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ABSTRACT 

Energy problem has become one of the most important problems in today's world. With the 

depletion of fossil fuels and the change of climate, the research on the conversion and 

application of new clean energy has entered a critical stage. With the deepening of research, 

more and more technologies and products have been commercialized and changed our daily 

life, such as electric vehicles (EVs). EVs refer vehicles which are powered by electric energy 

(lithium ion batteries). Compared with traditional fuel cars, electric vehicles (EVs) have 

many advantages: (i) High energy efficiency: The energy conversion efficiency of the fuel 

engine is only about 10%-15%, while the efficiency of the battery engine can be as high as 

80%-90%; (ii) Environmentally friendly: The emissions of petrol cars include solid particles, 

carbon oxides, nitrogen oxides, sulphur oxides, etc, while the batteries almost have no 

pollution emissions; (iii) Economy: The average cost of EVs is about 4.2AUD per 100km, 

while the cost of petrol vehicles is about 18.7AUD per 100km. According to these obvious 

advantages, many countries have already announced plans to increase the uptake the of 

electric vehicles. 

These applications demand an increased performance from the lithium-ion battery (LIB). 

Although this technology is quite mature after years of development, there are still many 

problems today. For cathode materials, the main problem is that the specific capacity is 

relatively low and not suited to high energy applications. For anode materials, although the 

specific capacity is quite good, the stability is a big problem. In addition, the safety and the 

high cost are also problems demanding prompt solutions. At the same time, the lithium 

mineral on earth is being exhausted, finding other alkaline metals, like sodium or potassium, 

to replace lithium is also a major direction of energy storage research. 
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This thesis presents four research works during my doctoral study which are mainly about the 

electrode materials of four different battery systems. The purposes of these works are to 

improve the problems existing in the traditional materials through the way of composition 

design and morphology control. 

The first two chapters of my work are about the symmetric battery system. The symmetric 

batteries with an electrode material possessing dual cathodic and anodic properties have been 

regarded as an ideal battery configuration because of their distinctive advantages over the 

asymmetric batteries in terms of fabrication process, cost and safety concerns. However, the 

development of good performance in symmetric batteries is highly challenging due to the 

very limited availability of suitable symmetric electrode materials with such duplex 

properties of high reversible capacity. Chapter 2 introduces a triple-hollow-shell structured 

V2O5 (THS-V2O5) based high performance symmetric electrode material with a reversible 

capacity of >400mAh/g between 1.5V to 4.0V and >600mAh/g between 0.1V to 3.0V, 

respectively, when used as the cathode and anode. This single electrode based symmetric full 

lithium ion battery (LIB) constructed with THS-V2O5 exhibits a reversible capacity of about 

290mAh/g between 2.0V to 4.0V, which is the best performance in symmetric energy storage 

systems reported to date. In Chapter 3, we report a novel NASICON-type K3V2(PO4)3 which 

was prepared and first employed for the symmetric KIBs. The reversible capacity of the full 

symmetric KIBs is about 90mAh/g between 0.01–3.0V at 25mA/g, corresponding to an initial 

coulombic efficiency of 91.7%. Additionally, a potential of about 2.3V was obtained in this 

work, which is the largest reported working potential and will benefit the output energy of 

this symmetric energy storage system. 

The other two chapters of my work are about anode materials of lithium-ion batteries (LIBs). 

In Chapter 4, we reported a new yolk-shell structured high tap density composite made of a 
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carbon-coated rigid SiO2 outer shell to confine multiple Si nanoparticles (NPs) (yolks) and 

carbon nanotubes (CNTs) with embedded Fe2O3 NPs. The achieved high tap density and 

superior conductivity can be attributed to the efficiently utilised inner void by multiple Si 

yolks, Fe2O3 NPs and CNTs Li+ storage materials, and the bridged spaces between the inner 

Si yolks and outer shell through a conductive CNTs. In Chapter 5, we present a controllable 

synthesis method of single to quadruple hollow NiO multi-shelled microspheres and studied 

the electrochemical properties. Furthermore, we made a modification on the basis of the 

triple-shelled structure, the hollow triple-shelled α-Fe2O3/NiFe2O4@NiO (TS-NFO) 

microspheres were simply synthesized by a secondary absorption method. Due to the effect 

of synergistically interactive, the TS-NFO microspheres exhibited an initial capacity of 

2474mAh·g-1 and excellent reversible capacity of 869mAh·g-1, 2114mAh·g-1, 2061mAh·g-1 

after 100, 500 and 800 cycles at 0.5A·g-1 in the electrochemistry property tests. The 

outstanding energy storage performance can be ascribed to the unique hollow hybrid metal 

oxides core@shelled structure, which can relieve the volume extension to a great extent and 

greatly improve the reversible specific capacity by the synergistically interactive effect. 

In summary, this thesis introduces four kinds of electrode materials, which are applied to two 

kinds of energy storage systems. All the research works were trying to improve the 

performance of the batteries by composition design and morphology control, which may 

provide new ideas for the study of functional electrode materials development for energy 

storage systems. 
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CHAPTER 1. Introduction 
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1.1 General Background 

The sources of energy, as well as the generation and storage, always limit human’s 

subsistence and development. As fossil fuel supplies are depleted, the environment 

deteriorates, and the population increases, the need for renewable and environmentally 

friendly energy is becoming more and more critical.  

Renewable clean energy is defined in contrast to energy derived via the combustion of fossil 

fuels. The biggest difference is that compared with fossil energy, renewable clean energy can 

be reproduced in a very short time and the products have no harm towards the environment. 

These kinds of energy mainly include wind energy, water energy, solar energy, etc. At 

present, research into renewable clean energy mainly has two direction: one is energy 

conversion and production, the other one is energy storage. The main methods of energy 

conversion and production are wind power generation, hydraulic generation, or using 

semiconductors to convert sunlight into electricity (solar cells). Meanwhile, chemistry-based 

methods are also becoming a very important way to produce clean energy, like using 

catalysts to lower the over potential of brine electrolysis or photocatalytic water splitting, 

which produce clean fuels like H2 or CH4. The alternate research direction focused towards, 

energy storage is also very important. New devices such as supercapacitors, fuel batteries, 

and air cells have all undergone high-speed development to address the energy storage 

concern, however lithium-ion batteries (LIBs) still remain the most convenient, widely used, 

economic, stable and safe method to store electricity. 

Compared with Ni-Cd or lead acid batteries, LIBs can offer 2-3 times higher energy densities 

and 5-6 times higher power densities, and after more than 40 years of development, this 

technology has changed people’s lives dramatically. LIBs were originally commercialized for 

portable electronic devices, like cell phones and laptops, and are now expanding to electric 
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vehicles (EVs). As the energy demands associated with high power portable devices and EVs 

increase, finding high energy density, low cost, stable and safe electrode materials have 

become the main challenge of current LIB research. At present, the most common cathode 

materials are lithium metal oxide (i.e., LiCoO3, LiMn2O4, LiFePO4, LiNi1-x-yCoxMnyO2), 

which is paired with the most common commercial anode material, graphite. The symmetric 

battery with the cathode and anode made from the same material is always regarded as an 

ideal battery configuration, because of their distinctive advantages over the asymmetric 

batteries in terms of fabrication process, cost and safety (The anode volume expansion during 

discharge can be precisely compensated by the cathode volume shrinkage and vice versa, 

enabling the retention of a consistent total cell volume.).[1] However, the development of high 

performance symmetric batteries is highly challenging due to the very limited availability of 

suitable symmetric electrode materials with high reversible capacity. 

Meanwhile, a very pressing issue for LIBs markets is the over use of the limited lithium 

resource. Recently, K-ion batteries (KIBs) have emerged as another possible energy storage 

system because of the lower price and abundant reserves of the potassium element.[2, 3] The 

cost of potassium carbonate (about 1000 USD/ton) is much lower than the cost of lithium 

carbonate (about 23000 USD/ton).[4, 5] More importantly, potassium has a lower standard 

redox potential than sodium and even lithium in non-aqueous electrolyte.[6] Many factors 

indicate that KIBs are very promising energy storage method, and may replace of LIBs in the 

future. However, since the radius of K-ions are much bigger than the radius of Li ions, it’s 

quite difficult for K-ions to be inserted into the layer space of the electrode materials. As such, 

potassium-based energy storage research revolves around the synthesis of new materials 

which provide a larger crystal lattice space while also providing a stable structure and high 

energy density. 
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In summary, electrode materials are the core tech of the energy storage system, and the 

investigation of suitable materials for different energy storage systems remains the main 

challenge of not only today’s but also future energy storage research.   

1.2 Aims 

The aim of my research is to design and synthesise different types of electrode materials for 

lithium ion battery and potassium ion battery, find out the mechanisms of battery system 

working processes, investigate electrode materials phase transformations, and finally, try to 

obtain the most outstanding electrochemical performances. 

The specific objectives of this thesis are: 

1. Design the ideal composition and structure of electrode materials for different energy

storage systems and find out methods to synthesise these electrode materials.

(Chapter2-5)

2. Give detailed physicochemical characterisations of different materials and give

comprehensive battery performance test of different materials, including full battery

tests and in-situ characterization analysis. (Chapter 2-5)

3. Study the properties of a new type of electrode material which is a good candidate for

symmetric K-ion battery system. (Chapter 2)

4. Design and investigate the properties of a vanadium based material which is a good

candidate for symmetric Li-ion battery system. (Chapter 3)

5. Design and synthesise hollow core-shelled structure materials for Li-ion battery in

order to improve the stability of the battery performance. Try to improve the energy

storage ability of all the different materials. (Chapter 3-5)
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The specific purposes of every different work will be more detailed illuminated in 

corresponding chapter. 

1.3 Lithium Ion Batteries (LIBs) 

1.3.1   Research History 

The types of lithium batteries include lithium primary batteries (non-rechargeable) and 

secondary batteries (rechargeable). LIBs are a kind of lithium secondary battery, the theory of 

which is built upon lithium primary batteries.[7] 

The concept of lithium batteries were first proposed by M. S. Whittingham in the early 1970s, 

with the first lithium primary battery made with a cathode of titanium sulphide and an anode 

of lithium metal.[8] In 1977, S. Basu from the University of Pennsylvania, USA, found that 

lithium ions can be inserted into graphite, this discovery indicated that it’s possible to use 

graphite as the anode material.[9, 10] In 1979, J. B. Goodenough and K. Mizushima from 

Oxford University, UK, found that LiCoO2 can be used as the cathode material of LIBs and 

the working voltage could be as high as 4V. This discovery greatly promoted the 

universalness of reversible secondary LIBs, and nowadays LiCoO2 remains the most common 

commercial LIB cathode material.
[11] In 1982, R. R, Agarwal and J. R. Selman from Illinois 

Institute of Technology, USA, found lithium ions can insert into graphite quickly and 

reversibly, and with this discovery the first available graphite anode for LIBs was developed 

by Bell Labs. In 1983, M. Thackeray and J. Goodenough found that manganese spinel is an 

excellent LIB cathode material with low cost, stability, excellent conductivity and lithium 

guiding properties,[12, 13]  with the commercialization of this material occurring since 2013. In 

1989, A. Manthiram and J. Goodenough found that using polymeric anions as cathode 

materials could produce a higher voltage.[14] In 1991, the SONY Corporation of Japan 
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produced the first commercial lithium ion battery with a LiCoO2 cathode and carbon material 

anode.[12] In 1996, J. B. Goodenough and A. Padhi et al. found that the phosphate materials 

with olivine structure, like lithium iron phosphate (LiFePO4), have a much better heat 

resistance and safety than the traditional cathode materials like LiCoO2.
[15] Nowadays, 

LiFePO4 has also has been commercialized as a cathode material. In 2014, Amprius Co. 

began manufacturing a new kind of LIB with Si nano-wires anode and LiCoO2 cathode, 

which has an energy density of 650 Wh/L. In 2019, the Nobel Prize in chemistry awards to 

John Goodenough, M. Stanley Whittingham and Akira Yoshino “for the development of 

lithium-ion batteries”. Through their work, they have created the right conditions for a 

wireless and fossil fuel-free society, and so brought the greatest benefit to humankind. 

At present, LIBs have been widely used in many fields such as electronic products, micro-

electromechanical systems, electric vehicles, aerospace research, and has become one of the 

most ideal energy storage system. Due to the advantages and disadvantages of different 

cathode materials of LIBs, the LIB materials used in pure electric vehicles differ according to 

the vehicle manufacturer, and mainly include LiCoO2, LiMnO2, LiFePO4, and ternary 

materials. (Presented in Table 1.1) With the rapid development of these emerging industries, 

the global market share of lithium ion battery industry is definitely increasing. In 2012, the 

global market value of LIB industry was 11.7 billion USD, which is predicted to grow 33.1 

billion USD in 2019. When broken down into area, Asian-Pacific region accounts for the 

biggest market share. 

Table 1.1 Comparison of the LIBs used in different brands of electrical vehicles.[16] 

Vehicle Models 
Tesla Model S 

85KWh 

Nissan 

Leaf 
BYD e6 Chevrolet Volt 

Toyota 

Prius 

Cathode materials LiCoO2 (18650) LiMnO2 LiFePO4 
LiNixCoyMn1-x-

yO2 
LiMnO2 
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Battery supplier Panasonic AESC BYD The LG Chemical Panasonic 

Total capacity 85kWh 24kWh 60kWh 16kWh 44kWh 

Driving Mileage 426km 160km 300km 62km 20km 

Battery life 8 years 8 years 5 years 8 years 3 years 

1.3.2   Working Mechanism 

Different to the traditional redox based batteries, rechargeable LIB works following an 

“insertion” and “extraction” process. In charge process, lithium ions are extracted from the 

cathode and migrate in the electrolyte, travel through the separator, then insert into the crystal 

lattice of the anode material, which as shown in (Fig. 1.1)[17]. The reverse mechanism occurs 

during discharge process. 

Fig. 1.1 Charge and discharge process of secondary lithium-ion batteries.[17] 

With the example of LiCoO2 (LCO) and graphite battery, the electrode reactions are 

described as following equations: 
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Cathode:

LiCoO2
Discharge
⇐      

Charge  
⇒ Li1−xCoO2 + xLi+  + e− (1-1) 

Anode: 

6C + xLi+  + xe−
Discharge
⇐ 

Charge  
⇒ LixC6 (1-2) 

Overall: 

6C + LiCoO2
Discharge
⇐      

Charge  
⇒ Li1−xCoO2 + LixC6 (1-3) 

From the reaction equations we can see that in charge process, Li+ is extracted from the 

cathode LiCoO2 edge-sharing octahedral structure and transfers to the anode graphite layer 

structure, while the electrons travel via the external circuit and meet the Li+ at anode. Since 

this reaction is reversible, in the discharge process Li+ is removed from the LixC6 at the anode 

to form Li1-xCoO2 at the cathode, and electrons go through the load via the external circuit, as 

presented in Fig. 1.2.[18] 

Fig. 1.2 Schematic diagram of charge and discharge mechanism of LCO-Graphite battery.[18] 
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1.3.3   Composition and Electrochemical Parameters 

1.3.3.1 Composition 

According to the material of the electrolyte, lithium ion batteries can be divided into two 

categories, one is polymer lithium-ion battery (LIP), and the other one is liquid lithium ion 

battery. The active materials and working principle of these two types are basically same, the 

main difference is the electrolyte. LIP use solid polymers as the electrolyte, which could be 

“dry” or “gel”, but liquid lithium ion batteries use liquid electrolyte. Except this difference, 

they are both mainly composed of five major parts: cathode, separator, anode, electrolyte, and 

battery case, as shown in Fig. 1.3.[19] Since lab and industry have different standard, here we 

only discuss about the lab standard. 

Fig. 1.3 Schematic diagram for the construction and configuration of LIBs, A) polymer 

lithium-ion battery; B) cylindrical lithium-ion battery.[19] 

(a) The cathode is mainly constituted of three components: 70%-80% active material,

10%-20% conductive agent, 10% binder (laboratory standard). All the three materials

are mixed together and coated smoothly on aluminium foil (current collector). Active
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materials are usually lithium metal oxide, such as lithium cobalt oxide (LiCoO2), 

lithium manganate (LiMn2O4), or lithium iron phosphate (LiFePO4). The conductive 

agent is usually carbon black, and the most widely used binder is poly-vinylidene 

fluoride (PVDF). 

(b) The anode is quite similar with the cathode and is also composed of three parts; the

active material, conductive agent and binder. In contrast to the cathode, the current

collector of the anode is copper foil, because when the load voltage is lower than 1V,

aluminium undergoes an alloying reaction with lithium and the surface may become

too rough to collect electrons.

(c) The separator is a kind of polymer composite membrane with microporous structure

on the surface and is usually based on polyethylene (PE) or polypropylene (PP).

Separators only allow Li+ to pass and restrict the passage of electrons so that short

circuits are prevented. Since it’s a very functional part of lithium ion battery, there are

many requirements for the separator, such as chemical and electrochemical stability,

wettability, thickness, pore size, mechanical property and so on, the detailed

parameters are shown in Table 1.2.[20]

Table 1.2 Requirements for lithium-ion battery separator.[20] 

Parameter Requirement 

chemical and electrochemical 

stability 
stable for a long time 

wettability complete wet out in typical battery electrolytes 

thickness [mm] 20-25

porosity 40-60%

pore size [mm] < 1 

Permeability (MacMullin no.) < 11 
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air Permeability (Gurley, sec) 25/25.4 um 

mechanical property > 1000 kg/cm (98.06 MPa)

puncture strength > 300 g/25.4 um

dimensional stability lay flat and not curl up 

thermal shrinkage < 5% shrinkage after 60 min at 908C 

shutdown shut down the battery at elevated temperatures 

high-temperature stability 
preserve mechanical integrity at high 

temperatures 

(d) The electrolyte of lithium ion battery is divided into two types: solid electrolyte and

liquid electrolyte. Solid electrolytes use solid polymers as ion conducting materials

and can act as membrane. The main advantage of solid electrolyte is that they can

avoid the leakage of liquid electrolyte and reduce the cell thickness, which improves

the energy density. The main disadvantages are low ionic conductivity and limited

rate performance.[21]

Liquid electrolyte is composed of organic solvents and lithium salts. The liquid

electrolyte used for lithium ion batteries need to meet the following requirements[22]:

(1) High ion conductivity; (2) Good chemical stability; (3) No reaction with other

components of the battery system; (4) A wide voltage window  with no 

decomposition at 4.5V; (5) Good temperature adaptability, can adapt to -40°C to 70°C; 

(6) Safe and non-toxic; (7) Simple preparation and low cost.

The frequently-used traditional organic solvents for lithium ion battery electrolyte 

include ethylene carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate 

(DEC), ethyl methyl carbonate (EMC). Lithium salts commonly include lithium 

trifluormethansulfonate (LiTf), LiBF4, LiClO4, LiPF6, and LiAsF6. Most commercial 

LIBs currently use LiPF6 in EC: DMC (1: 1, v: v) as the electrolyte.[22] 
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1.3.3.2 Electrochemical Parameters 

Even though the working mechanism of different batteries could be totally different, the 

electrochemical performance is always characterised according to the following parameters. 

(a) Potential

There are two types of voltage to describe the voltage of a battery, which are

open-circuit voltage and working voltage. Open-circuit voltage is the relative

standard potential difference between cathode and anode, which means the

electromotive force of a battery. The working potential is the potential between

cathode and anode with electric appliance loaded. Normally, the chemical

potential (vs. Li/Li+) for cathode materials are between 3 to 4 V, and for anode

materials are between 0 to 1 V.

Working potential is a very important parameter to judge the performance of the

battery, because it affects the energy density (ED) and power density (PD) directly.

As present in the following equations:

𝐸𝐷 =
E∗C

V
(1-4) 

𝑃𝐷 =
ED

t
(1-5) 

The E is working potential, C is capacity and V is the volume of the cell. The unit 

for ED is WhL-1, and for PD is WL-1. From the equation we can see that the 

higher working potential a battery has, the higher energy density it will have. 

(b) Specific capacity

Specific capacity is defined as the amount of charge released or charged by a

battery in unit mass. The theoretical capacity (C0) is define as:

𝐶0 =
𝑛𝐹

𝑀
(1-6) 
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Where n is the transfer electron numbers in this reaction, F is Faraday constant 

(26.8 Ah mol-1), and M is the molecular weight of the active materials.  

Table 1.3 Theoretical capacity of some commercial cathode materials 

Cathode materials LiCoO2 LiMn2O4 LiFePO4 

Theoretical capacity (mAh g-1) 274 148 170 

(c) Cycling stability

During the charge and discharge process, there may be some irreversible

reactions happening in the battery, which may cause capacity loss. For secondary

batteries, it’s necessary to characterize the specific capacity after several cycles

(long-cycle data) to show the stability of the battery, as presented in Fig 1.4.[23]

Fig. 1.4 Discharge capacity versus cycle number for the prepared V2O5 hollow microspheres 

and nano-sheets at 1000 mAg-1.[23]  

(d) Rate capacity

Rate capacity means the specific capacity of the battery under different charge or

discharge current densities, as presented in Fig 1.5.[24] This parameter is quite
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critical for electric vehicles (EVs), since when EVs start and accelerate, the 

battery needs to discharge at a very high rate. Generally speaking, the specific 

capacity of a battery tends to be lower when cycled at a high rate, so this 

parameter can provide us a very intuitional concept.  

Fig. 1.5 Cycling performance (discharge capacities) at various charge−discharge current rates 

of the MS-TiO2−HMS and MS-TiO2−HMS-CDS between 1.0 and 3.0 V.[24] 

(e) Coulombic efficiency

Coulombic efficiency is the percentage ratio of the charge and discharge capacity

during the cycle process of battery. This parameter can objectively describe the

stability of the insertion and extraction of Li+ in charge and discharge process.

There are also many other important properties such as cost, safety, cycle life, or 

environmental impact, which we don’t introduce here, but may discuss later where relevant. 

1.3.4   Electrode Materials for LIBs 

The energy storage performance of lithium ion batteries mainly depends on the electrode 

material, which means cathode materials with a higher redox potentials and anode materials 
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with lower redox potentials can improve performance. The following equations can show us 

the relationship between electrode materials and the performance of the cell: 

𝐸𝐷 =
𝐶𝑐𝑒𝑙𝑙∗𝑉

𝑚
                                                         (1-7) 

𝐶𝑐𝑒𝑙𝑙 =
1

1

𝐶𝐴
+

1

𝐶𝐶
+

1

𝐶𝑜

                                                      (1-8) 

ED is the energy density of the battery (WH/kg), V is working voltage range (V), Ccell is the 

capacity of the whole battery (mAh), m is the mass of the whole cell, CA is the specific 

capacity of anode (Ah/g), CC is the specific capacity of cathode (Ah/g), Co is the specific 

capacity of the other parts (Ah/g). From these equations we can see, there are three effective 

ways to improve the energy storage performance of the battery:  

1. Develop cathode material with a higher working voltage platform. This way, the 

working voltage range (V) can be improved, which in turn improves the energy 

density (E). 

2. Develop cathode materials with a higher specific capacity. If the specific capacity of 

the cathode is increased, the whole specific capacity (Ccell) of the battery can be 

improved, so E will also become higher. 

3. Develop anode materials with a higher specific capacity. Although the specific 

capacity of commercial anode materials is much higher than that of cathode materials, 

a higher specific capacity anode can still be used to reduce the amount of anode 

materials, that is, to reduce the total mass of the battery, so as to improve the total 

specific capacity of the whole battery. 

According to these three considerations, people developed many kinds of new electrode 

materials, some have a higher working voltage such as LixNiyCo1-yO2
[25] and some have a 
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higher specific capacity like LixV2O5 or Silicon.[23, 26] Here I will introduce the different types 

of cathode and anode materials in detail. 

1.3.4.1 Cathode Materials 

The ideal cathode materials for LIBs need to satisfy the following requirements: (1) Contain 

at least one metal ion with multiple valence states, such as transition metals; (2) Can have a 

reversible chemical reaction with lithium; (3) The reversible chemical reaction has a high 

Gibbs free energy, high specific capacity, high voltage platform, which can ensure that the 

battery has a high energy density; (4) lithium ions can get in and out very quickly; (5) Good 

conductivity; (6) Stable structure; (7) Low price; (8) Environmentally friendly. 

Depending on different types of cathode materials’ crystal structures, we always divide the 

commercial use or mainstream research cathode materials into three categories: Layered 

structure materials; Spinel structure materials; Olivine or olivine like structure materials. 

Fig. 1.6 The crystal structures of three different types of cathode materials.[27] 
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(a) Layered structure materials 

The cathode materials of layered structure generally refers to LiMO2 (M=Co, Ni, Mn) 

which is developed on the basis of LiCoO2 layer material. For this component, M can 

be replaced by other elements like Ni and Mn, but the structure is still similar to 

LiCoO2. As shown in Fig 1.6, lithium ions are situated between octahedral plates and 

are regularly arranged, which is typical for layer structure materials. In the charge and 

discharge process lithium ions can move along the 2D direction while being inserted 

and removed quickly, according to the reaction equation: 

                                       LiMO2 ↔ Li1-xMO2 + x Li+ + x e-                                         (1-9) 

Among these materials, Lithium cobalt oxide (LiCoO2) has been widely used as a 

cathode material for commercial LIBs due to the excellent cyclic stability and high 

theoretical specific capacity (274mAh/g).[28] However, as it is toxic, expensive, and 

environmentally harmful, the usage of LiCoO2 has been limited to a certain extent.[29] 

Compared with LiCoO2, LiNiO2 has higher theoretical specific capacity (275mAh/g), 

lower price, less environmental pollution and higher discharge voltage, which has 

attracted a lot of attention, but the high synthesis temperature (over 600 ℃), and bad 

stability are the limitations of this material.[30, 31] LiMnO2 is also a promising cathode 

material due to the high theoretical specific capacity (285mAh/g),[32] but layered 

LiMnO2 is slightly different from the layered LiCoO2 in structure. During the charge 

process, after Li ions move out from the LiMnO2 layer, Mn ions will permeate into 

the interlayer vacancy, leading to the appearance of an irreversible spinel structure 

(LiMn2O4), making it easy for Li+ to be removed but difficult to re-insert.[33] 

According to this issue, LiMnO2 cathode has a poor cycle stability which limits its 

application in LIBs. 
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Ternary cathode material (LiNi1-x-yCoxMnyO2) has also become a very popular 

research direction, among them, the most typical one is LiNi1/3Co1/3Mn1/3O2 which 

has a 277mAh/g theoretical specific capacity. This kind of material gets good 

properties by adjusting the ratio of Ni, Co and Mn, but the stability and safety 

problems with this material still exist, and the mixing of various elements  

also brings difficulties in the synthesis process.[34] 

Fig. 1.7 The crystal structure of (a) V2O5 and (b) LixV2O5.
[35] 

Vanadium pentoxide (V2O5) is also another important layered structure cathode 

material, as shown in fig. 1.7.[35] Although the working voltage is relatively low, the 

theoretical specific capacity is much higher than that of LiMO2 (the specific capacity 

is 441mAh/g when every unit of V2O5 is embedded with three units of Li), also the 

cycle stability is better, and the preparation is easier.[36] As shown in table 1.4,[37] 

compared with other materials, V2O5 has many advantages. 

Although the large number of Li ions insertion result in quite a high specific capacity, 

an irreversible phase transition occurs at the same time, which could harm the stability 
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of the material and result in an obvious decline in the cycling performance of the 

battery. Moreover, even though the ion diffusivity of V2O5 battery is better than that 

of LiFePO4 and other cathode materials, it is still hard to meet the requirements of 

commercial standard. Therefore, the main challenge of V2O5 material research is how 

to improve the cycle stability and large current discharge capacity. 

Table 1.4 Electrochemical properties comparison of V2O5 with other cathode materials.[37] 

Parameters V2O5 LiCoO2 LiMn2O4 LiFePO4 

Working potential 

(V vs Li+/Li) 
3.5–2.0 4.2–3.5 4.0–4.2 3.45 

Theoretical specific capacity (mAh/g) 442 274 148 170 

Theoretical energy density (Wh/kg) 1100 1070 607 590 

Electrical conductivity (S/cm) 10-3–10-2 10-3 10-4 10-9–10-8 

Ionic diffusivity (cm2/s) 10-13–10-12 10-10–10-8 10-15–10-14 10-15–10-14 

 

(b) Spinel structure materials 

 As early as 1983, M. Thackeray and J. Goodenough et al. discovered that manganese 

spinel (LiMn2O4) can be used as a cathode material for lithium ion batteries, with a 

theoretical specific capacity of 148mAh/g.[13] In the spinel LiMn2O4 structure, Li+ 

locates at the centre of LiO4 tetrahedron (8a-sites), while manganese resides inside 

MnO6 octahedron (16d-sites).[38] The Mn in this material exists in two oxidation state, 

with 50% being Mn3+ and 50% being Mn4+. 

When Li+ get insertion and extraction, the manganese atom in the structure can 

stabilize the oxygen in the cubic close heap and supports the whole structure, so the 

material structure of spinel LiMn2O4 is quite stable. The main problem of spinel 

LiMn2O4 is the capacity decays too fast.[39-41] Main reasons of that are as following:  
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(1) In deep discharge and high power charge and discharge process, LiMn2O4 will

transfer to Li2Mn2O4, and Mn4+ will be reduced to Mn3+. This change of valence

state will cause deformation of the material, and increase the cell volume by 6.5%,

destroy the crystal structure of the material, and cause capacity decline.

(2) During the reaction process, Mn3+ will take a disproportionated reaction to form

Mn4+ and Mn2+, since Mn2+ will be dissolved into the electrolyte, so it will cause

the loss of active materials.[42]

Fig. 1.8 Schematic 3D structural model for stoichiometric LiMn2O4.
[38] 

(c) Olivine or olivine like structure materials

The most typical phosphate material is LiFePO4, which was first reported by Padhi

and Goodenough et al.[15] According to the advantages of low cost, abundant

availability, low toxicity, low volume expansion, relatively high specific capacity

(170mAh/g), low capacity fade, and high safety, it has become a very promising

cathode material and has already undergone commercialization.[43] As shown in Fig

1.9,[43] olivine structured LiFePO4 belongs to the orthorhombic system. Li, Fe, and P
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atoms occupying octahedral 4a, octahedral 4c, and tetrahedral 4c sites, O atoms are in 

a slightly distorted, hexagonal close-packed arrangement. 

 In practical applications, the specific capacity and rate properties of LiFePO4 are 

much lower than the theoretical value, which is mainly due to the poor electrical 

conductivity and lithium conductivity of the material. The calculated results show that 

in the olivine LiFePO4 structure, the diffusion barrier of lithium ions along “a” and “b” 

axes is too high to overcome, so the only diffusion direction is along “c” axis where 

the diffusion barrier is low. Therefore, in LiFePO4, the diffusion channel of lithium 

ions is 1 D, and lithium ions can only diffuse along the [010] direction of the crystal. 

Furthermore, since the octahedrons of FeO6 are connected without common edges no 

continuous network structure is formed, which accounts for the low electronic 

conductivity of this structure. 

Fig. 1.9 Olivine structure of LiFePO4.
[43] 
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1.3.4.2 Anode Materials 

Nowadays, the most common anode material used in commercial LIBs is carbon. However, 

the theoretical specific capacity of carbon is relatively low (372mAh/g), which is not 

satisfactory for higher power density and energy density. Therefore, it’s necessary to develop 

new anode materials with a higher specific capacity.[44] The ideal anode materials need to 

meet these five following requirements[45]: (1) Abundant reserves, stable properties and high 

reversible unit mass or volume capacity; (2) Low lithium insertion potential; (3) Insoluble in 

the electrolyte and does not react with the solvent or salt in the electrolyte; (4) Good 

electronic and ionic conductivity; (5) Low cost and environment friendly. 

Although many efforts have been made over the past two decades to find the alternative to 

carbon anode materials, up to now only two materials have been commercialized. One is the 

Sn/Co/C material released by SONY Co. in 2005. Sn is an electrochemically reactive 

material, and Co and C act as a skeleton to sustain function which ensures good cycle 

stability. This material can reach a specific capacity of 350-450mAh/g, has good safety, and a 

lower cost that of the graphitized carbon anode.[46] The other is Si nanowire anode material 

developed by the research team of Yi Cui from Stanford University in 2012. This material 

can achieve extremely high specific capacity (energy density is 650Wh/L) and good cycle 

stability. It has been commercialized (released by Amprius Co.) and applied in electronic 

products like mobile phones.[47] 

Different anode materials have different reaction mechanisms and they can be divided into 

three types, as shown in Fig. 1.10.[48] The first is the "Intercalation" mechanism. Materials 

based on this mechanism generally have a 2D layered structure or a 3D network structure, in 

which Li+ can easily be inserted and extracted without causing the transformation of the 

crystal structure. Examples include carbon materials, titanium oxides, etc. As the number of 
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lithium ions which can be embedded into these structures is limited, the volume change of 

these materials is minimal during the reaction which results in good battery stability but 

relatively low specific capacity. The second is the "Alloy" mechanism, with examples 

including Si, Al, Zn, and Cd which can alloy with lithium. For example, Sn can alloy with Li 

through the reaction: 

Sn (Si) + 4.4Li ↔ Li4.4 Sn (Si) 

The voltage based on this mechanism is relatively low, which is usually less than 1.0 V. 

Materials based on "Alloy" mechanism can be embedded with a larger number of lithium 

ions, so they can obtain a very high specific capacity (Silicon's theoretical specific capacity is 

4200mAh/g). But, due to the large number of embedded lithium, the materials undergo a 

significant volume change upon lithiation (e.g. up to 300% for Si materials) which result in a 

poor battery cycle stability. The third is the "Conversion" mechanism, that is, the transition 

metal oxide materials have a redox reaction with lithium to generate stable lithium oxide 

(Li2O) and pure metal. In general, lithium oxide is very stable and does not easily to 

decompose into lithium and oxygen, however, when the size of lithium oxide is reduced to 

nanoscale, the reactivity is greatly increased and becomes easily decomposed again. For the 

“Conversion” mechanism, the number of lithium ions that can be embedded in anode 

materials is relatively moderate and the resulting theoretical specific capacity is generally 700 

to 1000mAh/g. Additionally, the volume change is less exaggerated, so the cycle 

performance lies between the materials based on the first and second mechanisms.[48] These 

three types of anode materials are briefly introduced below. 
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Fig. 1.10 Schematic illustration of three different types of anodes based on the lithium 

storage mechanism and their advantages and disadvantages.[48]  

(a) Intercalation

The anode materials based on the intercalation mechanism generally should satisfy

these two requirements: First, the material is highly crystallized, and also there are

enough vacancies for the insertion of guest molecules or ions in the crystal structure.

Second, the material contains at least one transition metal or rare earth metal element

which has multiple valence states.

Titanium dioxide (TiO2) is a typical anode material based on intercalation mechanism.

It has a variety of crystal types, such as anatase, rutile, brookite, and bronze type (B- 

type). Anatase/Rutile has a theoretical specific capacity of 167mAh/g, B-type has a
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higher one which is bout 334mAh/g. TiO2 as a very promising anode material which 

has many advantages such as abundant reserves, simple preparation, and low price 

and is environmentally friendly. A variety of nanostructures like nanoparticles[49], 

nanotubes[50], nanowires, nanorods[51] and nanofibers[52] have been synthesized by 

various methods, such as hydrothermal method,[53] sol-gel method,[54] template 

method,[55] and solid-state synthesis method,[56] have been researched as an anode 

material for LIBs in recent years. 

Li4Ti5O12 is another typical anode material based on the intercalation mechanism. It 

belongs to the cubic spinel structure. In the past 15 years, Dahn, Tachkeray, Ohzuku 

and other researchers have reported a large number of studies on the lithium storage 

performance of micro-structure Li4Ti5O12. The results of Yang et al.[57] and Yi et al.[58] 

also indicated that as the anode material, Li4Ti5O12 showed very satisfactory lithium 

storage performance.  

(b) Alloy 

As discussed before, Si, Sb, Sn, Cd can store lithium based on an alloy mechanism.[59] 

Compared with the pure metal, the oxide is easier to produce and store, and the price 

is lower. Therefore, people studied the mechanism of lithium storage reaction with the 

oxides such as SiO2 and found that the oxide was firstly reduced by lithium, and then 

the metal will undergo an alloying reaction with lithium, which can also be used as 

anode material. For example, the lithium storage mechanism of SnO/SnO2 is shown 

below: 

                                       SnO + 2Li+ + 2e- → Sn + Li2O                                        (1-10) 

                                       SnO2 + 4Li+ + 4e- → Sn + 2Li2O                                     (1-11) 

                                       Sn + 4.4Li ↔ Li4.4Sn                                                        (1-12) 

                                     Sn + xLi2O ↔ SnOx + 2xLi+ + 2xe- (x≤2)                             (1-13) 
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The first two reactions are irreversible, so there is a large irreversible capacity loss in 

the first cycle of SnO/SnO2 based LIBs. In the first cycle of Sn oxide anode’s 

discharge, an amorphous lithium oxide layer will form which can buffer the drastic 

volume change caused by the formation and decomposition of Li-Sn alloy, thus 

reducing the damage to the material’s structure. Therefore, the cycle stability of Sn 

oxides is better than that of the pure metal Sn. Despite this, the volume change after 

cycling can still be very large (as high as 300%), the structure can still be damaged 

which can result in a short cycle life. The following four methods are most commonly 

used to improve this issue: (1) Use nanoscale materials. Nanomaterials can better 

buffer the structural tension or stress caused by the volume change and improve the 

material stability. Moreover, nanomaterials have higher specific surface area, more 

reactive sites, and shorter ion/electron transfer distance, which is good for the specific 

capacity and rate performance of the battery.[60, 61] (2) The addition of one or more 

skeleton elements, such as Ca, Co, Al, etc. These skeleton metals can absorb the 

expansion, help to improve electrical conductivity, and act as catalysts for the cycle of 

lithium ions.[62, 63] (3) Select suitable initial crystal structure. The research results 

show that the crystal structure of the initial reactant can significantly affect the lithium 

storage and cyclic stability of the material. For example, the anatase or perovskite 

type structure with SnO6 octahedron has better cycle stability and can contribute more 

specific capacity than the spinel type structure with SnO4 tetrahedron.[64, 65] (4) 

Selecting the right charge and discharge voltage window. For example, SnO2 has the 

best cyclic stability when the voltage range is 0.0-1.0V.When the voltage is higher 

than 2V, the specific capacity drops rapidly and the cycle stability becomes poor.[66, 67] 
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(c) Conversion

Transition metal (Fe, Co, Ni, Mn, Cu, etc.) oxides will have a formation and

decomposition reaction with lithium to form lithium oxide during the process of

lithium storage, which involves the reduction and oxidation conversion of metal

nanoparticles. The reaction expressed as following:

MO + 2Li+ + 2e- ↔ M +Li2O (M = Fe, Co, Ni, Mn, Cu, etc.)            (1-14) 

Tarascon’s group firstly reported the use of transition metal oxide as the anode of 

lithium ion battery.[68-71] These transition metal oxides have an obvious voltage 

platform around 0.8-1.0V, corresponding to the typical two phase reaction. The 

lithium ion batteries based on this reaction mechanism usually have a higher initial 

discharge specific capacity than the theoretical value, which is mainly attributed to 

two points: One reason is the formation of solid electrolyte interface (SEI); another 

reason is when in the process of deep discharge, a layer of gel-like polymer will be 

formed on the surface of the metal nanoparticles. Both the two reasons are caused by 

the decomposition of electrolyte. SEI refers to a thin layer with a thickness of about 3-

6nm formed by electrolyte decomposition when the voltage reaches less than 1V 

during the first discharge process, and its main components are Li2CO3, ROLi, 

ROCO2Li (R is the hydroxyl group), carbonate polymer, and fluorinated compounds, 

etc.[72, 73]. The formation of SEI will consume extra lithium ions and electrons, leading 

to the irreversible loss of specific capacity and decrease of coulombic efficiency. SEI 

allows the transport of lithium ions but not electrons, so it’s a good ions conductive 

body, and the performance tends to be stable in the subsequent cycle.[74]  

Nickel oxide (NiO) is considered as a very promising anode material for lithium ion 

battery, according to the low cost, low toxicity, and good safety compared with other 

transition metal oxide materials.[75, 76] Beyond that, due to the relatively low density 
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(6.67g/cm2), NiO can provide a perfect volumetric energy density which is 

approximately 5.8 times of graphite.[77] Until now, many efforts have been made to 

study the electrochemical performance of NiO as the anode of lithium ion batteries. 

Wang et al. prepared NiO thin films made up of 30nm nanoparticles and achieved a 

high discharge capacity of 700mAh/g.[78] Yuan et al. fabricated spherical clusters of 

NiO nano-shafts and discovered that the nano-shafts cluster anode had a higher 

reversible capacity than NiO nano-powders.[79] This result demonstrated that the 

structure and morphology can give a great effect on the electrochemical performance 

of the battery. Even though much research has been reported on the NiO anode, the 

problem of low capacity and unsatisfied cycle stability are still waiting to be solved.  

1.3.5   Main Challenge and Outlook 

Even though lithium ion batteries have been widely used in many fields, the high cost, low 

energy density and power density and safety problems, greatly restrict further development 

and application. The future research topics of lithium ion battery mainly focus on these four 

following points: 

1. Lower the cost: The commercial LIBs on the market right now cost three times as 

much as conventional Ni-MH batteries. This is because electrolyte and electrode 

materials are account for 30-40% of the total cost of lithium ion battery, for example, 

the expensive lithium and cobalt metal in cathode, the processing and preparation of 

carbon anode, and the lithium salt contained in electrolyte (such as LiPF6) increase the 

cost of lithium ion battery. Therefore, in order to reduce the cost of the lithium ion 

battery, it’s necessary to develop low price and good performance electrode materials 

and electrolytes to replace the existing ones. 
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2. Increase the energy density: To expand the application range of LIBs, it’s very

necessary to increase the energy density from 120Wh/kg to 250Wh/kg, specifically

for electrical vehicles. The energy density of lithium ion batteries depends on the

specific capacity and operating voltage. At present, the real specific capacity of

cathode and anode materials used commercially are yet to approach the theoretical

value. For example, the real specific capacity of LCO is only 140mAh/g, which is

only 50% of the theoretical value (274mAh/g). Therefore, in order to improve the

energy density, it is necessary to develop new cathode and anode materials with

higher specific capacities and wider working voltage windows.

3. Improve the safety: Safety is one of the most important factors of lithium ion battery,

especially when working under a high current density. Till now there have been many

reports of smoke, fire and even explosions caused by LIBs used in mobile phones or

laptops. In order to guarantee the safety of the battery, the voltage is limited to lower

than 4.2V, and the charge and discharge rate are limited to less than 1C. This is

because the electrode material may become strong oxidizer or reductant if over heated

or over charged and discharged, and the electrolyte may become easily decomposed

and release a mass of gas and heat under high temperature. For example, when

voltage is higher than 4.3V, LiCoO2 battery may produce a large number of Co4+,

which has a strong oxidizing property and can make the battery extremely unstable. If

the battery works under a high current, it can easily generate lithium metal in the

anode, and after multiple cycles the lithium dendrites will be formed, which may

penetrate the separator and cause short circuit inside the battery, resulting in fire or

even explosion. Because of these issues, LIBs are not marketed as stand-alone

products, but are kept sealed and sold as a part of electronic devices. Moreover, 10-15%

of the electricity a lithium-ion battery provides is wasted as heat, which can damage
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electronics and even cause explosions. Therefore, ways to manage and utilize this 

thermal energy and develop electronic products with high safety and stability to 

improve the working safety of the battery is also an important direction for the future 

development of lithium ion battery. 

4. Adjust wider temperature range: When working temperature is lower than 10 ℃ or 

0 ℃, the specific capacity of lithium ion battery is as low as 50% or even 25% 

compared with the capacity at room temperature, this is because when in low 

temperature, the reactivity and ionic conductivity of the battery are decreased 

dramatically. Meanwhile, when working temperature is too high, above 60 ℃ for 

instance, although the reactivity of the active material is improved, it’s also very easy 

to cause the decomposition of the electrolyte and cathode materials, which may bring 

about instability and safety problems. Therefore, broadening the lithium ion battery 

working temperature range has become very important.  
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1.4 Potassium Ion Batteries (KIBs) 

1.4.1   Research Background 

Lithium ion batteries have become the most widely used method to store electrical energy 

due to many advantages such as the reliable cycling characteristics and high energy density, 

this technology is found in our life almost everywhere including laptops, mobile phones, and 

electric vehicles. However, lithium is a relatively scarce material, as presented in Fig 1.11[80], 

and its abundance in the earth’s crust and ocean is much lower than that of sodium and 

potassium. LIBs consumer 20% of all lithium production, as the demand for energy storage 

grows it is predicted that the lithium resource will be overused by 2025. [81] 

Fig. 1.11 Abundance of Li, Na, and K in earth crust and ocean.[80] 

To relieve the pressure of the resource shortage of lithium, more and more people are moving 

their attention to potassium ion battery (KIB) system[82], the number of publications reporting 

the research about KIBs has increased significantly in the last few years. 
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Fig. 1.12 (A) Comparison of LIB, SIB, and PIB in terms of energy density. (B) Abundance of 

lithium, sodium, and potassium metal in Earth’s crust (wt %). (C) Stokes radius of Li+, Na+, 

and K+ in PC. (D) Number of publications on PIBs according to Google Scholar (as of 

January 2019).[83] 

Similar to sodium, the abundant stores of potassium in the earth's crust (1.5wt %) leads to the 

low cost of KIBs, which will be much lower than that of lithium. As the next promising alkali 

metal, potassium can offer a low standard redox potential which is close to lithium (-2.93V 

relative to the standard electrode potential), so that potassium ion batteries can provide a 
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relatively high energy density.[6] Also, the fast ionic transport kinetics of potassium ion 

battery in the electrolyte make potassium ion battery has a promising prospect. The most 

important advantage of potassium ion battery if compared with sodium ion battery is that 

graphite can accommodate. 

K+ in the process of de/intercalation.[6] On the other hand, the electrolytes of potassium ion 

battery exhibit a higher ionic conductivity than that of lithium ion battery and sodium ion 

battery. Okoshi and his group found that the higher conductivity stems from the smaller 

Stokes radius of solvated potassium ions due to its weak Lewis acidity, and to the low 

interfacial reaction resistance resulting from the small desolvation activation energy.[84] 

According to the increasing demand and these prominent advantages mentioned above, 

potassium ion batteries have rapidly attracted more and more attention, and many efforts have 

been directed towards developing and evaluating the potential KIB electrode materials. 

1.4.2   Working Mechanism and Challenge 

The basic working mechanism of potassium ion batteries is quite similar to the lithium ion 

battery, both of which are based on de/intercalation mechanism, as detailed in the above 

section. The main differences worth mentioning are the ionic sizes and masses of the two 

elements, as shown in Table 1.5.[85, 86] From the table we can see that for both the atomic 

mass and ionic radius, potassium is much bigger lithium, which means it’s more difficult for 

K+ to be inserted, extracted, or transformed in the battery system compared to Li+. These 

issues require the electrode materials to possess a bigger crystal lattice spacing so that the K+ 

can easily move in and out. This is also the main reason why potassium ion battery have 

difficulties being industrialized, meanwhile, other critical properties like capacity and 

working voltage must be considered. 
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Table 1.5 Physical characteristics of lithium, sodium, and potassium.[85, 86] 

 Lithium Sodium Potassium 

Atomic Number 3 11 19 

Atomic Mass (u) 6.941 22.9898 39.0983 

Atomic Radius (pm) 145 180 220 

Ionic Radius (pm) 128 166 203 

 

In addition to the ones mentioned above, there are also some other problems related to the 

potassium ion battery, with the six main problems being: (1) Low ion diffusivity in solid 

electrodes/poor K+ reaction kinetics; (2) Large volume variations during 

potassiation/depotassiation; (3) Severe side reactions and consumption of electrolytes; (4) 

Dendrite growth; (5) Battery safety hazards; (6) Limited energy density/power density. Most 

of the research are revolving around these questions.[83] 

In addition to the discussion above, different electrode materials also have their own 

mechanisms, such as “alloy” or “intercalation”, which will be detailed in the next part.  

1.4.3   Electrode Materials for KIBs 

1.4.3.1 Cathode Materials 

Similar with the lithium ion battery, the key part of the potassium ion battery which may 

decide the energy storage ability is also the electrode material. Currently, there are many 

kinds of materials that can be used as the cathode of KIBs, in general, we classify the cathode 

materials according to their chemical composition and crystal structure, such as Prussian blue 

materials, layered oxides materials, polyanionic compounds materials and organic materials. 

Unlike with lithium ion batteries, the classification of electrode materials for KIBs is 
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relatively broad and not so strict. In the following parts, we will give a detailed introduction 

of different types of cathode materials for KIBs. 

Fig. 1.13 Demonstrated, gravimetric versus volumetric energy of cathode materials for KIBs 

and comparison with Li and Na cathode materials.[80] 

Fig. 1.14 Schematic crystal structure of hexacyanometallate groups.[87] 

(a) Prussian Blue Materials (Hexacyanometallates)

Prussian blue materials, also widely known as hexacyanometallates, are always

expressed by the formula KxMA[MB(CN)6] (0 ≤ x ≤ 2). Fig 1.14 shows a schematic
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illustration of a conventional unit cell with 1 K per formula unit (x=1).[87] If x=1, the 

crystal site is just half filled, so a 3D diffusion pathway is permissible in this structure, 

and brings about fast K ion intercalation. According to the unique structure property, 

Prussian blue materials are considered a very promising candidate for potassium ion 

battery cathode materials.[88, 89] 

After the first research result of K-ion activity in KFe[Fe(CN)6] with a non-aqueous 

electrolyte in 2004,[90] many efforts have been put into the research of Prussian blue 

materials.[91-93] Since the MB site has been replaced by Fe, different transition metals 

in MA site can bring about different battery performance.[94] Bie et al. found 

K1.75Mn[Fe(CN)6]0.93–0.16H2O can contribute a reversible discharge capacity of 

137mAh/g which is quite close to the theoretical K intercalation (1.88 K) at the rate of 

30mA/g.[93] Xue et al. found that the voltage hysteresis between charge and discharge 

cycles can be attributed to the electrolyte resistance due to the limited solubility of K 

salts in carbonate solvents.[91] Okoshi et al. provided the specific evidence and 

statement for these arguments by using density functional theory and proved that K 

ions can move faster than Li and Na ions in non-aqueous electrolyte, and the 

experimental discussion was reported by Zhao et al. with the use of electrochemical 

impedance spectroscopy.[95, 96] 

Due to the high specific energy density and excellent cycling stability, Prussian blue 

materials have become very attractive cathode candidates for KIBs, especially when 

using earth-abundant Fe and Mn as redox centres which satisfy the low-cost 

requirement for development of large-scale application. But there’s still room for 

improvement to achieve higher capacity. 

(b) Layered Oxides Materials 



37 

Layered transition metal oxides which have been used a lot in LIBs and NIBs, are also 

considered as good candidates for K storage materials. Generally, these kinds of 

materials have advantages of high theoretical energy density due to the close-packed 

structure.[97, 98] 

Vaalma et al. reported layered compound K0.3MnO2 which can be used as the cathode 

of KIBs[5] This cathode material delivered a reversible capacity of about 70mAh/g in 

the voltage range of 1.5-3.5V, but exhibited poor cyclability if the voltage range was 

extended to 1.5-4V. The authors gave an explanation that the large volume change 

and layer gliding upon K extraction are likely responsible for the capacity degradation 

but gave no direct evidence to support their theory. A full battery with hard carbon 

anode also has been assembled in this work which delivered a reversible capacity of 

82mAh/g. Wang et al. proposed K0.7Mn0.5Fe0.5O2 nanowires as the cathode material of 

KIBs,[99] these nanowires materials can provide a specific capacity of 180mAh/g at 

20mA/g current in the voltage range of 1.5-4V and maintained 70% of the initial 

capacity after 45 cycles. The nanowire morphology brings a better performance 

compared with nanoparticle since the interconnected nanostructure can provide faster 

K transfer kinetics. The authors also constructed a full battery with a soft carbon 

anode which exhibited a reversible capacity of 82mAh/g at 40mA/g current. Hironaka 

et al.[100] and Kim et al.[101] reported their research about KxCoO2 (x=0.4 and 0.6) as 

the cathode materials of KIBs. Hironaka’s work demonstrated the K0.4CoO2 cathode 

has a reversible capacity of about 60mAh/g between 2.0-3.9V, and Kim’s work 

exhibited a cathode of K0.6CoO2 which can provide a reversible capacity of around 

80mAh/g between 1.7-4.0V, the different K activities may be according to different 

cut-off voltages. 
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In general, due to the relative high capacity and low cost, layered oxide materials will 

continue to be a major part of the research on cathode materials for KIBs. 

(c) Polyanionic Compounds Materials 

Polyanionic compounds materials are very promising candidates for the cathode of 

KIBs because of the high stability against oxygen loss and the ability to tune the 

redox voltage through the inductive effect.[102-104] Also, polyanionic frameworks seem 

to be able to give a better performance of reducing the K–K repulsion effect in the 

structure, in contrast to layered structures where the strong K–K repulsion limits the K 

storage capability.[101] From these points of view, polyanionic compounds materials 

may become relevant candidates for cathode of KIBs. 

Fig. 1.15 Typical charge/discharge profiles of FeSO4F in a) Li, b) Na, and c) K half cells.[105] 
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Recham et al. synthesised FeSO4F and they found fluorosulfates can reversibly insert 

Li, Na, and K. As shown in Fig 1.15, FeSO4F can accommodate about 0.9Li, 0.85Na, 

and 0.8K.[105] Fedotov et al. found that KVPO4F has a similar structure to 

KFeSO4F.[106] Chihara et al. reported that KVPO4F can be used as the cathode 

material of KIBs, which can provide about 90mAh/g at the average voltage of 

4.13V.[107] Amorphous FePO4 was found as a host material for different cations such 

like Li+, Na+, K+, Mg2+ or Zn2+, which can provide a reversible capacity of 150mAh/g 

with the average voltage of 2.5V when as the cathode of potassium ion battery.[108] 

Han et al. proposed a NASICON-type K3V2(PO4)3 which can be used as the cathode 

of KIBs and exhibited a reversible capacity of 54mAh/g with the average voltage of 

3.7V and retained about 80% of the initial capacity after 100 cycles.[109] 

From the research to date, we can see that polyanionic compounds materials are good 

candidates to achieve a high working voltage. Among the different materials, 

KVPO4F shows the highest working voltage (≈4.13V versus K/K+). 

(d) Organic Materials

Xing et al. observed charge transfer in C=O bonds and aromatic ring can host K+ in

organic compounds, they used 3,4,9,10-perylene-tetracarboxylic acid-dianhydride as a

K storage material and get a 129mAh/g initial capacity at 20mA/g current in the

voltage range of 1.2-3.2V.[110] Jian et al. found K storage in poly(anthraquinonyl)

sulfide (PAQS).[111] Zhao et al. reported that oxocarbon (C6O6) can host two K+ and

delivered a capacity of 212mAh/g at 0.2C between 1.0-3.2V.[95]

In summary, the energy densities of organic materials are not satisfactory due to the

large molecular volume and low working voltage, also, the mechanisms for K storage

in organic materials are still not clear. Further research should be focused on finding
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out whether reversible redox reaction occurs in the solid phase or by dissolution 

reprecipitation in electrolyte.[112] 

1.4.3.2 Anode Materials 

With the development of the potassium ion battery, the demand for anode materials is also 

becoming urgent. In 1950s, people first found that K ions can insert into graphite and formed 

K-graphite intercalated compounds,[113, 114] this result indicated the theoretical possibility of

graphite as the anode material of potassium ion battery. Over the years, as the depth of the 

research deepened, many kinds of anode materials have been reported, here we will talk 

about some of the major categories, which are graphite materials, alloy materials, 

intercalation materials, conversion materials and organic materials.  

Fig. 1.16 Cyclic voltammetry curve and charge/discharge curve graphite in KIBs.[115] 

(a) Graphite

Wang et al. found that K intercalation is easier than that of Li by using the density

functional theory (DFT), the formation enthalpies for KC8 is -27.5kJ/mol which is

lower than that of LiC6 (-16.5kJ/mol).[116] According to this theory, Komaba et al. and

Jian et al. first demonstrated the cell performance of the graphite anode in a potassium

ion battery.[6, 82] As shown in fig 1.16, the K intercalation peak is observed at 0.32V
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and de-intercalation peak at 0.1V, and after the first cycle, graphite delivered a 

reversible capacity of 273mAh/g which is very close to the theoretical capacity of 

279mAh/g.[115] Jian et al. gave a discussion about the K-graphite intercalation 

compounds (K-GICs) using ex situ X-ray diffraction (XRD) which as shown in fig 

1.17.[82] They observed three different phase transformation with the insertion process 

of different K+ numbers, named stage 1, 2 and 3, which are according to KC8, KC24 

and KC36. 

Fig. 1.17 (A) First-cycle galvanostatic potassiation/depotassiation potentials at 0.1C. (B) 

XRD patterns of electrodes corresponding to the marked points in (A). (C) Structure 

diagrams of different K-GICs, side view and top view.[82]  
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Xu et al. calculated the intrinsic mobility of K in graphite using dispersion-corrected 

density function (DFT-D2),[117] they studied the kinetics in different kinds of K-GICs 

(KC8n (n=1, 2 or 3) and KC12n (n=1, 2)) by estimating the defect energies and 

activation energies of K transfer. Even though the activation energies of K migration 

were obtained on only a few data points along the K displacement path, but the results 

reported are surely low and indicated good K kinetics, also, the migration through 

vacancy mechanism show a good K mobility in graphite. 

The theoretical study about the graphite based anodes in KIBs provided many kinetics 

comparison between K and Li, the results showed that compared with Li+, K+ has a 

better mobility in electrolyte,[6] but Li-graphite cells can provide a better performance 

than that of K-graphite cells, which may be due to the lower polarization and 

resistance.[115] The results may imply that K-graphite cell has a larger interface and 

SEI resistance, if so, the electrode and electrolyte compositions will become the key 

point to improve the performance of K-graphite based anode materials in KIBs.   

(b) Alloy Materials

Fig. 1.18 Extract of periodic table showing the elements that alloy or make compounds 

with Li, Na, and K.[80] 
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Alloying of alkali metals with other elements is always considered as a very 

promising way to prepare good performance anodes for secondary batteries. Like Li 

and Na, K can also form alloys with many other elements such as Si, P, Ge, Sn, Sb or 

Pb. Sb is a good alloying anode candidate because it can form alloys with not only Li 

and Na, but also K. Additionally, it is a low-cost material which makes this material 

an appealing choice. Sn is also a good choice because of the good ability to alloy with 

Li, Na and K, as shown in Fig 1.18,[80] which summarizes the elements that can form 

alloys with these three alkali metals.[118] 

For the alloying mechanism, volume expansion is always the most serious issue for Li, 

Na, and especially K-based batteries (due to the larger size of K+), as shown in Fig 

1.19.[80] To improve this issue, morphology optimization and the introduction of high 

porosity or nanostructure are considered to be effective.  

Fig. 1.19 Volume expansion upon alloying alkali metals with different metals as a function of 

x in AxM.[80] 
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The research into alloy anodes for KIBs has investigated Sb, Sn and P, with the 

results matching well with the computations. McCulloch et al. reported a Sb-C 

composite anode, in which C acts as a buffer material in order to relieve the volume 

expansion. After 10 cycles the composite alloy will form a crystal structure of cubic 

K3Sb with a capacity of about 650mAh/g.[119] Sultana et al. reported a ball-milled Sn-

graphite anode for KIBs which can provide a capacity of 150-170mAh/g for about 15 

cycles.[120] Different from Li and Na, which can form Li4.4Sn and Na15Sn4, K can only 

alloy with Sn in a one to one ratio to form KSn, with a capacity of 226mAh/g. P is 

another promising candidate since the very high theoretical capacity of 2594mAh/g 

and can easily form K3P with K. Zhang et al. investigated the electrochemical 

performance of P-C and Sn4P3-C composite anode for KIBs. The P-C anode exhibited 

an initial capacity of more than 2000mAh/g with 1000mAh/g for the second cycle, 

and the stability was also quite good judging by the 9% of the capacity retention after 

20 cycles. For the Sn4P3-C composite anode, a reversible capacity of about 380mAh/g 

was obtained after 50 cycles.[121] 

From the current research, alloy materials have already shown a good potential and 

can provide satisfactory initial performance, however, from the perspective of 

stability, the volume expansion is still the big challenge for the future research. 

(c) Intercalation Materials

Titanate compound materials which are non-graphitic intercalation anode materials

have been widely investigated for a long time. Kishore et al. gave a report of K2Ti4O9,

which has layered structure with suitable interlayer space for K+. This material was

synthesized by solid state method using K2CO3 and TiO2, and provided a discharge

capacity of 80mAh/g at a current density of 100mA/g (0.8 C rate) and 97mAh/g at

30mA/g (0.2 C rate). The proposed mechanism of charging involves the reduction of



45 

 

two Ti ions from 4+ oxidation state to 3+ oxidation state, which facilitates insertion of 

two K+ ions per formula unit.[122] Han et al. reported another titanate compound, 

K2Ti8O17.
[123] This material has a theoretical capacity of 308mAh/g when it is 

assumed that all Ti4+ are reduced to Ti3+. This material was synthesized by a 

hydrothermal method combined with a subsequent annealing treatment, a discharge 

capacity of 181.5mAh/g at 20mA/g was reported between 0.01 and 3.0 V. 

Fig. 1.20 a) crystal structure, b) galvanostatic charge-discharge curves for various cycles at 

100mA/g, c) corresponding cycle life and coulombic efficiency of K2Ti4O9.
[122] d) crystal 

structure, e) 1st, 2nd, 3rd, and 10th discharge/charge curves at a current density of 20 mA/g 

between 0.01-3V, f) cycling performance at a current density of 20mA/g.[123] g) crystal 

structure, h) discharge/charge curves at 0.5C (1C =128 mA/g) and i) cycling performance at 

0.5C.[80, 124] 
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Han et al. reported a pure nano-cubic morphology KTi2(PO4)3 which synthesized by 

hydrothermal method and coated with carbon to increase the electrical conductivity. 

This kind of material has a theoretical capacity of 127.7mAh/g with one K+ insertion 

which is achieved by reducing Ti4+ to Ti3.5+. The work exhibited this carbon coated 

material delivers a performance of 75.6mAh/g at 0.5C and 42mAh/g at 11C between 

1.2 and 2.8V, with a good capacity retention over 100 cycles, which may be due to the 

high stable NASICON framework.[124]

As a widely used functional material, MoS2 is the only sulphur-based reported as an 

anode for KIBs and possesses a theoretical capacity of 167mAh/g. Ren et al. reported 

K intercalation within the layers of MoS2,
[125] the electrochemical performance 

exhibited an initial capacity of 98mAh/g for the first cycle, and stabilized at about 

65mAh/g after 200 cycles. The ex situ XRD showed that the intercalation on an initial 

plateau at about 1.08V which corresponds to the formation of a K0.4MoS2 phase. 

(d) Conversion Materials

Conversion anode materials means the anode that exploit the reduction of oxides to

their metallic state.[80] Recently, a composite Co3O4-Fe2O3 has been reported as a

conversion anode material for KIBs.[126] This kind of anode material was prepared by

magneto-ball-milling method and exhibited a reversible capacity of 220mAh/g at

50mA/g for 50 cycles.

(e) Organic Materials

Recently, Deng et al. and Lei et al. reported two kinds of organic anode materials for

KIBs.[127, 128] Dipotassium terephthalate (K2TP) and potassium 2,5-

pyridinedicarboxylate (K2PC). Terephthalate materials which are also used as anode

for LIBs and NIBs,[129, 130] since the property of 2 K+ per molecule insertion, it can

provide a theoretical capacity of 220mAh/g for potassium ion battery. Deng reported
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an initial capacities of 270 and 245mAh/g stabilizing at 181 and 190mAh/g after 100 

cycles for K2TP,[127] and Lei reported a high capacity of 249mAh/g at 200mA/g and a 

high capacity retention of 94.6% after 500 cycles of discharge and charge at 

1000mA/g with a coulombic efficiency of 100%.[128] 

Organic anode materials have been plagued by many issues such as solubility in the 

organic electrolyte, and the question of whether the reaction is proceeding in some 

cases through a dissolution/reprecipitation mechanism, so in the future, the hot 

research topics will be focused on these points to improve the organics of the low 

specific energy, which due to low material’s density, and the poor electrical 

conductivity, requiring high carbon content in the electrodes.[80] 

Here we summarized the above materials and found that at present the most meaningful 

progress in the research on the anode materials for KIBs is the study about the graphite anode. 

Graphite can provide a promising capacity, rate capability and retention. Even we still find 

some other carbon materials can be used as anodes but they can’t perform as well as graphite. 

Although alloy materials have high theoretical capacity, as with LIBs and NIBs, the volume 

expansion issue is still a big problem and makes them a poor choice for KIBs. The 

intercalation materials have good stability, but the low capacity and working voltage are the 

main problems which need to be improved. At last, the conversion materials and organic 

materials are still in the early stage of study, which still need to be further investigated and 

valued. 

1.4.4   Summary and outlook 

At present, more and more researchers are focusing on the study of potassium ion batteries. 

Even though some progress has been made, many problems still exist. From the current 

results, we can expect that the future research may focus on these following points.[83] 
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1. Developing advanced electrode materials: In the past few years, many types of

electrode materials of KIBs have been designed. For anode, the most popular material

is carbonaceous material, especially graphite, which has been demonstrated to be

reliable and to exhibit excellent rate capabilities.[6] The subsequent research also

testified that graphite has a low migration barrier for K+ transfer, high specific

capacity, and low intercalation potential. Even though several other promising

candidates have been reported such like soft and hard carbon, composites, or

graphene-related materials, but neither of them can give a performance as satisfied as

graphite which according to the low volumetric densities and higher working voltage.

The key point to improve the performance of graphite is to form a stable SEI under

the repeated cycling. Therefore, finding a suitable binder and electrolyte has become

very important. If this issue can be solved, the performance of graphite anode in KIBs

can be as good as that in LIBs.

For the non-carbon anode materials, few promising results reported to date reflecting

good candidates. The alloy reaction mechanism materials are unlikely to be good

anodes, not only due to the problem of large volume expansion, but also according to

the lower capacity and higher working voltage. Intercalation anodes are the better

alternatives which may be used instead of carbon based materials. For instance,

K2Ti8O17, which can provide a remarkable capacity of 181.5mAh/g, but unfortunately,

the working voltages of these kind materials are too high to be satisfactory.

The research of cathode materials is concentrated on finding potential candidates with

high gravimetric and volumetric energy density. Among the reported results to date,

the Prussian blue analogues, such as KMnFe(CN)6 and KFeFe(CN)6, are the most

appealing as they can provide the highest gravimetric energy density. Layered oxide

materials such as K0.7Fe0.5Mn0.5O2, provides the best volumetric energy density,[5, 93, 99, 
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101, 107, 131, 132] and even though the volumetric energy density still has a far distance 

from lithium and sodium cathodes, the gravimetric energy density contributed by 

Prussian Blue materials could help to catch up with lithium and sodium cathodes. 

2. Electrolyte optimization: Electrolyte optimization is the most important task in 

developing high performance KIBs. For the electrolyte to be effective, several criteria 

need to be met: (1) It must be helpful in forming a uniform and stable SEI layer; (2) It 

need to be chemically stable and show no decomposition in operating voltage window; 

(3) It can inhibit excessive side reactions. Considering the development of electrolyte 

additives and substitution of potassium salts, we believe that potassium salts and 

electrolyte additives with low fluoride content can effectively promote homogeneous 

and stable SEI layers, avoid excessive side reactions, and inhibit dendrite growth. In 

addition to the extensive use of FEC as additives, based on the successful experience 

of lithium metal anode research, LiNO3 and AlCl3 can be used to improve the 

interface interfacial stability, inhibit dendrite growth, and help form a uniform SEI 

layer.[133, 134] Study on substituting polymer based electrolyte for potassium ion 

battery can also inhibit dendrite growth, avoid excessive side reactions and have 

better flexibility.[135] The ether-based electrolyte can improve the high cycle stability 

of the battery, and the high salt concentration system provides a possibility for a 

stable K metal anode. However, it has been challenging for the electrolyte to obtain 

reliable evidence from the characterizations of cycled cells, which makes it difficult to 

reveal the role of each salt and solvent in the electrolyte. Recent in-situ techniques, 

such as in-situ Raman spectroscopy, cryogenic electron microscopy, and Fourier 

infrared spectroscopy, have been widely used to understand not only the chemical 

composition of the SEI film, but also the distribution of each element. So it helps to 
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understand the side effects and the role of each solvent in the cycle. This can guide us 

to adopt more effective electrolyte optimization strategies. 

3. Safety: Even though lithium ion battery technology is quite mature, the safety

problems are always worrying. Based on the research experience of lithium ion

batteries, we should focus on the combination of theoretical and experimental

evidence to monitor the temperature distribution inside the potassium ion battery.

Specifically, there are three possible solutions to the safety problem: (1) Low-cost

membrane with high melting point and high thermal stability; (2) Solid electrolytes

and quasi-solid electrolytes, such like polymer-based electrolytes, can reduce the risk

of internal short circuit and thermal explosions; (3) Study liquid electrolyte or

electrode material with flame retardant properties as additives to improve thermal

activation temperature.

4. Full battery design: In order to commercialize KIBs in the future, it is necessary to

construct and research the full battery system. Since building a full battery system

always requires a clear reaction mechanism and careful calculation/pairing of each

electrode (cathode and anode), this is a huge challenge for KIBs research. Although

some pioneering work has been reported on full KIBs, the energy output and long

cycle stability make them far from practical applications. Further research on

potassium ion battery should focus on battery assembly technology and detailed

analysis and optimization of electrochemical mechanism and mechanism for each

individual electrode.

5. High throughput computational design and simulations: The design of high-

throughput computational materials relies on the first-principle approach, which aims

to calculate the properties of materials by solving the fundamental equations of

quantum mechanics and statistical mechanics.[136, 137] Considering cost, safety,
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capacity, diffusion kinetics, cyclic stability, and suitable electrolytes, it is challenging 

to explore excellent electrode materials because of their stringent experimental 

conditions, which may be difficult to evaluate. The computational screening method 

can solve the electronic structure problems based on the first-principles ab initio 

calculation for candidate materials with a small number of physical parameters, thus 

all the above problems can be solved simultaneously. In addition, especially for the 

beginning research on potassium ion battery, it would be useful to establish a reliable 

database to provide guidelines for the effective search of candidate electrode materials 

and electrolytes, which would facilitate the simplification of subsequent experimental 

procedures and costs.[83] 

In summary, potassium ion battery is a very promising technology for large-scale energy 

storage, even though it still has many un-solved problems which are difficult to be solved in 

short period. Therefore, summarizing all possible strategies to develop effective ways is 

necessary to make KIBs viable in the future. 
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1.5 Scope of the Thesis 

The thesis is mainly focused on the method of synthesis nano-functional materials and trying 

to improve the energy storage ability of these materials in different energy storage systems by 

modifying the morphology and composition, which as shown in Fig. 1.21. 

Fig. 1.21 Schematic diagram of the thesis structure. 

In Chapter 1, a general introduction and background of my PhD thesis are given. This 

chapter includes two parts. One is about lithium-ion battery, the other one is about potassium 

-ion battery. This chapter gives a brief introduction which are included development history,

basic principles, primary materials, and outlook of these two energy storage technologies. 
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In Chapter 2, a triple-hollow-shell structured V2O5 electrode is designed and fabricated. The 

detailed analysis of the phase evolution of the V2O5-based anode or cathode was explored by 

the in-situ XRD. Both of the V2O5-based anode and cathode exhibited excellent performance 

in the half cells. Furthermore, a single electrode based symmetric full lithium ion battery 

(LIB) constructed with THS-V2O5 is assembled and exhibited the best performed symmetric 

energy storage systems reported to date. 

In Chapter 3, a NASICON-type KVP/C electrode material is synthesised and tested the 

feasibility being used as both the anode and cathode for KIBs for the first time. A symmetric 

full KIB showed acceptable reversible capacity and outstanding cycling stability. 

In Chapter 4, a novel yolk-shell structured Si/C anode is designed and explored its feasibility 

for full cell application. The Fe2O3 nano-particles embedded flexible CNTs are first 

controllable grown inside the yolk-shell structured microspheres via a CVD method. Half 

cells fabricated using this new YS-Si/C anode showed superior rate ability and high areal 

capacity. Furthermore, it also demonstrates excellent performance when used as the anode to 

pair up commercial LiFePO4 or homemade triple-hollow-shelled Li-rich LixV2O5 cathode in 

the full cells. 

In Chapter 5, a controlled method is designed to synthesis hollow multi-shelled NiO 

microspheres as the anode of LIBs. Furthermore, in order to improve the electrochemical 

properties of the NiO microspheres, an ingenious secondary absorption synthesis method is 

designed to produce hollow triple-shelled α-Fe2O3/NiFe2O4@NiO (TS-NFO) microspheres 

are synthesised, which can improve the energy storage ability to a great extent. 

In Chapter 6, a general conclusion and an outlook are given. The conclusion briefly 

summarizes the main ideas of all the research and work. The outlook summarizes the 

problems of the materials in my work which are still needed to be improved. Also, this part 
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gives a bird-view of the hot topic nowadays in energy storage research, which may provide 

the inspiration to other researchers.  
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Fig. S1. SEM images of KVP (a and b) and KVP/C (c and d) particles prepared via the 

traditional method without lyophilization treatment. 
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Fig. S2. Energy dispersive X-ray spectroscopy (EDS) mapping of each element in the KVP. 
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Fig. S3. XRD patterns of the KVP and KVP/C. 
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Fig. S4. The TG curves of KVP and C@KVP in air. 
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Fig. S5. Electrochemical performance of the KVP electrodes. CV curves of KVP as anode 

in the voltage range of 1.0–2.5 V at a scan rate of 0.1 mV s–1 (a), CV curves of KVP as 

cathode in the voltage range of 2.0–4.0 V at a scan rate of 0.1 mV s–1 (b), the discharge-

charge profiles of KVP as anode for selected cycles (c), the cycling performance of KVP as 

anode at a current density of 15 mA g-1 (d), the discharge-charge profiles for selected cycles 

of KVP as cathode (e), and the cycling performance of KVP as cathode at a current density of 

15 mA g-1 (f). 
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Fig. S6. V 2p XPS spectra of the KVP/C, charged KVP/C at 4.0 V, and discharged KVP/C at 

1.0 V. 
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Fig. S7. CV and kinetics analysis of the electrochemical behavior towards K+ for the 

KVP/C-anode between 1.0 V and 2.5 V. CV curves of KVP/C-anode half-cell at various 

scan rates, from 0.1 to 0.5 mV s−1 (a), and the separation of the capacitive (grey) and 

diffusion (blue) current contributions in KVP/C-anode (b) and KVP-anode (c) at a scan rate 

of 0.2 mV s−1. 
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Fig. S8. CV and kinetics analysis of the electrochemical behavior towards K+ for the 

KVP/C-cathode between 2.0 V and 4.0 V. CV curves of KVP/C-cathode half-cell at various 

scan rates, from 0.1 to 0.5 mV s−1 (a), and separation of the capacitive (grey) and diffusion 

(blue) current contributions in KVP/C-cathode (b) and KVP-cathode (c) at a scan rate of 0.2 

mV s−1. 
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Fig. S9. The angular position changes of the peaks in a range of 6.32 –6.42o during the first 

two cycling test.   
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Fig. S10. In-situ synchrotron XRD patterns (left) of the different peaks (a and b) along with 

the charge-discharge curves (right) of the KVP electrode during the first two cycles in the 

half cell. The electrochemical tests were conducted between 1.0 and 4.0 V. 
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Fig. S11. Schematic representation of the KVP (a, c and d) and NVP (b, d and f) structure 

with possible diffusion pathways during charging/discharging process 

Fig. S12. The CV curves of KVP/C-anode at a scan rate of 0.1 mV s–1 in the voltage range of 

0–2.5 V, insert is the unit structure of K5V2(PO4)3 (a), discharge-charge profiles of KVP/C as 

anode in the voltage range of 0–2.5 V (b), the CV curves of KVP/C-cathode at a scan rate of 

0.1 mV s–1 in the voltage range of 2–4.1 V (c) and 2–4.2 V (d). 
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Fig. S13. OCV profile of the KVP/C-based symmetric full-cell. 
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Fig. S14. The 2nd cycle CV profiles of the KVP/C-based symmetric full-cell at a scan rate of 0.1 mV s–1 

in the three different voltage ranges (a) and the relative enclosed areas of the three different CV 

curves (b). 
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CHAPTER 6. Conslusions and Future Work 
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6.1 General Conclusions 

This thesis mainly studies the effective method to adjust the composition and morphology of 

traditional energy storage materials, which can make the materials obtain better energy 

storage ability and wider application fields. In addition, the research on full lithium ion 

battery, symmetric lithium ion battery and symmetric potassium ion battery also provide new 

ideas for the application of inorganic functional materials. The specific conclusions are as 

follows: 

1. In Chapter 2 and 5, a controllable and simple synthesis method was designed and

succeed to make the morphology of multi-shelled hollow structured V2O5 and NiO.

The electrochemical property was test and the results show that this morphology is

outstanding effective to improve the energy storage performance as the electrode of

lithium ion battery.

2. Chapter 2 and 3 mainly study about the symmetric energy storage system. In Chapter

2, the study of V2O5, we found that the working potential range is quite wide for this

material, it has energy storage ability at both high and low voltage. We designed and

fabricated a triple-shelled structure V2O5 electrode, and successfully used as the anode

and cathode of a high-performance symmetric lithium ion batterie, which exhibits the

highest reversible capacity among reported symmetric energy storage system so far.

3. In Chapter 3, we designed a NASICON-type KVP/C composite and used as both the

anode and cathode for potassium ion batteries. this is the first time that symmetric

electrodes have been explored in KIBs. A largest working potential of 2.3 V and

highest CE of 91.7% were obtained. Therefore, considering the novel design of this

advanced energy storage system, highest initial coulombic efficiency, outstanding
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cycling stability and largest working potential, this work may provide important 

experience for the future development of the potassium ion batteries. 

4. Chapter 4 and 5 are mainly about the anode materials for lithium ion batteries. In

Chapter 4, we designed and prepared a novel yolk-shell structured Si/C anode via a

CVD method, the Fe2O3 NPs embedded flexible CNTs are first controllable grown

inside the yolk–shell structure. Compared with the conventional carbon shell, the new

rigid C/SiO2 shell is endowed with enhanced mechanical strength which can better

confine the volume changes of the Si yolks and maintain the constant volume of the

assembled electrode to improve the safety of batteries. In Chapter 5, we synthesised

multi-shelled NiO hollow spheres which as the anode material of LIBs, in the battery

performance test, the triple-shelled NiO sample exhibited a better performance than

other samples. On basis of the experimental results, the hollow triple-shelled α-

Fe2O3/NiFe2O4@NiO (TS-NFO) microspheres were synthesized by a secondary

absorption method which exhibited excellent battery performances of reversible

capacity of 869mAh·g-1, 2114mAh·g-1, 2061mAh·g-1 after 100, 500 and 800 cycles at

0.5A·g-1. This work gives a new vison on synthesis method of hybrid metal oxides

core@shell structure, and the electrochemistry study about hybrid NiO anode

provides an idea for reference to find out how to improve NiO based anode materials’

energy storage performance.
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6.2 Future Work 

This thesis designs and tests several kinds of electrode materials for different types of energy 

storage systems, which include V2O5, NASICON-K3V2(PO4)3, Si and NiO. By using different 

types of synthesis methods to control the morphology of electrode materials to solve the 

disadvantages and to improve the performance. The morphology of the materials is mainly 

focused on hollow core-shelled structure. The future research directions about these materials 

as well as LIB and KIB mainly include the following points:  

1. According to the fascinating structural characteristics, such like a larger specific

surface area, tunable shell number, thickness, spacing and grain size, hollow core-

shelled micro/nanostructures demonstrate promising potential for using in lithium-ion

batteries with abundant Li storage sites, a shorter transport path length and improved

buffering of the volume change induced by stress/strain in consecutive cycling.

Traditional synthesis methods mainly include hard template method, soft template

method, and no template method. In recent years, with the development of synthesis

methods, some of new methods such like spray drying, CVD (Chemical Vapor

Deposition) have become more and more common used. Even these methods have

their own advantages, however, from the controllability point of view, hard template

method is still the best choice.

Even though the advantages of hollow core-shelled structure are obvious, but it still

has the limited. The main problem is that it’s difficult to be applied in industrial

production. The reason is that industrial production requires high volume energy

density, however, this hollow structure electrode cannot be compressed closely, so it

is difficult to satisfy the volume energy density requirement of industrial production.

The way to solve this problem is to control the size to smaller, such like tens of nano-
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meters or even a few nano-meters, which will be able to greatly improve the volume 

energy density. Taking hard template method as an example, if the size of templates 

could be controlled smaller, the property will be promoted in a big degree. This will 

be a main direction of the future research. 

2. As a traditional electrode material, V2O5 has attracted much attention in energy

storage application due to the high theoretical capacity and large working potential

range. In recent years, the research about by increasing the lattice space of V2O5 to

make it can be used as the electrode of SIB and KIB is also becoming more and more

popular. But so far, the low conductivity and poor stability are always limited the

application range of this material, these two problems are still the main direction of

research in the future.

3. As a high theoretical capacity anode material of LIB, Si is always a very hot research

topic in recent years and the future. But the problem of volume expansion seriously

limits the safety and stability of Si application as the anode lithium ion batteries. How

to solve this problem is always the main research direction of Si. Solid electrolyte can

effectively inhibit the volume expansion of electrode materials, especially for Si

anode, which can greatly improve the safety of LIBs. Therefore, it has become a very

hot topic in the future.

4. Lithium metal battery, which means to use lithium metal as the anode of LIB, has

become more and more popular recently. Due to the theoretical infinite capacity, this

new kind of technology will become a very promising choice of the future energy

storage system. However, since lithium dendrites will be formed when lithium is

deposited on the surface of lithium anode, which is easy to break the diaphragm and

cause short circuit. Therefore, lithium metal anode protection is another main research

direction in the future.
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5. KIB is also a main research direction in energy storage field. The main limitation of

KIB is the size of K+ which is so big that makes it difficult to insertion and de-

insertion. Another important problem is that the mass/volume energy density of the

current material is still not satisfied enough. Therefore, finding suitable KIB electrode

materials, or even symmetric electrode materials, is still the main challenge in the

future.

There are many hot research topics about the nano-functional materials and energy storage 

technology, due to the limited space, hard to list all of them.  


