumetric energy density of 427 W h L-1 can still be 

achieved at 60 C, which is of great interest for electric vehicles and other 

applications. 

3.1.4 Conclusion 

In conclusion, we have designed a novel cathode material by embedding LFP 

nanoparticles within a graphite matrix.  This unique architecture enables effective 

electron and ion transport through a robust and highly conductive graphite matrix.  

Compared with commercial LFP, such LFP/graphite material can provide a high 

reversible capacity (160 mA h g-1), ultra-high rate performance (107 mA h g-1 at 60 

C), and outstanding cycling stability (> 95% reversible capacity retention over 2000 

cycles).  Regarding practical use, high-rate electrodes with high capacity and mass 

loading (e.g., 96 and 80 mA h g-1 with 6 and 9 mg cm-2 at 60 C, respectively) were 

successfully fabricated, which, compared to other works shown in Table 3.1, is one 

of the best-known performance. This work provides a high performance LFP 

material towards lithium-ion batteries with high-power, long-life, and high-energy 

density. 
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Table 3.1 A comparison of the cycle and rate performance of various LFP-based 
composites prepared by different structure designs. 

3.2 Embedding of Fe2O3 in Graphite ¾ High-Power Low-
cost Anode Materials for Lithium-ion Batteries  

3.2.1 Introduction and Background Information 

As was introduced in 2.6, common anode materials face the issues of dendrite 

formation, large volumetric expansion upon lithium ion intercalation/de-

intercalation, causing rapid capacity fading and poor rate capability.  

Materials Structure Mass loading 
(mg cm-2)

High-Rate (C) Capacity 
(mAh g-1)

Refs

C@LFP/CNTs C@LFP/CNTs nanofiber 2.5 2 112 1

LFP-MWCNTs Microsized LFP platelet 
interlaced by CNTs

3-3.5 3 102 2

SWNT/LFP Submicron-sized LFP mixed 
with CNTs

8.6 0.5 35 3

LFP/CNT CNTs embedded in solid LFP 2.3 10 101 4

LFP/CNTs LFP nanolayer coated on the 
surface of CNTs

1.5 20 94 5

Polyphenylene-LFP Thin polyphenylene film 
coated LFP

2-3 20 105 6

LFP/FLG LFP grown on few-layer 
graphene flakes

1.5 20 110 7

LFP@C/G Graphene-decorated carbon-
coated LFP

1.5-2.0 20 80 8

HG-LFP LFP electrode using holey 
graphene additives

2 5 90 9

3 60 106
6 60 96
9 60 80

LFP/Graphite
LFP directly-embedded in 

Graphite
This 

work
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Among all anode materials, graphite has been one of the most commercially and 

industrially favored anode materials in recent years. As depicted in Figure 3.10, 

natural and artificial graphite combined has been taken up 90 % of the lithium-ion 

battery anode market share.115 Carbonaceous materials was first discovered in 1985 

by Akira Yoshino suitable material as an anode to replace lithium metal. Since then, 

starting from petroleum coke, carbonaceous materials have been heavily studied and 

improved. In particular, graphite has a low voltage of 150 mV vs. Li/Li+, a low cost 

of $500-2000/ ton,116 excellent electrochemical and thermal stability, and much 

smaller volumetric expansion in comparison to other main anode materials. 

However, with a theoretical specific capacity of 372 mAh/g, which is substantially 

lower than that of silicon (3580 mAh/g), and an unsatisfactory rate capability, 

graphite needs further improvement in its performance. 

There are several traits expected from a potential high-performance anode material: 

higher specific capacity than graphite, high electronic and ionic conductivity, good 

thermal and electrochemical stability, no volumetric expansion, good cycling and rate 

capability. As discussed in 2.8, each anode material, alone, has drawbacks to a certain 

extent, and carbonaceous material has gained increasing attraction as a composite 

material for this field. 
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Figure 3.10 Graphite and its market share in anode materials production in recent 
years. 

As discussed in 2.6, metal oxides have high theoretical capacities and a good 

capability of reversible lithium-ion insertion/de-insertion because no lithium- metal 

alloys (i.e., Li12Si7, Li7Si3, Li13Si4, Li22Si5) are formed during the intercalation /de-

intercalation processes to cause poor capacity retention as opposed to silicon anode 

materials:115 

MO + xLi+ +xe_ « Li2O + M (M=Fe, Co, Ni, Cu) 

Among these materials, Fe2O3, with a theoretical capacity (1000 mAh/g) that is 

significantly higher than graphite, can potentially bring a huge improvement to the 

G/Fe2O3 composite material. Magnetite was first discovered by Tarascon et al. as an 

anode material of lithium-ion batteries in 2006 and has since been extensively 

studied and improved.88 But the common drawbacks of transition-metal oxides still 
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persists: Fe2O3 has a low electroconductivity, low ion diffusion, and noticeable 

volume expansion while charging/discharging processes repeat. 

Given the intercalation process and the notable improvement in terms of both 

cycling and high mass loading performance in Chapter 4, similar concept could be 

applied to the improvement of various issues in current anode materials. FeCl3 that 

are intercalated in between the interlayers of the graphite, instead of undergoing the 

solvothermal process to combine with PO4
3- and Li+ to produce LiFePO4, it could 

be oxidized in high temperature and produce Fe2O3, a transition-metal oxide anode 

material.  

3.2.2 Experimental Methods 

Based on properties of Fe2O3 and the methodology discussed in the section above, 

the following method that is illustrated in Figure 3.11 below is designed. FeCl3 is first 

intercalated in between the interlayers of graphite using a molten salt method under 

650 °C for six hours in protective argon gas. Subsequently, the FeCl3-graphite 

product undergoes an annealing process of 300 °C in air for three hours for FeCl3 to 

be oxidized to Fe2O3. As depicted in Figure 3.12, through this method, the contact 

area between Fe2O3 and graphite layers is significantly increased compared to simply 

mixed Fe2O3 and carbon black particles, because the instead of the random 

contacting points, this process allows top and bottom contacting areas of Fe2O3 
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nanoparticles with the graphite network. Besides effectively improving the electronic 

and ionic conductivity, the graphite scaffold also acts as a scaffold that supports the 

Fe2O3 nanoparticles and maintain the structural integrity when volume of Fe2Oe 

fluctuates when lithiation/de-lithiation processes take place. 

 

Figure 3.11 Design of Fe2O2/Graphite synthesis method. 

 

Figure 3.12 Lithiation/de-lithiation process of Fe2O3/G. The porous graphite matrix acts 
as a restraining scaffold for volumetric expansion of Fe2O3, besides providing an 

effective electroconducting network. 

3.2.3 Results and Discussion 

Morphology of Fe2O3/Graphite is characterized by scanning electron microscopy 

(SEM), which is shown in Figure 3.13. From Figure 3.13 (A), the flat surface of 
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graphite flakes before Fe2O3 intercalation is confirmed. The sectional views of 

graphite flakes are shown in Figure 3.13 (B), which confirm the layered structure of 

graphite flakes. Figure 3.14 (A) and (B)are the SEM images of Fe2O3/Graphite after 

the intercalation process. A uniform distribution of nanoparticles with a diameter of 

a few tens of nanometers as shown on the graphite flakes, which corroborates the 

hypothesis that the Fe2O3 could be intercalated on the surface of graphite layers. 

Sectional views in Figure 3.14 (C) and (D) then confirm that the Fe2O3 nanoparticles 

could be intercalated in between adjacent layers of the graphite, since we could see 

the expanded gap between layers, and the Fe2O3 nanoparticles that are embedded 

there. 

 

Figure 3.13 (A) SEM image of graphite.(B) SEM image of sectional views of graphite. 
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From Figure 3.15, it is confirmed using the energy-dispersive x-ray spectroscopic 

(EDS) mapping of the Fe2O3/Graphite that Fe2O3 nanoparticles are uniformly 

distributed within the graphite matrix. 

Figure 3.16 (A) shows x-ray diffraction (XRD) of graphite and Fe2O3/graphite.  The 

graphite exhibits characteristic (002) and (004) peaks at 26.5o and 54.3o, respectively. 

After the intercalation of Fe2O3, a series of diffraction peaks can be respectively 

indexed to the (012), (104), (110), (113), (024), (116), (214) and (300) reflections of 

Fe2O3, matching well with the    standard PDF card (JCPDS no. 86–2368).117 The 

(002) peak of the graphite is slightly reduced from 26.5o and 25.8o, which is 

consistent with the intercalation of Fe2O3 within the graphite layers. The 

Fe2O3/Graphite composite after intercalation and annealing exhibits a typical Fe2O3 

pattern, and no impurity phase was detected.   

Raman spectroscopy in Figure 3.16 (B) is used to demonstrate any structural change 

of the graphite during the intercalation with Fe2O3. The intensity ratio of the D to G 

band (ID/IG) is generally accepted to reflect the degree of graphitization in 

carbonaceous materials, which was calculated to be 0.392 for graphite and 0.550 for 

Fe2O3/graphite.  This increase in ID/IG ratio could be attributed to the exfoliation of 

graphite and the presence of the Fe2O3 particles between the graphite interlayers. 
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Figure 3.14 (A,B) SEM images of Fe2O3/Graphite after intercalation at different 
magnifications. (C,D) SEM images of sectional views of Fe2O3/Graphite. 

 

Figure 3.15 (A-E) EDS elemental maps of C, Fe and O, respectively. 
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Figure 3.17 (A) displays the cyclic performance of Fe2O3/Graphite and graphite at 

100 mAh/g.  Throughout the whole charging/discharging process, Fe2O3/Graphite 

remained a specific capacity substantially higher than that of graphite. With an initial 

improved percentage of 256%, the capacity of Fe2O3/Graphite is still 134% higher 

than graphite after 60 cycles. Figure 3.17 (B) displays the cyclic performance of 

Fe2O3/Graphite and graphite at 500 mAh/g. The initial capacity of Fe2O3/Graphite 

is 45% higher than graphite. With both materials experiencing activation processes 

and increasing capacity, capacity of Fe2O3/Graphite is still 49% higher than graphite 

after 60 cycles. 

 

Figure 3.16 (A) XRD patterns of graphite and Fe2O3/graphite.  (B) Raman spectra of 
graphite and Fe2O3/graphite. 
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Figure 3.17 (A) Cycle performance of graphite and Fe2O3 /graphite at 100 mAh/g and 
percentage improved of Fe2O3 /graphite compared to graphite. (B) Cycle performance of 
graphite and Fe2O3/graphite at 500 mAh/g and percentage improved of Fe2O3 /graphite 

compared to graphite. 
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3.2.4 Conclusion 

In this chapter, the intercalation method is combined with a transition-metal oxide, 

Fe2O3 in making a high-performance anode material for lithium-ion batteries. 

Graphite scaffold made via the intercalation process is used to provide a stable 

supporting structure to prevent structural failure due to large volumetric expansion 

and a highly electroconductive network. Additionally, Fe2O3, with a theoretical 

capacity of 1000 mAh/g, contributed to the overall capacity of the composite. The 

specific capacity of the composite remained at 770.7 mAh/g @ 100mA/g, 134% 

higher than graphite, and 391 mAh/g @ 500 mA/g, ~50% higher than graphite. 

4 Graphene-based High-performance Electrode Materials 

4.1 Graphene-based LiFePO4 Cathodes Using Sol-gel Method 

4.1.1 Introduction 

LiFePO4 has become one of the most promising candidates for cathode materials 

for rechargeable lithium ion batteries in recent years due to its high energy density 

and power density, low toxicity and high level of safety. Hence, it has a wide scope 

of applications ranging from power sources as portable personal electronics such as 

cell phones and laptops, to electronic vehicles and large-scale energy storage devices. 

However, the remaining issues that need to be solved are mainly due to its poor 
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intrinsic electronic conductivity and low lithium ion diffusivity, which cause 

substantial degradation during charge/discharge processes at higher C-rates. To 

enhance the electrochemical performance of this material, we used carbon coating as 

an approach of surface modification.  

4.1.2 Experimental Methods 

The design of this sol-gel method assisted by citric acid is shown below in Figure 4.1. 

First-generation graphene products undergo a graphitization process to achieve a 

higher degree of graphitization with larger gaps between each graphene layer. 

Precursors containing lithium ions, iron ions, and phosphate ions, respectively, are 

introduced into the system in the form of solution. Lithium precursor and iron 

precursor are dissolved in the solvent. Under continuous stirring, different amounts 

of graphene are added. Citric acid is also added as a chelating agent. It provides lone 

pair electrons that combine with the unoccupied orbital of metal ions to form stable 

complexes.39 Moreover, during the calcination process, as temperature rise, citric 

acid that has already entered into nanopores in graphene during mixing is calcined, 

producing large amounts of gas that forces the gaps between interlayers of graphene 

increase. However, excess amount of citric acid could potentially suppress lithium 

ion diffusion of the material, thus, an optimization process of amount of citric acid 

was conducted to determine the ratio of amount of citric acid needed to amount of 
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metal ion precursors used. After complete dissolution of all added species while 

stirring, the solution would slowly become a dark-green gel. This precursor gel 

would be then calcined in Argon protection to obtain graphene/C-LFP 

nanocomposites. Depending on the calcination temperature and amounts of each 

species added, the amount of graphene added as a percentage of graphene/C-LFP 

nanocomposite affects the electrochemical performance of the cathode. Therefore, a 

series of synthesis with different percentages ranging from 2%wt. to 8%wt. of 

graphene are conducted with other parameters remaining constant. Because of the 

carbon coating and electronic-conducting network provided by graphene, 

electrochemical performance, specifically, specific capacity at higher C-rates and 

cycling stability are expected to be improved substantially. 

 

Figure 4.1 Reaction Design of LiFePO4/ Graphene by sol-gel method. 
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4.1.3 Results and Discussion 

Figure 4.2 (a) shows XRD images of processed graphene with different amounts of 

Fe(NO3)3 used, ranging from 0.1 to 0.6. As the amount of Fe(NO3)3 used increases 

from 0.1 to 0.45, the height of the peak gradually grows and the width of the peak 

gradually narrows, indicating an increase in degree of graphitization. From the graph, 

it is apparent that 0.45 is the optimized ratio of Fe(NO3) to be used for graphitization 

of first-generation graphene. Surface area of graphene significantly increased after the 

graphitization process without damage or collapse of the graphene structure, as shown 

in Figure 4.2 (b)-(f), laying the ground for extensive applications for synthesis of 

cathode nanocomposites. 

 

Figure 4.2 (a) XRD graphs of Graphene with different amounts of Fe(NO3)3; (b)-(f) SEM 
images of first-generation graphene with a high degree of graphitization. 
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Different weight percentages, ranging from 2% to 8% of graphene is used to obtain 

LFP/G nanocomposites for optimization. As shown in Figure 4.2 (a), XRD images 

show sharp peaks, indicating a high degree of crystallization of the material. 

Meanwhile, XRD peaks corresponds to the standard LFP XRD spectrum accurately 

with no discrepancies, meaning obtained nanocomposites are single-phase, olivine 

LFP. As the weight percentage of graphene increases, height of XRD peaks 

gradually decreases, while the width of the peaks increases. According to Sherrer 

Equation: 

𝜏 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 

where τ is the mean size of the crystalline domain; K is a dimensionless shape factor 

with a value of about 0.9 but varies with the actual shape of the crystallite; λ is the X-

ray wavelength; β is the line broadening at half the maximum intensity after 

subtracting the instrumental line broadening; θ is the Bragg angle. From the 

equation, it is apparent that the crystalline domain size is inversely proportional to 

peak width; therefore, decrease of the peak height and broadening of the peak width 

are caused by a decrease of grain size. This result shows that the application of 

graphene to LiFePO4 particles are beneficial to particle size reduction, i.e., the 

particle size of nanocomposites is inversely proportional to the amount of graphene 

added. Thermogravimetric analysis curve is shown in Figure 4.3. LiFePO4 is oxidized 



 
 

91 

to form Li3Fe2(PO4)3 and Fe2O3 in air. Weight percentage of carbon, as a result of 

thermogravimetric analysis of graphene in LFP-2% graphene, LFP-4% graphene, 

LFP-6% graphene, LFP-8% graphene, is 2.46%, 4.38%, 6.58%, and 8.46%, 

respectively. The difference between weight percentages of carbon and graphene are 

roughly 0.5%, which corresponds to the weight of calcined citric acid.  

 

Figure 4.3 TGA graphs of LFP/G nanocomposites with different weight percentages 

Figure 4.4 and Figure 4.5 are SEM and TEM images of LFP-4% Graphene 

composite. As shown in Figure 4.4, homogeneous LiFePO4 are sphere-like crystal 

particles that has a relatively smooth surface and clear-cut edges. Particle size 

distribution is relatively even on each layer of graphene as seen from the SEM 

images, as well as in between each layer, suggesting the addition of citric acid 

facilitates the increase of gap between layers in graphene, which is the intended 
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purpose of introducing citric acid to the reaction. The stabilized 3D network of 

graphene with evenly distributed LFP particles, electronic conductivity is observably 

improved, along with the ability of lithium ions to intercalate and deintercalate from 

the cathode during charging/discharging processes. To further look into the 

microscopic structure of the LFP-4% graphene composite, TEM imaging as shown 

in Figure 4.5.  is analyzed. As shown in the TEM images, nearly transparent layers of 

graphene are further separated in comparison to the first-generation graphene used, 

with evenly distributed LFP particles of diameters of ~100nm on average. 

Meanwhile, due to the nature of liquid-phase synthesis, nucleation and 

agglomeration of particles are inevitable; the aggregated LFP particles on the 

graphene layers might impact on the electrochemical performance of the composite 

cathode. 

 

Figure 4.4 SEM images of LFP/6% Graphene 
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Figure 4.5 TEM images of LFP/6% Graphene 

 

Figure 4.6 (a) Charge/discharge curves and (b) potential differences of LFP/G 
nanocomposites with different weight percentages 
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Cycling capacities of LFP/G nanocomposites with different weight percentages 

under 2C rate are shown in Figure 4.6. The voltage plateau corresponds to 

LiFePO4/FePO4 transition. Widths of the plateau varies due to difference in weight 

percentage of graphene. From the graph, it could be observed that LFP-4% 

graphene has the highest discharging specific capacity (131 mAh/g) under 2C 

because of its highest electronic conductivity and lithium ion diffusivity. Besides, in 

Figure 4.6 (b), LFP-4% graphene composite also demonstrates the lowest potential 

difference (54mV); LFP-6% graphene has a potential difference of 100mV; LFP-6% 

graphene has a potential difference of 112mV; and LFP-8% graphene has a potential 

difference of 125mV, as a comparison of potential difference of 135mV of 

unprocessed graphene. Since lower potential difference, i.e., lower polarization, is a 

gauge of good reversibility of a electrochemical reaction, LFP-4% graphene has the 

best reversibility among all samples. 

Rate capabilities and discharging capacities of LFP/G nanocomposites with different 

weight percentages are shown in Figure 4.7(a). Specific capacity degrades as 

charging/discharging rates increase. As shown in the graph, LFP has the lowest 

specific capacities (11mAh/g at 20C) due to its low intrinsic electronic conductivity 

and lithium ion diffusivity, which restricts lithium ion from intercalation and 

deintercalation and hence lowering the specific capacity. LFP-4% graphene has the 

best electrochemical performance among all samples, exhibiting a specific capacity 
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close to theoretical value at 0.2C. With the increase of current density, degradation 

of specific capacity lowers. This phenomenon is attributed to its microscopic 

structure. As aforementioned structures of LFP-4% graphene, the LFP particles are 

small and evenly distributed on the graphene surface; hence, during discharging 

process, almost all LFP particles could be efficiently intercalated/deintercalated, 

facilitating rate capability of the cathode material. However, as observed from the 

comparison between specific capacities of different weight percentages of graphene 

in the composite, rate capability and cycling stability is not directly proportional to 

the amount of graphene added. This is because, although excessive amount of 

graphene could still be beneficial towards improving electronic conductivity by 

shortening the diffusion path of lithium ions, in the meantime, this diminishes the 

effective area of lithium ion diffusion by hampering lithium ions from diffusing. 

Hence, the optimization process of amount/weight percentage of graphene used is 

essential for LFP cathode material with highest possible capacity. 

Nyquist plots of impedance, at room temperature and cut-off voltage, for of LFP/G 

nanocomposites with different weight percentages of graphene is shown in Figure 

4.7 (b). Impedance spectrum plots consist of a hemisphere and a line, x-intercept of 

the hemisphere in the higher frequency region corresponds to Rs of the lithium ions 

in the electrolyte; x-intercept of the hemisphere in the lower frequency region 

corresponds to the sum of resistance of charge transfer and Rs (Rct+Rs). It could be 
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observed from the plots that LiFePO4 has the largest Rct, which correlates to its poor 

intrinsic electronic conductivity and low lithium ion diffusivity. On the contrary, 

nanocomposites after graphene is added show increase in electronic conductivity, 

hence substantially lowering Rct. However, as the amount of graphene continue to 

increase, Rct is increased again. This is because excessive amount of graphene 

diminishes the effective area of lithium ion diffusion, hampering lithium ions from 

contacting with and diffusing through the electrolyte. Furthermore, the extent of 

deviation of the plot from a standard hemispherical shape increases with increasing 

amount of graphene, which could be attributed to double layer capacitance produced 

by graphene.   

Moreover, cycling stability at 2C of LFP/G samples with different weight 

percentages of graphene are shown in Figure 4.7 (c). As seen from the graph, cycling 

stability of LFP is poor with noticeable degradation as number of charge/discharge 

cycle progresses, which is directly related to its poor intrinsic electronic conductivity 

and low lithium ion diffusivity. LFP-4% graphene demonstrates excellent cycling 

stability; approximately no degradation of capacity is observed as number of cycles 

increases. This substantial enhancement of electrochemical performances 

emphasizes the crucial effects from the combination of electronic conductivity, 

lithium ion diffusivity, grain size, size distribution, and microscopic structures. 
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Figure 4.7 Electrochemical performance of LFP/G nanocomposites with different weight 
percentages 

4.2 Hierarchical Flower-like Nitrogen-doped Graphene-based 
LiFePO4 Composite 

4.2.1 Introduction 

There are several traits expected from a potential high-performance cathode material: 

high specific capacity, high electronic and ionic conductivity, good thermal and 

electrochemical stability, and good cycling and rate capability.  

With its unique honeycomb shaped atomic structure and physical properties 

including superior electrical and thermal conductivity, light weight, and structural 
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flexibility, graphene has gained numerous research and industrial interest since 

Andre Geim and Konstantin Novoselov first discovered it in 2004. Preparation 

method has been improved continuously since then, making graphene a suitable 

option for composite cathode material with a highly improved performance, which 

was corroborated by many studies.  

In terms of battery applications, the need for high-energy batteries with fast-charging 

capability is rising rapidly due to the world population and economy growth. Thus, it 

is essential to strategically combine materials so that while maintaining a high 

capacity and energy density, they could also exhibit an ability to accept fast charging. 

Based on this theory, we designed a synthesis process for hierarchical flower-like 

nitrogen-doped graphene-based LiFePO4 composite material for cathodes. 

4.2.2 Experimental Methods 

Reaction scheme of the synthesis for hierarchical flower-like nitrogen-doped 

graphene/LFP composite is shown in Figure 4.8. Hierarchical flower-like MgO 

undergoes CVD with acetonitrile to obtain hierarchical flower-like MgO@ N-doped 

graphene, where a thin layer of graphene is covered on the flakes of the flower-like 

MgO. After acid etching, MgO is removed, leaving the hierarchical flower-like 

nitrogen-doped graphene. Using this structure as the graphene network, our 

objective is to grow LFP nanoparticles within the graphene network. We choose to 
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use hydrothermal method for precise placement of nanoparticles and controllable 

size of nanoparticles. Using LiOH, Fe(NO3)3, and phosphoric acid as precursors to 

dissolve into the solvent with the hierarchical flower-like nitrogen-doped graphene 

for the hydrothermal process, hierarchical flower-like nitrogen-doped graphene/LFP 

composite is obtained for structural and morphological characterization and 

electrochemical performance testing. 

 

Figure 4.8 Reaction scheme for the synthesis of hierarchical flower-like N-doped 
graphene-based LiFeO4 composite 
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4.2.3 Results and Discussion 

 

Figure 4.9 XRD graphs of flower-like MgO sphere at different steps of the synthesis. 

The flower-like graphene sample exhibits one detectable X-ray diffraction (XRD) peak at 

22.7o corresponding to a d-spacing of 0.34 nm (Figure 4.9). A broad diffraction peak 

appears at this angle for flower-like graphene, indicating that the hierarchical graphene 

retains its initial structure after the removal of the MgO template. 
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Figure 4.10 SEM images of flower-like MgO sphere & MgO@N-doped graphene 

As confirmed by the scanning electron microscopy (SEM) show in Figure 4.10, the MgO 

particles prepared by annealing the self-made MgCO3 particles show a flower-like shape 

with an average diameter of ~15 µm. During the CVD process, nitrogen-doped 

graphene uniformly grew on the flower-like MgO samples (Figure 4.11).  
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Figure 4.11 SEM images of MgO@N-doped graphene after acid etching. 

It is noteworthy that free-standing flower-like N-doped graphene samples were prepared 

without collapsing by etching away the MgO template in hydrochloric acid solution 

(HCl) owing to the flexibility and robustness of interconnected graphene network 

architecture, as shown in Figure 4.11 (a)-(g). A magnified SEM image of the sample in 

Figure 4.14 indicates that these N-doped graphene microspheres look like some 

natural flowers consisting of numerous petals, with diameters of 10-15 µm. As could 
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be seen in Figure 3.11 (h)-(i), the elements C, and N were dispersed homogeneously 

on the surface of entire sample matrices. 

 

Figure 4.12 TEM images of flower-like MgO@N-doped graphene 

Figure 4.12 shows the TEM image of dividedly N-doped graphene flower with the holey 

structure. Typically, the size of the petal, i.e., N-doped graphene nanosheet, is around 5 

µm, and the thickness is only dozens of nanometers, as seen in Figure 4.12 (e). The 

nanosheet is composed of randomly oriented crystallites; this was concluded from the 

selected-area electron diffraction (SAED) patterns, where continuous circles were 

observed as shown in Figure 4.12 (f). 
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Figure 4.13 XRD graphs and Raman spectrum of flower-like MgO@N-doped graphene 
based LFP. 

Figure 4.13 shows the XRD pattern of the 3D hierarchical flower-like N-doped 

graphene-LiFePO4 hybrid cathode (HFG-LFP). Both patterns perfectly match the 

standard orthorhombic LiFePO4 (JCPDS #40-1499), indicating that the obtained 

samples are of a high purity and exhibit a high crystallinity. Moreover, the addition of 

graphene has no effects on the crystal structure of LFP through Raman spectroscopy. 

The Raman spectra of both samples are shown in Figure 4.13. Two broad peaks at 1315 

and 1584 cm-1 are assigned to the D band and the G band, respectively, demonstrating 

the existence of N-doped graphene in the obtained nanoarchitecture. 
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Figure 4.14 SEM images of flower-like MgO@N-doped graphene based LFP. 

Figure 4.14 shows the SEM images of hybrid HFG-LFP composite. Flower-like N-

doped graphene is embedded into the LFP uniformly (Figure b), resulting from the 

homogeneous dispersion of flower-like N-doped graphene within the LFP precursor 

suspension. The SEM image obtained under increased magnification further 

demonstrates that flower-like N-doped graphene is intimately incorporated into LFP 

particles (Figure d-f). 
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Figure 4.15 Electrochemical performance of flower-like MgO@N-doped graphene based 
LFP. 

To examine the cyclic performance of commercial LFP/HFG at a high C-rate, long-

term discharge cycling was performed at 20C. The capacity stability was reached only 

after carrying out several initial cycles, and no detectable decline in capacity was observed 

over 500 discharge cycles with a ~100% coulombic efficiency, with capacity remained at 

100 mAh/g, as shown in Figure 4.15 (a).  

Long discharge cycling was also performed at 5 C for LFP/HFG to compare with the 

cycling stability of LFP. The capacity was able to reach a retention rate of 96 %, 

remaining at ~1.6 times the capacity of LFP even after 200 discharge cycles. This 
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demonstrates that this structure substantially improved the cycling performance of LFP, 

as shown in Figure 4.15 (b). 

Figure 4.15 (c) shows the Nyquist plot of LFP and LFP/HFG. The total resistance of 

LFP/HFG is fitted to be 85 W, about half of the resistance of LFP (165 W), suggesting 

that the electronic and ionic transport of is LFP/HFG is significantly improved in 

comparison to LFP. 

Figure 4.15 (d) compares the rate performance of LFP and LFP/HFG at different rates. 

Under all charge/discharge rates, the specific capacities of LFP/HFG are higher than 

those of the commercial LFP. The discharge capacity for LFP/HFG still remains stable 

at an extremely high rate of 50 C, while the capacity of LFP decreases significantly even 

at a lower rate of 5 C. As long as the current density returns to a low rate of 0.5 C, the 

original discharge capacity of LFP/HFG can be recovered, demonstrating that our 3D 

porous architecture LFP/HFG is tolerant to varied charge and discharge currents, which 

is a highly desirable property for electrode materials in lithium ion batteries. 

4.2.4 Conclusion 

In this chapter, we designed the synthesis of hierarchical flower-like nitrogen-doped 

graphene-based LiFePO4 composite by combining a highly conductive and robust 

graphene system with LFP, a low cost, safe, and high-capacity material. Because of the 

unique design of the flower-like N-doped graphene architecture, the graphene 
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network is able to compactly enclose the LFP nanoparticles within, effectively 

improving the electronic and ionic conductivity. With this design, the coulombic 

efficiency is maintained at ~100% after discharging at 20C for 500 cycles. The 

material exhibits a specific capacity of 130 mAh/g after long cycling of 200 cycles, 

maintaining a retention rate of 96 %, which is 1.6 times the capacity of LFP. It was 

demonstrated through the electrochemical performance tests that the hierarchical flower-

like nitrogen-doped graphene-based LiFePO4 composite has an excellent sustainability 

and rate capability. 

4.3 High-quality Mesoporous Graphene Particles as High-energy 
and Fast-charging Anodes for Lithium-ion Batteries 

4.3.1 Introduction 

There are increasing demands for lithium-ion batteries (LIBs) with both high energy 

density and power density for electric vehicles and mobile device applications.118-120 Such 

performance characteristics, in the context of  their electrochemical process, are 

generally governed by the capacity and voltage of  the electrodes, as well as the transport 

of  electrons and ions.  Current LIBs commonly use graphite anodes, which exhibit a 

theoretical capacity of  372 mA h g-1 and have relatively slow lithium-ion insertion-

desertion kinetics, with limited energy density and power performance.121-123  As an 

alternative, spinel Li4Ti5O12 (LTO) has attracted considerable attention due to its fast 

and reversible insertion/extraction kinetics for lithium ions.124,125  Unfortunately, its low 
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theoretical capacity (175 mA h g-1) and high redox voltage (1.55 V vs. Li+/Li) limit the 

energy density.  Beyond the above mentioned materials, materials containing high 

energy-density components (e.g., silicon with a theoretical capacity of  4200 mA h g-1) 

have also been explored extensively (e.g., graphite-silicon composites).126  Such high-

energy components, however, often show slow electrochemical kinetics with a 

significant volume change during the lithiation and delithiation, resulting in 

unsatisfactory power performance and fast capacity decay.127  Developing novel 

materials with high specific capacity, fast ion insertion/extraction kinetics, structural 

and electrochemical robustness is critical towards LIBs with high energy-power density 

and long cycling stability.128-131 

Graphene, which has a theoretical capacity of  744 mA h g-1, fast electronic 

mobility of  10000 cm2 V-1 s and a high lithium-ion diffusivity (10-7 to 10-6 cm2 s-1),132-136 

holds great promise as an anode material for high-energy-power LIBs.  However, such 

outstanding performance is often achieved in high-quality graphene only.  The defects 

in graphene decrease the electric conductivity, electrochemical and structural stability, 

which reduce the power density and Coulombic efficiency and shorten the cycling 

life.137-139  Moreover, the presence of  defects may also cause a slanted charge/discharge 

profile, which may affect the cell voltage profile and energy density.140,141  In addition, 

irreversible stacking of  graphene sheets commonly occurs in graphene-based electrodes 

during the charging and discharging, which reduces the number of  lithium-storage sites 
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and ion-diffusion rate, resulting in reduced energy density and shortened cycling life.142-

145 

4.3.2 Experimental Methods 

We report herein a synthesis of high-quality mesoporous graphene particles with 

nitrogen doping as an anode material for high-energy-power LIBs.  As depicted in 

Figure 4.16, using mesoporous magnesium oxide (MgO) as the template and catalyst, 

nitrogen-doped graphene is grown within the MgO particles by chemical vapor 

deposition (CVD) using acetonitrile as the precursor.  Removal of the template leads 

to the formation of nitrogen-doped mesoporous graphene particles (NMG).  It is 

believed that the growth of graphene on MgO is achieved through by free-radical 

condensation of hydrocarbons.146 Compared with metallic catalysts, MgO generally 

leads to graphene materials with higher defect density,147 which can be reduced by 

subsequent microwave radiation and enables the synthesis of high-quality, nitrogen-

doped, mesoporous graphene (HNMG) particles.   

To Prepare high-quality nitrogen-doped mesoporous graphene (HNMG) particles, 5.4 

g Mg(NO3)2 6H2O were dissolved in 40 ml water and 2.2 g Na2CO3 in 20 ml water 

were well mixed and transferred to a Teflon-lined autoclave, which was reacted at 180 

oC for 24 h to produce MgCO3.  As-formed MgCO3 was collected by filtration and 

calcined in air at 600 oC for 2 h to form the mesoporous MgO template particles.  The 
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MgO particles in a quartz boat were firstly placed in the center of a tube furnace with 

a gas flow containing Ar (500.0 mL min-1)/H2 (150.0 mL min-1) and heated to 900 °C.  

Then, another Ar stream (80.0 mL min-1) flowing through a flask of acetonitrile at 

room temperature was introduced to the reactor to grow N-doped graphene within 

the MgO particles.  After deposition for 15.0 min, as-formed particles were collected 

and treated with hydrochloric acid (1 M) to remove the MgO template and form the 

NMG particles.  As-prepared NMG particles (500 mg) were then placed in a vial filled 

with Ar and microwaved (Danby microwave oven, 1000 W) for 5 min to form 

HNMG particles. 

 

Figure 4.16 A schematic illustrating the synthesis of high-quality, nitrogen-doped, 
mesoporous graphene (HNMG) particles. 
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The unique architecture of the HNMG particles affords several major advantages 

leading to high performance: (1) The low defect-density of the HNMG particles 

affords outstanding electronic conductivity and electrochemical stability, improving 

power performance and cycling stability.  (2) The three-dimensional (3D) graphene 

scaffolds provide the HNMG particles with structural stability, avoiding irreversible 

stacking of the graphene layers during the charging and discharging, which also 

prolongs the cycling stability and improves the Coulombic efficiency.  (3) The 

mesoporous structure provides the HNMG particles with a large number of lithium-

storage sites, effective ion-transport pathways, as well as space to accommodate the 

volume change that may occur during charging and discharging. (4) Nitrogen doping 

improves the electrode-electrolyte interactions, provides lithiophilic surface moieties, 

and offers uniform nucleation sites with small nucleation overpotential, which has 

advantages in high energy density and fast-charging capability.   
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4.3.3 Results and Discussion 

 

Figure 4.17 Structure of the high-quality nitrogen-doped mesoporous graphene (HNMG) 
particles.  (a,b) SEM and TEM images of mesoporous MgO particles. Scale bars: a 5 μm; b 

100 nm. (c,d) element mapping of Mg, O, C, and N of a MgO particle after CVD 
deposition. Scale bars: c 2.5 μm; d 2.5 μm. (e) SEM, (f,g) TEM and (h) high-resolution TEM 
images of the HNMG particles.  The inset in (h) is the selected area electronic diffraction 
(SAED) pattern of the HNMG particle. Scale bars: e 2 μm; f 1 μm; g 20 nm; h 5 nm; inset 
of h, 5 1/nm.  (i) Pore size distributions of MgO particles, MgO particles with deposited 

graphene, and HNMG particles.  (j) XRD patterns and (k) Raman spectra of HNMG 
particles, NMG particles and Graphite.  

Figure 4.17 (a) and (b) respectively present a representative scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) image of the MgO 

template, showing a particular morphology with radially oriented porous channels. 

After the CVD process, nitrogen-doped graphene is uniformly deposited on the 
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template particles, evidenced by the homogenous dispersion of C, N, O and Mg in the 

particles, as shown in Figure 4.17 (c) and (d).   

 

Figure 4.18 Morphology and structure of NMG particles.  (a,b) SEM images of the HNMG 
particles. Scale bars: a 4 μm; b 2 μm. (c,d) TEM images of the NMG.  Scale bars: c 50 nm; 

d 20 nm. (e) High-resolution TEM of the NMG particles. Scale bars: e 5 nm. (f) The 
electronic diffraction pattern corresponding to the NMG particles. Scale bars: f 5 1/ nm. 

Etching away the template results in the formation of NMG particles with a similar 

morphology, as shown in Figure 4.18.  As-made NMG particles were further treated 

by microwave radiation to reduce the defect density, which was conducted by placing 

the NMG particles in a vial with argon and subjecting them to a microwave radiation 

(1000 W for 5 min).  As-treated NMG, denoted as HNMG, shows a similar particular 
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morphology (Figure 4.17e) with 3D mesoporous channels (Figure 4.17f, g), of which 

the thickness of the pore scaffolds is ~ 2.1 nm (Figure 4.17h).  The inset in Figure 

4.17(h) shows a selected area electron diffraction (SAED) of the sample indicating a 

crystalline structure.  Since the thickness of nitrogen-doped graphene is ~ 0.34 nm, 

this observation indicates the scaffolds of such mesoporous HNMG particles are 

consisted with ~ 7 layers of graphene.   

 

Figure 4.19 (a) High resolution C1s XPS spectra. (b) High resolution N1s XPS spectra. (c) 
N2 adsorption/desorption isotherm of MgO particles, MgO particles with deposited 

graphene, and HNMG particles.   

Figure 4.17i shows the pore size distribution of the template particles before and after 

the CVD process.  The template particles show an average pore diameter of 8.0 nm, 

which is decreased to 2.5 nm after the graphene deposition (Figure 4.17i).  After the 

microwave treatment, HNMG particles exhibit an average pore diameter of 3.5 nm 

and a surface area of 768 m2 g-1, as shown in Figure 4.17(i) and Figure 4.19(c).  In 

term of the composition, x-ray photon spectra (XPS) of the HNMG particles show a 

peak of C1s, which can be deconvolved into two components centered at 284.3 and 
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285.4 eV, representing the sp2 C - sp2 C and N-sp2 C bonds, respectively, as depicted 

in Figure 4.19(a).  A peak for N1s is also observed, which can be deconvolved into 

two components centered at 398.2 and 401.1 eV, representing the pyridinic and 

pyrrolic type of nitrogen, respectively as depicted in Figure 4.19(b). The amount of 

nitrogen content in the HNMG particles is estimated as 2.1 atom-%.  All these 

evidences collectively confirm the successful synthesis of nitrogen-doped mesoporous 

graphene particles. 

The role of microwave radiation in restructuring the graphene structure and reducing 

the defect density was confirmed by x-ray diffraction (XRD) and Raman spectrum.  

As seen in Figure 4.17(j), compared with NMG particles, HNMG particles show 

diffraction peaks with higher intensity and narrower width, which is consistent with 

the SAED pattern. Raman spectra of the HNMG and NMG particles show a D band 

at ~ 1331 cm-1 attributing to the disorder structure and a G band at ~ 1591 cm-1 

attributing to the highly symmetrical sp2 carbon structure.148,149 Consistently, the 

intensity ratio of the D/G bands for the NMG particles (0.98) is decreased to 0.18 for 

the HNMG particles, confirming microwave radiation does effectively restructure the 

graphene structure and reduce their defect density.  Indeed, the ratio of the D/G 

band intensity in the HNMG particles is close to that of graphite (~ 0.1),139 indicating 

a high-quality graphene structure.  The ability to reconstruct the NMG structure can 

be attributed to their C-N bonds that can effectively absorb microwave radiation.150-153 
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To examine the lithium-ion storage performance, we first measured the charging and 

discharging capacity and coulombic efficiency.  The electrode prepared from HNMG 

particles with a mass loading of 1 mg cm-2 exhibits an initial discharging (lithiation) 

capacity of 945 mA h g-1, charging capacity of 723 mA h g-1, and coulombic efficiency 

of 76.5% at a rate of 2 C (Figure 4.20a).  The electrode prepared from NMG particles 

with a same mass loading shows a similar initial discharging capacity of 952 mA h g-1, 

but with a lower initial charging capacity of 612 mA h g-1 and lower coulombic 

efficiency of 64.2%.  Generally, the irreversible capacity loss can be attributed to the 

decomposition of electrolyte, as well as the formation of solid-electrolyte interphase 

(SEI) on the electrode surface.154,155 The higher initial coulombic efficiency (ICE) 

observed in the HNMG electrode can be attributed to the better quality of the 

graphene scaffolds.  After 500 cycles, the HNMG electrode still provides a capacity of 

774 mA h g-1 at 2 C, which is significantly higher than that of the NMG electrode (628 

mA h g-1).  For comparison, a conventional graphite electrode with a mass loading of 

1 mg cm-2 was also studied, which shows a much lower specific capacity of 135 mA h 

g-1 in the 2nd cycle and 12 mA h g-1 in the 500th cycle at 2 C. 

It is worth noting that ICE is a critical parameter for LIBs.  Cathode materials (e.g., 

NMC materials) in LIBs accounts for a major cost,156 whereas a low ICE could 

deplete lithium ions, reducing the cell energy density and increasing cost. Compared 

with commercial graphite,157,158 the HNMG electrode shows a decent ICE of 76.5%, 
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which is significantly higher than the anode materials reported (e.g., N- and S- co-

doped graphene with an ICE of 44.7%; graphene aerogels with an ICE of 48.5%; 

popcorn-like graphene with an ICE of 45.2%; silicon-coated hollow SnO2 

nanospheres with an ICE of 62.6%).159-162,175-177 

 

Figure 4.20 Electrochemical performance of the HNMG particles, NMG particles and 
graphite electrodes.  (a) Cycling performance of the HNMG (1C = 744 mA g-1), NMG (1C 

= 744 mA g-1) and graphite (1C = 372 mA g-1) electrodes with a mass loading of 1 mg cm-

2 at a rate of 2 C for 500 cycles in the 0.01-2.0 V window (versus Li/Li+).  (b) Rate 
performance of the HNMG, NMG and graphite electrodes at various C rates (0.2 to 60 C).  
(c) Volumetric capacity of the HNMG, NMG and graphite electrodes at different C rates.  
(d) Nyquist plots of the HNMG, NMG and graphite electrodes prior to the cycling process. 
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Figure 4.20(b) compares the rate performance of the HNMG, NMG, and graphite 

electrodes at various charge-discharge rates.  Increasing the charge-discharge rate 

from 0.2, 0.5, 1.0, 2, 5,10, 20 to 40 C, the HNMG electrode exhibits a reversible 

specific capacity of 1138, 956, 861, 760, 689, 612, 542 and 485 mA h g-1, whereas the 

NMG anode shows a significant lower capacity of 1070, 855, 736, 633, 571, 472, 398 

and 282 mA h g-1, respectively.  Particularly, at a high charge-discharge rate of 60 C, 

the HNMG electrode still provides a reversible capacity of 448 mA h g-1, which is 

nearly 3 folds higher than that of the NMG electrode (163 mA h g-1) and 70 folds 

higher than that of the graphite electrode (6 mA h g-1).  Meanwhile, returning the rate 

from 60 C to 0.2 C, the HNMG electrode shows a high capacity of 1157 mA h g-1, 

indicating an excellent reversibility. 

Figure 4.20(c) compares the volumetric capacity of the HNMG, NMG, and graphite 

electrodes with a mass loading of 1 mg cm-2.  The HNMG anode shows a reversible 

volumetric capacity of 570 mA h mL-1 at 2 C, which is significantly higher than that of 

the NMG anode (435 mA h mL-1) and 5 folds higher than that of the graphite 

electrode (102 mA h mL-1).  At a higher rate of 60 C, the HNMG anode still shows a 

volumetric capacity of 334 mA h mL-1, which is nearly 3 and 30 folds higher than that 

of the NMG electrode (110 mA h mL-1) and graphite electrode (10 mA h mL-1), 

respectively.  The high volumetric capacity observed in the HNMG electrodes can be 

attributed to the high tap density of the HNMG particles, as well as their high specific 
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capacity and rate performance.  Note that such HNMG particles exhibit an average 

tap density of ~ 0.63 g cm-3, which is one order of magnitude higher than most of the 

graphene materials reported (< 0.05 g cm-3),163,165 and only slightly lower than that of 

the graphite particles used in the conventional anodes (~ 1.0 g cm-3)166. The ability to 

synthesize such graphene particles with high mass- and volume- specific capacity, as 

well as high rate performance, represents an important step towards LIBs with high-

energy-power performance.  

 

Figure 4.21 The comparison of specific capacity vs current density of the HNMG 
electrodes with representative graphene anodes reported. 

The outstanding rate performance of the HNMG electrodes can be attributed to their 

effective charge transport, as confirmed by the electrochemical impedance 

spectroscopic (EIS) study shown in Figure 4.20(d).  Compared with the NMG electrode 

and the graphite electrode, the HNMG electrode exhibits a shortest Warburg region 
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with the smallest semicircle diameter, indicating fast lithium-ion diffusion with low 

charge-transfer resistance.  It is worth noting that graphene materials with various 

architectures have been explored for anode applications. Figure 4.21 shows the capacity 

performance of representative graphene materials reported in the forms of thin films, 

aerogels, hydrogels, sponges and foams.167-169 Compared with these materials, the 

HNMG particles exhibit a much higher capacity at a given current density.  To the best 

of our knowledge, the high specific capacity of 440 mA h g-1 achieved at a high current 

density of 45 A g-1 represents one the best among the graphene materials reported, as 

shown in Table 4.1.   

Materials Carbo
n 

black 
(%) 

Mass 
loading 

(mg 
cm−2) 

Curren
t 

densit
y (A 
g−1) 

Capacity 
(mAh 
g−1) 

Current 
density 
(A g−1) 

Capacity 
(mAh 
g−1) 

Referenc
e 

Holey Graphene Paper 0 0.3 0.05  403 2 178 [7] 

Laser-scribed Graphene 
Paper 

0 NA 0.37  545 1.86 335 [10] 

Phosphorus-Doped 
Graphene 

15 NA 0.1 460 2 190 [3] 

3D Fe3O4/Graphene 
Foam 

0 NA 0.37  785 5.5 400 [11] 

3D Fe3O4/Graphene 10 NA 0.15  856 4.8 363 [12] 
Mesoporous Graphene 
Sheet 

10 NA 0.1 770 5 255 [13] 

3D Fe2O3/Graphene 0 0.8 0.2 871 5 587 [14] 
3D MoS2/Graphene 10 1.5 0.07 1216 1.86 711 [15] 
3D Sn/Graphene 10 NA 0.2 1022 5 459  [16] 
3D WS2/Graphene 0 1.9 0.1 693 1 394 [17] 
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Solvated Graphene 
Frameworks 

0 2 0.2 1034 5 472 [8] 

Nitrogen-Doped Holey 
Graphene 

10 1 0.1 989.5 10 161  [1] 

Nitrogen-Doped 
Graphene 

15 NA 0.1 655 5 150  [18] 

Nb2O5/HGF 10 1 0.2 160 20 75 [19] 

Graphene Ball 0 NA 0.07 700 7 240 [4] 

HMNG Particles  
0 

1  
0.15 

1138 45 440 This 
work 

3 1126 30 361  

6 1109 30 221 

Table 4.1 Electrochemical performance of reported typical graphene-based anode 
materials in comparison with our results. 

 

Figure 4.22 Nyquist plots of HNMG and graphite anode obtained by applying a sine 
wave with amplitude of 5.0 mV over the frequency range from 100 kHz to 0.01 Hz and 
an equivalent circuit used to fit the Nyquist plot. The circuit elements are composed of 

the solution resistance (Rs), the charge-transfer resistance (Rct), the contact resistance (Rf) 
and the Warburg impedance (Zw), respectively. 
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The outstanding rate performance of the HNMG electrodes can be attributed from 

their fast ion-electron transport.  Figure 4.22 compares the Nyquist plots of a HNMG 

electrode and a traditional graphite electrode, where the HNMG electrode shows a 

significantly lower charge-transfer resistance.  Note that, during lithiation/delithiation 

of an electrode, the exchange current density is generally inversely proportional to the 

charge-transfer resistance.170 The significantly lower charge-transfer resistance observed 

for the HNMG electrode indicates a more effective lithiation/delithiation process.  

Furthermore, the diffusion coefficient of lithium ions within the electrodes was 

estimated using the Warburg impedance model. As expected, the HNMG electrode 

exhibits a significantly higher lithium-ion-diffusion coefficient, which is two to three 

orders of magnitude higher than that of the graphite electrode, further confirming the 

roles of porous structure in facilitating the ion transport in the electrode. 

Besides their high-power-energy performance, the HNMG electrodes also exhibit 

outstanding cycling stability.  For example, after cycling at 40 C and 60 C for 3000 

cycles, HNMG electrodes still show a capacity of 475 and 436 mA h g-1 with a 

capacity retention of 99.2 % and 99.1%, respectively (Figure 4.23a).  Meanwhile, 

HNMG electrodes exhibit the high coulombic efficiency, as shown in Figure 4.24(a).  

The NMG electrodes, in contrast, show a significantly lower capacity of 256 and 148 

mA h g-1 after 500 cycles at 40 C and 60 C, respectively, as shown in Figure 4.24(b), 

whereas the graphite electrode shows a capacity of 7 and 3 mA h g-1 after 100 cycles at 
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40 and 60 C, respectively, as shown in Figure 4.24(c). It is noted that this high areal 

capacity with high current density under long cycling performance testing will induce 

dramatically dendrite growth phenomenon on lithium-metal electrodes. Therefore, in 

order to alleviate the dendrite growth phenomenon on lithium-metal electrodes, 

HNMG and NMG electrodes with a mass loading of 0.25 mg cm-2 were used for the 

high-rate cycling performance testing, where 4 M lithium bis(fluorosulfonyl) imide in 

1,2-dimethoxyethane was used as the electrolyte. The outstanding cycling stability can 

be attributed to their unique architecture, where the 3D mesoporous structure 

prevents irreversible stacking of the graphene layers and compensates the volume 

change that may occur during the charging and discharging, while the low defect-

density minimizes irreversible electrode reactions.  Consistently, EIS of a HNMG 

electrode after 30 cycles, 300 cycles and 3,000 cycles at 60 C shows a similar transport 

resistance, indicating the conduction networks for ions and electrons are well retained 

during the cycling process, thus ensuring the cycling stability (Figure 4.23b).   

To further probe the cycling stability, structure evolution of the HNMG particles during 

charging and discharging was examined using SEM and in situ TEM.  Figure 4.23c and 

4.23e show SEM images of a HNMG electrode before and after 3,000 cycles at 60 C, 

respectively.  As shown, the integrity of the electrode is well retained, where the HNMG 

particles in the electrode remain homogeneously dispersed and connected.  This 

observation suggests the electron-conduction networks in the electrode is well retained 
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after the cycling process, confirming the HNMG architecture can effectively avoid any 

substantial volume change during charging and discharging.   

Figure 4.23d and f further show the SEM images of a HNMG particle before and 

after the cycling process, which show a similar morphology and indicate an excellent 

structural stability of the particles.  It is noteworthy that N-doped graphene is 

relatively lithiophilic, offering uniform nucleation sites with small nucleation 

overpotential.171 Consistently, it was found that the HNMG electrode appears 

smoother after the cycling process possibly due to the formation of uniform 

deposition on the particles. 
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Figure 4.23 The cycling stability of the HNMG electrodes and in situ TEM study of the 
HNMG particles during charging and discharging.  (a) Cycling stability of the HNMG 

electrode with a mass loading of 0.25 mg cm-2 at rates of 40 C and 60 C for 3000 cycles 
in the 0.01-2.0 V window (versus Li/Li+).  (b) Nyquist plots of the HNMG electrode after 

the 1st, 30th, 300th and 3,000th cycles at a charging and discharging rate of 60 C. (c,d) 
SEM images of a HNMG electrode and HNMG particle prior to the cycling. Scale bars: c 

100 μm; d 3 μm.  (e,f) SEM images of a HNMG electrode and a HNMG particle in the 
lithium-insertion state after 3,000 cycles at a rate of 60 C. Scale bars: e 100 μm; f 3 μm. 

(g) A scheme of an electrochemical cell used for in situ TEM study, as well as the 
structure and morphology evolution of a HNMG particle during a lithiation and 

delithiation process.  
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The in situ TEM investigation by applying a voltage bias of 3 V was conducted using a 

setup illustrated in Figure 4.23g.  A HNMG particle dispersed on a Cu half-grid was 

connected to a Li metal electrode that was deposited on a tungsten (W) wire; while the 

native Li2O layer on the Li electrode was used as the electrolyte.  Applying a negative 

voltage to the Cu grid initiated the lithiation process of the HNMG particle, while the 

delithiation was started by applying a reversed voltage bias.  Figure 4.23g also shows 

the structure and morphology evolution of the HNMG particle during lithiation and 

delithiation. Before lithiation (0 min), the HNMG particle exhibits a porous structure 

similar to that observed in Figure 4.17.  The morphology, structure, and dimension of 

the particle remain unchanged after lithiation (3 min) and delithiation (6 min), 

confirming the structural stability of the particle during lithiation and delithiation.  

Particularly, the unchanged dimension of the HNMG particles during the charging 

and discharging preserves the electron- and ion- conduction networks of the 

electrode, which is essential to ensure the cycling stability.  
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Figure 4.24 (a) Coulombic efficiency for HNMG electrodes with a mass loading of 0.25 

mg cm-2 at rates of 40 C and 60 C for 3000 cycles. (b) Cycling stability of the NMG 

electrode at rates of 40 and 60 C for 500 cycles. (c) Cycling stability of the graphite 

electrode at rates of 40 and 60 C for 100 cycles. (d) Cycling performance for the HNMG 

electrode at a rate of 5 C for 500 cycles. The mass loading is 3 mg cm-2.  (e) Coulombic 
efficiency for the HNMG electrode at a rate of 5 C for 500 cycles. The mass loading is 3 

mg cm-2. 
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It is noteworthy that Zhu et al 172 demonstrated the fabrication of porous carbons for 

LIB anodes via carbonizing cotton infiltrated with a MgO precursor.  Compared this 

low-cost and scalable method, the CVD approach could provide HNMG particles 

with less defect and amorphous carbon moieties, which could significantly improve 

the electrochemical performance.  Various carbon materials have also been 

synthesized as anodes for LIBs using hard-template methods, as shown in Table 4.2.  

For carbon materials, a high content of sp2 (less sp3) moiety could improve the 

electronic conductivity and lead to more effective lithium-ion insertion and desertion.  

The high-quantity HNMG particles enable effective charge transport and provide 

outstanding mechanical and electrochemical robustness, endowing the electrodes with 

high areal mass loadings, high reversible capacity, superior rate capability and 

remarkable cycling stability.  In this context, developing techniques (e.g., microwave 

irradiation) that can reduce the defect density could be of great interest towards high-

performance carbons for LIBs. 

Materials Templa
te 

Mass 
loading 

(mg 
cm−2) 

Curren
t 

densit
y (A 
g−1) 

Capacity 
(mAh g−1) 

Curre
nt 

densit
y (A 
g−1) 

Capacity 
(mAh 
g−1) 

Reference 

Graphene Ball SiO2 NA 0.07 700 7 240 [4] 

Mesoporous 
Graphene Sheet 

AAO NA 0.1 770 5 255 [13] 

3D Macroporous 
Carbon Monolith 

PMMA NA 0.015 299 0.15 125 [20] 
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Hollow Carbon 
Sphere 

SiO2 NA 0.074 320 5.58 210 [21] 

Hierarchically 
Porous Carbon 
Monolith 

SiO2 2 0.372 540 22.32 70 [22] 

Ordered Multimodal 
Porous Carbon 
Sphere 

SiO2 NA 0.1 903 1 758 [23] 

Hollow Mesoporous 
Carbon Sphere 

SiO2 NA 0.074 268 3.72 100 [24] 

Nitrogen-Rich 
Mesoporous Carbon 
Plate 

CaCO3 1 0.1 900 0.8 400 [25] 

Nitrogen-Rich 
Porous Carbon 
Sphere 

SiO2 NA 0.5 542 3 215 [26] 

Porous Carbon Fiber MgO NA 0.25 1020 4 355 [27] 

 
HMNG Particles 

 
0 

1  
0.15 

1138 45 440 This work 

3 1126 30 361  

6 1109 30 221 

Table 4.2 Electrochemical performance of reported typical various carbon-based 
materials prepared by template method in comparison with our results.  

Such HNMG particles are ideal materials for anodes with high energy-power 

performance and long cycling life.  Towards commercial use, it requires the electrodes 

be fabricated with sufficient areal capacity and current density.  This generally requires 

the electrodes be fabricated with sufficient loading of active materials.  However, 

increasing the mass loading generally increases the transport resistance, which 

deteriorates the capacity and power performance.  Fortunately, the unique architecture 

of the HNMG particles provide effective transport pathways for ions and electrons, 

enabling the fabrication of high-mass-loading electrodes with high energy-power 

performance.   
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Figure 4.25 The performance of the HNMG electrodes with various mass loadings. (a) 
Constant current first cycle charge-discharge curves at a rate of 2 C for the HNMG 

electrodes with a mass loading of 1 mg cm-2, 3 mg cm-2, and 6 mg cm-2, respectively.  (b) 
The capacity of the HNMG electrodes with different mass loadings cycled at a rate of 2 C 
for 500 cycles in the 0.01-2.0 V window (versus Li/Li+).  (c) Specific capacity of the HNMG 
electrodes with different mass loadings measured at charge-discharge rate from 0.2 C to 
40 C.  (d) Areal capacity and (e) utilization of the active material of the HNMG electrodes 
with various mass loading at different C rates.  The gray area marked in (d) represents 
the range of the areal capacity of common commercial anodes.  (f) A comparison of the 
areal performance metrics of a HNMG electrode with a mass loading of 6 mg cm-2 with 

representative anodes reported. 
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For demonstration, Figure 4.25 (a) shows the charging and discharging curves and 

specific capacity of the HNMG electrodes with a mass loading of 1 mg cm-2, 3 mg cm-

2, and 6 mg cm-2 at the rate of 2 C, respectively.  The capacity of these electrodes is 

mainly contributed by Li insertion at voltage below 0.4 V (vs. Li+/Li), which ensures a 

high full-cell voltage with high energy density.139,173 The electrodes show a capacity of 

746 mA h g-1, 701 mA h g-1 and 642 mA h g-1, respectively, at the rate of 2C (Figure 

4.25b), indicating the capacity is well retained with increasing the mass loading.  

Figure 4.25 (c) further shows the mass-specific capacities of the electrodes at different 

C rates.  With increasing the mass loading from 1 mg cm-2 to 3 mg cm-2 to 6 mg cm-2, 

the capacity decreases from 1138 mA h g-1 to 1126 mA h g-1 to 1109 mA h g-1 at 0.2 C 

or from 605 mA h g-1 to 535 mA h g-1 to 455 mA h g-1 at 10 C, respectively, 

corresponding to a capacity reduction of 1.1 % and 2.5 % at 0.2 C or 11.6 % and 

24.8 % at 10 C.  Nevertheless, even at a high charge-discharge rate of 40 C, the 

HNMG anodes with a mass loading of 3 mg cm-2 and 6 mg cm-2 can still provide a 

capacity of 362 mA h g-1 and 221 mA h g-1, respectively, confirming the feasibility of 

fabricating high-mass-loading electrodes with high-energy-power performance. In 

addition, HNMG anodes with high areal mass loading also exhibit excellent cycling 

stability. For example, HNMG electrodes with mass loading of 3 mg cm-2 can provide 

a retention of 93% from the initial capacity and a coulombic efficiency of 99.9% 

(from the second cycle) after 500 cycles at 5 C, as depicted in Figure 4.24 (d) and (e).   
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Figure 4.25 (d) further plots the areal capacity of the HNMG electrodes vs. mass 

loading at different C rates.  The areal capacity linearly increases with mass loading 

when the C rate is less than 10 C; further increasing the C rate (e.g., 40 C) deviates the 

linear relationship at high mass loading (e.g., 6 mg cm-2) due to the increased charge 

resistance and the less effective utilization of the active material.  Figure 4.25 (e) 

further plots the utilization of the active material versus the C rate, of which the 

utilization is estimated by normalizing the specific capacity of the electrode at 

different C rates (the slopes of the lines) vs. the specific capacity at 0.2C.  The 

utilization decreases with increasing mass loading and C rate, which is 53%, 49% and 

44% at 10 C or 48%, 42% and 37 % at 20 C, for the electrodes with a mass loading of 

1 mg cm-2, 3 mg cm-2, and 6 mg cm-2, respectively.  It was found that increasing mass 

loading from 1 mg cm-2 to 6 mg cm-2 only reduces the utilization for ~ 10% even at 

high charge-discharge rates.  In contrast, the utilization of the graphite electrode (mass 

loading of 1 mg cm-2) rapidly decreases with increasing C rate (3.4 % at 10 C or 2.8 % 

at 20 C).  These studies further confirm the high-energy-power performance of the 

high-mass-loading HNMG electrodes.  

To further assess the performance of the HNMG electrodes, Figure 4.25 (d) also 

marks the areal capacities of commercial graphite anodes, which are in the range of 

2.5 to 3.5 mA h cm-2 when operated at a current-density range of 0.37 mA cm-2 to 

1.86 mA cm-2.174  As shown, the HNMG electrode with a mass loading of 6 mg cm-2 
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exhibits areal capacity as high as 6.1 mA h cm-2, 5.3 mA h cm-2, 4.6 mA h cm-2, 3.9 

mA h cm-2, and 3.3 mA h cm-2 at a charge-discharge rate of 0.2 C, 0.5 C, 1 C, 2 C, and 

5 C, respectively.  Such charge-discharge rates correspond to areal current density of 

0.9 mA cm-2, 2.2 mA cm-2, 4.5 mA cm-2, 9.0 mA cm-2, and 22.3 mA cm-2, respectively.  

Compared with the commercial graphite anodes, the areal capacities of the HNMG 

electrodes are significantly higher, particularly, at high current density.   

It is worth noting that various materials have been explored for high-energy-power 

anodes represented by carbon-coated LTO, silicon-coated graphite, graphene-coated 

silicon, and structure-engineered graphite and graphene (edge-activated graphite, 

popcorn-like graphene, graphene aerogel, and holey graphene).175-182 Figure 4.25 (f) 

plots the areal capacity vs. areal current density of these materials, along with that of 

the HNMG electrode and graphite electrode.  For the structure-engineered graphene, 

despite creating holes in the holey graphene facilitate ion transport, their two-

dimensional architecture limits the performance at high current density; while 

graphene aerogel and popcorn-like graphene to possess 3D porous structure, 

exhibiting higher areal capacity than the graphite anode.175-177  Activating the edge 

planes of graphite by a catalytic reaction with hydrogen results in edge-activated 

graphite, which exhibits better areal capacity than the graphite anode.  However, the 

rate performance at high current density is still intrinsically limited by the lithium 

insertion/desertion kinetics.  For the silicon-containing graphene and graphite, 
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incorporation of high-capacity silicon increases the areal capacity at low current 

density.  Inherently limited by the slow reaction of silicon, however, the capacity is 

reduced rapidly with increasing current density.  In contrast, the HNMG electrodes 

outperform these representative anodes, exhibiting the highest areal capacity, 

particularly, at high areal current density.  For example, the HNMG anode can supply 

a high areal capacity over 3 mA h cm-2 with current density of 30 mA cm-2, which is 

the best-known values for the anodes reported. 

4.3.4 Conclusion 

In summary, high-quality graphene electrode for fast-charging and high-energy LIBs 

have been indicated by design of three-dimensional nitrogen-doped mesoporous 

graphene particles with low density of defects at the nanoscale, which allow us to 

maximize the potential of graphene for application in fast-charging and high-energy 

LIBs.  The unique architecture of the HNMG particles provides structural and 

electrochemical stability, effective ion and electron transport, and sufficient sites for 

ion storage, leading to high energy capacity and coulombic efficiency, excellent rate 

performance and long cycling lifetime.  Particularly, such HNMG particles enable the 

fabrication of electrodes with a high areal capacity at high areal current density, 

providing a highly promising anode material towards LIBs with high-energy-power 

performance. Importantly, this work opens a new pathway to develop the high-quality 
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graphene microstructure with real-life applications in high performance 

electrochemical energy storage and conversion and beyond. 

5 Future Perspectives 

Perspectives on Embedded Graphite Composite Materials 

The initial intercalation process of graphite could be used with other chlorides (MnCl2, 

SnCl2, SiCl4) to synthesize precursors of various graphite composite materials that 

employs active materials such as sulfides, nitrides, and phosphides. 

Perspectives on Graphene-based Composites Syntheses and Applications 

Finding an alternative of MgO as the catalyst with a better catalytic activity could 

potentially improve the quality of graphene further. Besides the main cathode material, 

LFP, that is predominantly discussed, the unique architecture and flexibility of structural 

design of graphene could be incorporated in more electrode materials: LMO, NCM, Si…, 

to solve their issues, and in turn optimize their performances. 

6 Conclusions 

Incorporating carbon-based materials is an effective solution to solving the low 

electronic and ionic conductivity of electrode materials. Because of the unique 
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properties of graphene and graphite, the structural flexibility allows it to act as a 

supporting structure and conducting network at the same time for nanostructured 

materials. Depending on the requirement or demand of an individual application, 

different forms of carbon-based materials (intercalated and exfoliated graphite, CVD-

grown graphene, and combination of carbon network and graphene) could be selected 

to cater to certain needs. 

Besides, the choice of active electrode material is essential for feasible application. As 

energy demand is continuing to grow globally, clean and inexpensive energy storage 

systems are required to meet the needs. Materials with high abundance, low cost, and 

high level of safety were chosen so that when combined with carbon-based materials, 

they could exhibit an optimal electrochemical performance.  

Overall, the designs and synthesis discussed in this thesis provided potential solutions 

by applying high-quality carbonaceous materials with high-specific 

capacity/volumetric capacity active electrode materials to bring a remarkable 

enhancement to the battery performance due to the improved electroconductivity, 

preserved structural integrity, and containment of the volumetric expansion. 

Apart from the completed works, concepts and processes developed could be applied 

to future projects that could successfully synthesize a class of composite materials for 

high-performance lithium-ion batteries.  
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