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ABSTRACT 

 

In the field of electrical energy storage, lithium ion batteries (LIBs) are considered as 

one of the most promising technologies due to their particularly higher energy density 

and longer shelf life, as well as they do not suffer from the serious memory effect 

problems that afflict Ni-MH batteries. Graphite and LiCoO2 are currently the most 

common commercial anode and cathode materials for the LIB, but they still suffer 

from low theoretical capacities of 372 mAh g
-1 

and 170 mAh g
-1

, respectively. Such 

low discharge capacity would be unable to satisfy the growing demand for large-scale 

potential lithium ion battery applications, such as electric vehicles (EVs), hybrid 

electric vehicles (HEVs), and stationary energy storage for solar and wind electrical 

energy generation. Therefore, the electrical performance of active electrode materials 

in rechargeable lithium ion batteries must continue to be improved. In this doctoral 

work, several promising materials for both anode and cathode electrodes were 

synthesized and combined with conductive polymer to further improve their 

electrochemical performance. These include LiV3O8-polyaniline, Germanium-

polypyrrole, and LiNi0.5Mn1.5O4-polypyrrole composites. Monodisperse porous 

Ni0.5Zn0.5Fe2O4 nanospheres are also successfully synthesized by the solvothermal 

method and their electrical performances as novel anode materials for LIB are 

investigated in detailed. In addition, another key aspect for the electrochemical 

performance of LIB is the stability of the electrolyte. The most widely used 

electrolyte for lithium ion batteries is LiPF6 dissolved in ethylene carbonate (EC), 

dimethyl carbonate (DMC) and diethyl carbonate (DEC). The battery performance 

may be limited, however, by the highly oxidizing conditions at high voltage (> 4.5 V). 

Herein, room temperature ionic liquid was used as a new type of electrolyte for the 
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high-voltage cathode material LiNi0.5Mn1.5O4, and the relationship between the 

electrolyte characteristics and the performance of Li/LiNi0.5Mn1.5O4 cells at the high 

potential of 5.1 V was studied in more detail. 

 

Anode materials for the LIBs 

 

Nano-Germanium/polypyrrole composite has been synthesized by a simpe chemical 

reduction method in aqueous solution. The Ge nanoparticles were directly coated on 

the surface of the polypyrrole. The morphology and structural properties of samples 

were determined by X-ray diffraction, scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). Thermogravimetric analysis was carried out 

to determine the polypyrrole content. The electrochemical properties of the samples 

have been investigated and their suitability as anode materials for the LIB was 

examined. The discharge capacity of the Ge nanoparticles in the Ge-polypyrrole 

composite was calculated as 1014 mAh g
-1

 after 50 cycles at the 0.2 C rate, which is 

much higher than that of pristine germanium (439 mAh g
-1

). The composite also 

demonstrates high specific discharge capacity at different current rates (1318, 1032, 

661, and 460 mAh g
-1

 at 0.5, 1.0, 2.0, and 4.0 C, respectively). The superior 

electrochemical performance of Ge-polypyrrole composite could be attributed to the 

polypyrrole core, which provides an efficient transport pathway for electrons. SEM 

images of the electrodes have demonstrated that polypyrrole can also act as a 

conductive binder and alleviate the pulverization of electrode caused by the huge 

volume changes of the nanosized germanium particles during Li
+
 intercalation/de-

intercalation. 
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Monodisperse porous Ni0.5Zn0.5Fe2O4 nanospheres have been successfully synthesized by 

the solvothermal method. The diameter of the nanospheres can be tuned by controlling 

the reactant concentration. Lower reactant concentration is favoured for the synthesis of 

mesoporous Ni0.5Zn0.5Fe2O4 nanospheres with higher surface area. The electrochemical 

results show that mesoporous Ni0.5Zn0.5Fe2O4 nanospheres exhibit high reversible specific 

capacity (1110 mAh g-1) for Li storage and high capacity retention, with 700 mAh g-1 

retained up to 50 cycles. The excellent electrochemical properties could be attributed to 

the large surface area and mesoporous structure. The results suggest that Ni0.5Zn0.5Fe2O4 

could be a promising high capacity anode material for lithium ion batteries. 

 

Cathode materials for the LIBs 

 

LiV3O8-polyaniline nanocomposites have been synthesized via chemical oxidative 

polymerization, directed by the anionic surfactant sodium dodecyl benzene sulfate. 

The polyaniline particles are uniformly coated on the LiV3O8 nanorods. The 

composite with 12 wt. % polyaniline retains a discharge capacity of 204 Ah kg
-1

 after 

100 cycles and has better rate capability (175 Ah kg
-1

 at 2 C, and 145 Ah kg
-1

 at 4 C) 

than the bare LiV3O8 reference electrode in the potential range of 1.5-4.0 V. The 

polyaniline coating can buffer the electrode dissolution into the LiPF6 that occurs in 

LiV3O8 during cycling. The charge transfer resistance of the composite electrode is 

much lower than that of the bare LiV3O8 electrode, indicating that the polyaniline 

coating significantly increases the electrical conductivity between the LiV3O8 

nanorods. Conductive polyaniline is also proven as a conductive binder which buffers 

the dissolution of LiV3O8 into the electrolyte and reduces the contact resistance 

among the nanorods, so the performance of the composite is significantly improved. 
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Conductive polypyrrole-coated LiNi0.5Mn1.5O4 (LNMO) composites have been 

applied as another promising cathode materials in LIB, and their electrochemical 

properties are explored at both room and elevated temperature. The morphology, 

phase evolution, and chemical properties of the as-prepared samples were analyzed by 

means of X-ray powder diffraction, thermogravimetric analysis, Raman spectroscopy, 

and scanning and transmission electronic microscopy techniques. The composite with 

5 wt. % polypyrrole coating shows discharge capacity retention of 92 % after 300 

cycles and better rate capability than the bare LNMO electrode in the potential range 

of 3.5-4.9 V vs. Li/Li
+
 at room temperature. At elevated temperature, the cycling 

performance of the electrode made from LNMO-5 wt. % polypyrrole (PPy) is also 

remarkably stable (~91 % capacity retention after 100 cycles). It is revealed that the 

polypyrrole coating can suppress the dissolution of manganese in to the electrolyte 

which occurs during cycling. The charge transfer resistance of the composite 

electrode is much lower than that of the bare LNMO electrode after cycling, 

indicating that the polypyrrole coating significantly increases the electrical 

conductivity of the LNMO electrode. Polypyrrole can also work as an effective 

protective layer to suppress the electrolyte decomposition arising from undesirable 

reactions between the cathode electrode and the electrolyte on the surface of the 

active material at elevated temperature, leading to high coulombic efficiency.  

 

Ionic liquid electrolyte for the LIB 

 

Among the high voltage cathode materials, LiNi0.5Mn1.5O4 is of particular interest, 

with comparable capacity (around 140 Ah kg
-1

) to LiCoO2 and LiFePO4, and with 

much higher specific energy (658 Wh kg
-1

). The stability of the electrolyte is still a 
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major concern, however, for the high voltage spinel cathode materials because the 

potential range is beyond the decomposition potential of conventional electrolyte 

(~4.7 V vs. Li/Li
+
). In this research work, a 5 V cathode material, LiNi0.5Mn1.5O4 

nanoparticles, was prepared via the sol-gel method. The room temperature ionic 

liquid, 1 M lithium bis(trifluoromethysulfony)imide (LiTFSI) in N-butyl-N-methyl-

pyrrolidinium bis(trifluoromethane-sulfonyl) imide (Py14TFSI), was used as 

electrolyte. The electrochemical performance shows that the LiNi0.5Mn1.5O4 

nanoparticles with room temperature ionic liquid as electrolyte show comparable 

capacity to that of conventional electrolyte (1 M LiPF6 in EC: DEC = 1:2 (v/v)), with 

improved coulombic efficiency at the high voltage of 5.1 V. 
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Chapter 1 Introduction 

 

Electrochemical energy storage systems (batteries) have a tremendous role in technical 

applications. They are used in computers, communication devices, industrial control, 

electric vehicles, spaceships, laboratory equipment, etc. They are also of crucial 

importance for portable instruments, remote control, solar power, pacemakers, and toys, 

to name only a selection of familiar uses. Amongst the energy storage systems, Lithium-

ion batteries (LIBs) have relatively high energy density and superior performance to the 

lead acid battery, as well as the nickel cadmium or nickel metal hydride battery systems 1. 

Lithium is also found in unlimited quantities in sea water, and concentrating it from brine 

is much greener (requiring just solar energy) than conventional mining. The demand for 

lithium could also be eased by recycling, which has already proven its value with lead-

acid batteries. Therefore, LIBs have shown the greatest success in the portable electronics 

market over the past two decades. With the technologies emerging today, the 

rechargeable LIBs are further expected find applications in electric vehicles (EVs) and 

hybrid electric vehicles (HEVs). Compared with traditional combustion engines and gas 

turbines, however, the lithium ion batteries still exhibit much lower power. The overall 

electrochemical performance of LIBs is determined by the properties of the electrolyte, 

cathode, and anode materials. In this project, various different types of anode and cathode 

materials were prepared and their electrochemical properties were tested. In addition, a 

novel electrolyte made from room temperature ionic liquid (RTIL) was also tested in 5 V 

spinel LiMn1.5Ni0.5O4/Li cells to investigate its stability at high voltage.  

 

A brief overview of the chapters in this thesis: 
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Chapter 1 contains the introduction and an outline of the thesis. 

 

Chapter 2 commences with a literature review related to the lithium batteries. The chapter 

includes a brief overview of the history, basic concepts and principles, and the general 

components of rechargeable lithium ion batteries. 

 

Chapter 3 presents the overall experimental methods and procedures used in this study, as 

well as the details of the starting materials and chemicals used in the synthesis and 

fabrication. Additional specific details are given at the beginning of each chapter as 

required. 

 

Chapter 4 is devoted to germanium-polypyrrole composite with a unique core-shell 

structure as a promising anode material for LIBs. In recent years, germanium  (Ge) has 

attracted much research interest due to its high theoretical capacity, up to 1623 mAh g-1, 

which is 4 times higher than that of commercial graphite anode (only 372 mAh g-1). 

Nevertheless, during lithiation/delithiation processes, Ge nanoparticles still suffer drastic 

volume changes, which will induce pulverization of the bulk materials and finally lead to 

isolation between the particle and the current collector. In this research work, Ge 

nanoparticles were deposited in-situ onto the porous polypyrrole particles by a simple 

chemical reduction reaction. The composite was physically characterized by field 

emission scanning electron microscopy and transmission electron microscopy, followed 

by electrochemical evaluation via galvanostatic discharge-charge cycling, cyclic 

voltammetry, and impedance spectroscopy. The polypyrrole core in the composite 

materials could not only act as an electronically conductive matrix, but also provides void 

space to buffer the volume changes of germanium nanoparticles during discharge/charge 

cycles. 
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Among the newly developed anode materials, zinc ferrite (ZnFe2O4) has been considered 

to be another promising candidate for LIB anodes because of its non-toxicity, 

environmental friendliness, good structural stability, and low cost. In Chapter 5, novel 

monodisperse porous Ni0.5Zn0.5Fe2O4 (NZFO) nanospheres have been successfully 

synthesized via a one-step solvothermal method. The diameter of the nanospheres can be 

controllable by the reactant concentration, which demonstrated lower reactant 

concentration is beneficial to the synthesis NZFO nanospheres with high surface area. 

The electrochemical results show that the monodisperse NZFO nanospheres can deliver 

high reversible specific capacity (1110 mAh g-1) for Li storage and high capacity 

retention, with 700 mAh g-1 retained up to 50 cycles. The results suggest that NZFO 

could be a promising high capacity anode material for lithium ion batteries. 

 

Chapter 6 discusses the synthesis and, structures of LiV3O8-polyaniline nanorods. 

Lithium vanadium oxide (LiV3O8) is well-known as a promising cathode material for 

lithium metal batteries due to its high-specific capacity, good structural stability, low cost, 

and good safety features. In various morphologies of LiV3O8 materials, LiV3O8 nanorods 

present superior electrochemical performance, in aspects such as change-discharge 

capacity, rate capacity, and cycling stability. Herein, the effects of the content of 

polyaniline (PAn) coating content on the electrochemical characteristics of LiV3O8 

nanorods are explored. Field emission scanning electron microscopy and transmission 

electron microscopy analysis have revealed the morphologies of LiV3O8-PAn. LiV3O8-12 

wt. % PAn shows the best electrochemical performance, and it delivers a reversible 

capacity of 204 mAh g-1 after 100 cycles in the voltage range of 1.5-4.0 V, while the bare 

LiV3O8 shows much lower discharge capacity (108 mAh g-1). The PAn coating layer can 

buffer the LiV3O8 dissolution into the LiPF6 electrolyte and increase the conductivity of 
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the electrode. It also can work as a conductive binder to protect the electrode from 

agglomeration and exfoliation. 

 

The spinel LiMn1.5Ni0.5O4 has been identified as an attractive cathode candidate for 

lithium-ion batteries because it has a high working voltage (~ 4.7 V vs. Li/Li+) and low 

price. In Chapter 7, a series of polypyrrole/LiMn1.5Ni0.5O4 (LNMO) composites was 

directly synthesized via chemical oxidative polymerization. The morphology and the 

electrochemical performance at room temperature (25 ˚C) or elevated temperature (55 ˚C) 

of the polypyrrole/LNMO composites were investigated. The composite with 5 wt. % 

polypyrrole coating shows the most stable cycling, with negligible capacity fading and 

the best rate performance up to 4.0 C at room temperature. At elevated temperature, the 

cycling performance of the electrode made from LNMO-5 wt. % polypyrrole (PPy) is 

also remarkably stable (~ 91 % capacity retention after 100 cycles). The PPy layer 

reduces the charge transfer resistance of the composite electrode due to its high electrical 

conductivity. It is also revealed that PPy protective layer suppresses the dissolution of 

manganese into the electrolyte as well as inhibiting electrolyte decomposition after stored 

at elevated temperature.  

 

Safety is one of the most important requirements for commercialization of lithium-ion 

batteries. As a result, the replacement of conventional volatile and flammable organic 

alkyl carbonate electrolytes with ionic-liquid-based electrolytes has attracted much 

attention. In this thesis, Chapter 8 identifies a room temperature ionic liquid (RTIL) as a 

new electrolyte candidate, 1 M lithium bis(trifluoromethanesulfonyl) imide (LNTf2) in N-

butyl-N-methyl-pyrrolidinium bis(trifluoromethane-sulfonyl) imide (C4mpyrNTf2), for 

LIB application at high voltage, based on its good electrochemical and thermal stability, 

high ionic conductivity, non-volatility and non-flammability. In this study, high-voltage 
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LiNi0.5Mn1.5O4 (LNMO) cathode material was synthesized by the rheological phase 

method, and comparative study was carried out in two different electrolytes: LiPF6/EC: 

DEC and RTIL. The electrochemical performances show that the LNMO nanoparticles 

using RTIL as electrolyte show comparable capacity to that with LiPF6/EC: DEC, as well 

as significantly improved coulombic efficiency. 

 

Finally, the main results and achievements of this doctoral thesis are summarized in 

Chapter 9, followed by the lists of references and publications during the period of this 

study.  
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Chapter 2 LITERATURE REVIEW 

 

2.1 General background 

 

In response to the needs of modern society and emerging ecological concerns, it is now 

essential to promote the rapid development of low-cost and environmentally friendly 

energy conversion and storage system. If a new energy economy is to emerge, it must be 

based on a cheap and sustainable energy supply. One of the most flagrantly wasteful 

activities is travel, and energy devices will therefore be critical for effectively levelling 

the cyclic nature of sustainable sources such as wind or solar power. 

 

Electrical energy storage systems can be divided into two main categories: batteries and 

electrochemical capacitors (ECs). As shown in Fig. 2.1, batteries can generally store 

significantly more energy per unit mass than ECs, because they use electrochemical 

reactions called faradaic processes. Faradaic processes, which involve the transfer of 

charge across the interfaces between a battery’s electrodes and the electrolyte solution, 

lead to reduction and oxidation, or redox reactions, of species at the interfaces. When a 

battery is charged or discharged, the redox reaction changes the molecular or crystalline 

structure of the electrode material, which often affects its stability, so batteries generally 

must be replaced after several thousand charge-discharge cycles.  Therefore, much effort 

has been put into increasing the energy density and cycling life of batteries to meet the 

heavy new requirements. 
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Figure 2.1 Comparison of various electrochemical energy conversion systems with the 

internal combustion engine and gas turbine in terms of power and energy 2. 

 

In general, electric batteries are composed of one or more electrochemical cells that 

convert stored chemical energy into electrical energy. Each cell contains a positive 

terminal, or cathode, and a negative terminal, or anode. Electrolytes allow ions to move 

between the electrodes and terminals, which allows current to flow out of the battery to 

perform work. When these electrodes are connected by means of an external device, 

electrons spontaneously flow from the more negative to the more positive potential. Ions 

are transported through the electrolyte, maintaining the charge balance, and electrical 

energy can be tapped by the external circuit.  

 

Today, commercially available rechargeable batteries include lithium-ion, nickel-metal-

hydride, and nickel-cadmium devices. As shown in Fig. 2.2, lithium-ion and other 
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lithium-based batteries have the highest energy densities (per unit volume or per unit 

mass) of all rechargeable batteries, and such high energy outputs of Li-based batteries are 

mainly a result of the electrochemical and physicochemical properties of Li. As the 

lightest metal, Li has a theoretical gravimetric capacity storable charge per unit weight of 

3860 mAh g-1. Moreover, Li is the strongest metal reducing agent. A Li anode thus 

generates a large potential difference between the anode and cathode, which leads to a 

larger energy output 3. Since Sony Corporation commercialized the first lithium-ion 

battery  (LIB), billons of lithium-ion cells have been produced for electronic devices, 

such as laptop computers, cell phones, cameras, etc., and account for more than 60 % of 

worldwide sales value in portable devices. In addition, LIBs have conquered nickel metal 

hydride (Ni-MH) batteries and are now being used in power tools. There are continuous 

demands, however, for batteries with higher power and longer cycling life to power 

newly emerging electronic devices and advanced communications. Recently, the LIB has 

come to be further expected to enter the hybrid electric-vehicle market and is a serious 

contender to power the electric cars of the future. In response to the needs of these 

potential uses, it is essential that there is rapid development of next-generation LIBs with 

high energy density, long cycle life, low cost, and high safety. 

 

Figure 2.2 Comparison of the different battery technologies in terms of volumetric and 

gravimetric energy density 2. 
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2.2 Brief History 

 

The earliest electrochemical energy storage system which may have served as a battery, 

the Baghdad battery, can be dated back to ancient times and it is quite simple and natural. 

In 1799, Alessandro Volta invented the first true battery, which came to be known as the 

voltaic pile, and discovered the first practical method of generating electricity 3. The 

voltaic pile consisted of pairs of copper and zinc discs piled on top of each other, 

separated by a layer of cloth or cardboard soaked in brine. This voltaic pile produced a 

continuous and stable current of electricity when the two discs were connected by a wire 

conductor.  

 

In 1836, a British chemist named John Frederic Daniell found a way to eliminate the 

hydrogen produced by the earlier batteries. He invented the Daniell cell, which is 

composed of a copper pot filled with a copper sulphate solution, in which was immersed 

an unglazed earthenware container filled with sulphuric acid and zinc electrode. The 

earthenware barrier was porous, which allowed ions to pass through but kept the solution 

from mixing. Without this barrier, when no current was drawn the copper ions would drift 

to the zinc anode and undergo reduction without producing a current, which would end 

the battery’s life. Over time, copper bulid-up would block the pores in the earthenware 

barrier and cut short the battery’s life. Nevertheless, the Daniell cell was a great 

improvement over the existing technology used in the early days of battery development 

and was the first practical source of electricity. It provided a longer and more reliable 

current than the voltaic cell because the electrolyte deposited copper (a conductor) rather 

than hydrogen (an insulator) on the cathode. 
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Sometime during the 1860s, a Frenchman by the name of Callaud invented a variant of 

the Daniell cell called the gravity cell. This simpler version dispensed with the porous 

barrier. The gravity cell consisted of a glass jar, in which a copper cathode sat on the 

bottom and a zinc anode was suspended beneath the rim. Copper sulphate crystals would 

be scattered around the cathode and then the jar would be filled with distilled water. As 

the current was drawn, a layer of zinc sulphate solution would form at the top around the 

anode. This top layer was kept separate from the bottom copper sulphate layer by its 

lower density and by the polarity of the cell. This simpler system reduced the internal 

resistance of the system and, thus the battery yielded a stronger current. It quickly became 

the battery of choice for the American and British telegraph networks. From then on, 

many different types of primary or rechargeable batteries were developed in the following 

centuries, such as the zinc-carbon battery, lead-acid battery, nickel-cadmium battery, 

zinc-air batter, alkaline battery, etc. 

 

Experimentation with the LIB began in 1912 under G. N. Lewis, and in the 1970s, lithium 

batteries were being sold. In 1980, Prof. John B. Goodenough discovered the LiCoO2 

cathode (positive electrode) 4 and a French research scientist, Rachid Yazami, discovered 

the graphite anode (negative electrode) 5. This led a research team managed by Akira 

Yoshino of Asahi Chemical, Japanto build the first LIB prototype in 1985, a rechargeable 

and more stable version of the lithium battery, followed by Sony, which commercialized 

the lithium ion battery in 1991. 

 

In 1997, the lithium-ion polymer battery was released. These batteries hold their 

electrolyte in a solid polymer composite instead of a liquid solvent, and the electrodes and 

separators are laminated with each other. The latter difference allows the battery to be 

encased in a flexible wrapping instead of a rigid metal casing, which means that such 
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batteries can be specifically shaped to fit a particular device. They also have a higher 

energy density than normal lithium ion batteries. These advantages have made it the 

battery of choice for portable electronics such as mobile phones and personal digital 

assistants, as they allow for more flexible and compact design. 

 

2.3 Basic concepts 

 

In a LIB, the Li+ ions shuttle between the cathode and anode hosts during the discharge 

and charge processes. The principles of Li-ion battery operation are shown in Fig. 2.3. In 

the discharge process, the anode is electrochemically oxidized, which results in the 

release, or deintercalation, of Li ions into the electrolyte. At the same time, electrons 

move through the external circuit and travel toward the cathode. The Li ions travel 

through the electrolyte to compensate for the negative charge flowing through the 

external circuit, which results in the uptake, or intercalation, of Li ions into the cathode. 

When the battery is recharged, the reverse processes occur. In this mode of operation, Li-

ion batteries are generally called rocking-chair batteries to describe the toggling of Li ions 

back and forth between anode and cathode. Basically, the reactions on electrodes can be 

described by two half-cell reactions:  

At the cathode: aA + ne- + nLi+ → cC                                                                             (2.1) 

At the anode: bB → dD + ne- + nLi+                                                                                                                       (2.2) 

Overall reaction: aA + bB ↔ cC + dD                                                                            (2.3) 

 

 Potential  

Each of electrochemical reactions is related to a standard electrode potential, E0, which 

can be calculated from Gibbs free energy (∆G). The basic thermodynamic equations for 

the calculation of ∆G are given as: 
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Figure 2.3 A schematic representation of the most commonly used Li-ion battery based 

on graphite anode and LiCoO2 cathodes6. 

 

∆G = ∆H0 - T∆S0                                                                                                              (2.4) 

Where, ∆H = enthalpy 

T = absolute temperature 

∆S0 = entropy 

If we assume that the released Gibbs energy is all transformed to electrical work, then 

∆G = W = -nFE0                                                                                                                                                                         (2.5) 

Where, -∆G = standard Gibbs free energy 

n = number of electrons transferred 

F = Faraday constant (96487 C) 

And under standard conditions:  

E0 = −∆𝐺
𝑛𝐹⁄                                                                                                                    (2.6) 

 

 Open circuit voltage (Voc) 
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The design of a LIB system also requires careful selection of electrode pairs to obtain a 

high operating voltage (Voc). Figure 2.4 is a schematic diagram of the relative electron 

energies in the electrodes and the electrolyte of thermodynamically stable battery cell 

with an aqueous electrolyte7. The energy separation Eg of the lowest unoccupied 

molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the 

electrolyte is the “window” of the electrolyte. The two electrodes are electronic 

conductors with anode and cathode electrochemical potentials μA and μC. An anode with a 

μA above the LUMO will reduce the electrolyte unless a passivation layer creates a barrier 

to electron transfer from the anode to the electrolyte LUMO; and a cathode with a μC 

below the HOMO will oxidize the electrolyte unless a passivation layer blocks electron 

transfer from the electrolyte HOMO to the cathode. Therefore, the anode and cathode 

materials are thermodynamically stable within the window of the electrolyte, which 

constrains the open-circuit voltage Voc of a battery cell to: 

Voc = 
(𝜇𝐴 − 𝜇𝐶)

𝑒⁄   ≤ Eg                                                                                                 (2.7) 

In this formula, e is the magnitude of the electron charge. A passivating solid/electrolyte-

interphase (SEI) layer at the electrode/electrolyte boundary can give kinetic stability to a 

larger Voc provided that eVoc - Eg is not too large.  

 

Figure 2.4 Schematic open-circuit energy diagram of an aqueous electrolyte, ΦA and ΦC 

are the anode and cathode work functions7.  
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 Discharging 

The conversion of the chemical energy stored within a cell to electrical energy, and the 

subsequent withdrawal of this electrical energy into a load. 

 

 Charging 

Charging is the operation in which energy is put into a secondary cell or rechargeable 

battery by forcing an electric current. The battery is restored to its original charged 

condition through charging. 

 

 Overcharging  

Attempting to charge a battery beyond its electrical capacity can also lead to a battery 

explosion, leakage, or irreversible damage to the battery. It may also cause damage to the 

charger or device in which the overcharged battery is later used. 

 

 Electrical conductivity 

The electrical conductivity is a measure of ease, with which a material conduct current. 

 

 Short circuit 

A short circuit is an electrical circuit that allows a current to travel along an unintended 

path, often where essentially no (or a very low) electrical impedance is encountered. It is 

an abnormal connection between two nodes of an electric circuit intended to be at 

different voltages, which results in an excessive electric current/overcurrent, limited only 

by the Thevenin equivalent resistance of the rest of the network, and potentially causes 

circuit damage, overheating, fire, or explosion. 
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 Theoretical specific capacity 

The theoretical specific capacity is an important parameter to evaluate the active materials.  

It can be calculated from the equation: 

Qtsc   =  
𝑛×𝐹

3600.𝑀
                                                                                                                    (2.8) 

Where n is the number of moles of electrons transfered in the electrochemical reaction, F 

is the Faraday constant (96485 C), and M is the molecular weight of the active materials. 

 

 Specific capacity 

The specific charge capacity (Qc) or specific discharge capacity (Qd) can be calculated 

based the total amount of electrons transferred: 

Qc/Qd = 
𝐼 × 𝑡

𝑚
                                                                                                                      (2.9) 

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

materials (g). The unit of specific capacity is mAh g-1 or Ah kg-1. 

 

 Energy density 

Energy density is the amount of energy stored in a region of space per unit volume or 

mass. It is usually desirable that the energy density stored in a LIB system is as high as 

possible. The unit of energy density is Wh kg-1, and energy density can be calculated by 

Eq. (2.10). 

Energy density = 
𝐸×𝑄

1000
                                                                                                     (2.10) 

where E is the voltage (V), and Q is the specific capacity (Ah kg-1). 

 

 Charge/discharge rate 

The term charge/discharge rate or C-rate is employed to estimate how fast lithium can be 

transferred. 1 C denotes either the theoretical charge capacity of a cell or the nominal 
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capacity of a cell. Charge/discharge rate is an expression of the speed with which a 

battery is being charged/discharged, at a specific point in time. For example, C/5 means a 

current allowing a full change/discharge in 5 hours. 

 

 Irreversible capacity loss 

Irreversible capacity results from irreversible lithium reactions which do not result in 

insertion into or extraction from the active materials. It equals the difference between the 

charge capacity and the discharge capacity for the nth cycle. 

Irreversible capacity loss = nth Qc – nth Qd                                                                    (2.11) 

 

 Capacity retention 

Capacity retention, which is always used to evaluate the cycling stability, is the ratio of 

discharge capacity for the nth cycle to initial discharge capacity. 

Capacity retention = 
𝐶𝑛

𝐶1
⁄  × 100 %                                                                                (2.12) 

Where Cn is the discharge capacity for the n
th
 cycle, and C1 is the initial discharge capacity. 

 

 Coulombic efficiency 

Coulombic efficiency is defined as the ratio of the output of charge by a battery to the 

input of charge. Coulombic efficiency is determined by the internal resistance of a cell. 

Coulombic efficiency = 
𝑄𝑑

𝑄𝑐
⁄   ×100 %                                                                       (2.13) 

 

 Elevated temperature 

Chemical reactions take place much more readily at high temperatures than at low. 

Furthermore, the active materials are more porous and the internal resistance less at 

higher temperatures. Opposed to this is the fact that at high temperatures, the acid from 
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the electrolyte attacks the grids and the active materials, and serious solid electrolyte 

interphase (SEI) is formed, even though no current is taken from the battery. Other 

injurious effects include the destructive action of hot acid on the wooden separators used 

in batteries. Greater expansion of active material will also occur, and this expansion is not, 

in general, uniform over the surface of the plates. Therefore, charging temperature limits 

for LIBs are stricter than the operating limits. The chemical reaction in LIBs can perform 

well at elevated temperature (> 45 ˚C). High temperatures during charging may lead to 

battery degradation and discharge at elevated temperatures will also degrade battery 

performance. 

 

2.4 Cathode materials 

 

The choice of the positive electrode depends on whether we are dealing with rechargeable 

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

as the negative electrode, the positive electrode does not need to be lithiated before cell 

assembly. In contrast, for LIB, because the carbon negative electrode is empty (no Li); 

the positive one must act as a source of Li, thus requiring the use of air-stable Li-based 

intercalation compounds to facilitate the cell assembly. Figure 2.5 displays the alternative 

cathode materials and their corresponding characteristics. The compounds for positive 

electrodes are generally divided into five major categories: the layered transition metal 

oxides, the spinel oxides, the olivines, the vanadates and electrochemically active 

polymers 8. 
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Figure 2.5 Voltage versus capacity for positive electrode materials presently that are used 

or under serious considerations for the next generation of rechargeable Li-based cells. 

The output voltage values for Li-ion cells and the Li-metal cell are presented 8. 

 

In general, the active materials for the positive electrode are much less developed than for 

the anode. LiCoO2 has been used most extensively in practical applications, but cobalt is 

relatively expensive and toxic. Capacities obtained from conventional inorganic cathode 

materials are limited by the number of lithium ions that they can intercalate while 

remaining structurally stable. When Li ions are deintercalated from an oxide, the 

material’s lattice will contract. Extraction of all, or even 80 % - 90 %, of the Li ions 

would change the structure so much that the electrode would fail after a small number of 

charge-discharge cycles 9. In practice, therefore, batteries are generally designed so that 

only about half of the Li ions are ever deterincalated from the cathode. The gravimetric 

capacities of cathode materials are thus limited to 120 to 250 mAh g-1 10. 

 

2.4.1 Layered transition metal oxides 

 

The most common layered material used as cathode in commercial lithium-ion cells is 
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layered LiCoO2 (Figure 2.6). In layered LiCoO2, the lithium and the Co3+ ions occupy 

alternate (111) planes of the cubic rock-salt structure11. The lithium ion intercalates into 

or de-intercalates reversibly from the CoO2 layers11, 12. 

yC + LiCoO2 ↔ LixCy + Li(1-x)CoO2, x ≈ 0.5, y = 6, voltage ≈ 3.7 V                            (2.14) 

 

 

Figure 2.6 The two-dimensional crystal structure of LiCoO2 
13. 

 

LiCoO2 has desirable electrochemical properties, such as good structural stability and 

moderately high capacity, and fabrication of high-quality LiCoO2 is facile. The major 

drawbacks of LiCoO2 are low specific capacity, high cost and toxicity. Actually, layered 

LiNiO2 was initially considered as the commercial cathode material for Li-ion batteries, 

because it displayed favourable specific capacity ( ≥ 180 mAh g-1) compared with only 

140 mAh g-1 for LiCoO2 
14. These expectations were dismissed for safety reasons, 

however, after exothermic oxidation of the organic electrolyte by the collapsing 

delithiated LixNiO2 structure. Delithiated LixCoO2 was found to be more thermally stable 

than its LixNiO2 counterpart. Recently, substitution of Co for Ni in LiNi1-xCoxO2 was 

adopted to provide a partial solution to the safety concerns surrounding LiNiO2 for the 

next generation of rechargeable Li-based cells15, 16. 
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Although the reversible delithiation of LiCoO2 beyond 0.5 Li is feasible, delithiation for 

commercial applications has been limited to that value for safety reasons (charge cut-off 

limited to around 4.2 V). Several routes have been investigated to circumvent these safety 

and capacity issues. Among them was the successful stabilization of the layered structural 

framework by an electrochemically inert di-, tri- or tetravalent cationic substitute for Ni 

or Co (Al, Ga, Mg or Ti). This led to LiNi1-xTix/2Mgx/2O2 phases, which were claimed to 

be safe and displayed practical capacities of 180 mAh g-1 17. Another line of investigation 

involved the synthesis of layered LiFeO2 and LiMnO2 phases to take advantage of the 

Fe4+/Fe3+ and Mn4+/Mn3+ redox couples, respectively. Most of attempts to prepare 

electrochemically attractive LiFeO2 failed, however, in spite of numerous and diverse 

synthesis methods. In contrast, research on LiMnO2 has been more fruitful 18, and the 

structural instability where the layered phase reverts to the spinel LixMn2O4 upon cycling 

has recently been diminished through cationic substitution by chromium 

(Li1+xMn0.5Cr0.5O2) 
19. This kind of material exhibits a capacity of 190 mAh g-1 (larger 

than that expected from the full oxidation of Mn3+ to Mn4+) with little capacity fading 

upon cycling. It seems that within these materials, the role of Mn is to stabilize the 

layered structure of the chromium oxide, and that the large capacity is based in the Cr 

oxidation state, which changes reversibly from +3 to +6. 

 

2.4.2 Spinel Oxides 

 

Recently, the use of manganese oxides in Li-ion batteries has been stimulated. This is 

because spinel LiMn2O4 has a cubic spinel structure (Figure 2.7), where Li+ ions diffuse 

within the structure, first moving from the 8a site to the neighbouring empty octahedral 

16c site, and then to the next 8a site, in such a way that the Li ion takes the diffusion path 

(8s-16c-8a) 20.  
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Figure 2.7 Two-dimensional crystal structure of LiMn2O4 
13. 

 

The discharge curve for LixMn2O4 has two main peaks, occurring near 4 V and 3 V versus 

Li+/Li, which correspond to the addition of one more Li, resulting in Li2Mn2O4. The 

pristine LiMn2O4, although possessing ~ 10% less capacity than LiCoO2, has an 

advantage in terms of cost and is perceived as being ‘green’ (that is, non-toxic and from 

abundant material source). Additionally, it has long been recognized as a potential 

alternative cathode. Its implementation has been delayed at elevated temperature, because 

of its limited cycling and storage performances resulting from the undesirable dissolution 

of Mn 21. This problem can be addressed by the substitution of different cations (Li, B, 

Mg, Al, Fe, Co, Ni, or Zn) or by the introduction of nanodomain structure 22. Coating the 

particles with a stabilizing surface layer may also help to alleviate such problems but will 

reduce the rate of lithium intercalation. 

 

LiNi0.5Mn1.5O4 is another promising example in the manganese family. This material is 

characterized by a two-phase electrochemical process, which is reflected in a flat voltage 

profile at 4.5 V vs. Li 23. Its theoretical specific capacity is 146 mAh g-1 24. The advantage 

for this kind of material is its high working voltage, which gives it has more than 30 % 

greater energy density than what is associated with conventional lithium manganese 

spinel. On the other hand, the practical use of this cathode material is still prevented by 
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the lack of suitable electrolyte media, since the presently available organic carbonate 

solutions are not totally compatible with the high voltage of the lithium nickel manganese 

oxide, especially in the course of its charge process and at elevated temperature (> 55 

˚C)25.  

 

2.4.3 Transition Metal Phosphates 

 

Transition metal phosphates, LixMy(PO4) (M = transition metal) have been proposed as 

promising cathode materials for Li-ion batteries. Amongst the various compounds, 

LiFePO4 possesses the advantages of potentially low cost, rich natural resources, and 

environmental friendliness, so that it has gained significant attention. It forms in the 

orthorhombic olive structure with the Pnma space group, in which the strong P-O 

covalency stabilizes the Fe3+/Fe2+ redox couple through the Fe-O-P inductive effect, as 

shown in Fig. 2.8. FeO6 and PO4 form the zigzag skeleton by sharing oxygen, and Li-ions 

are located in the octahedral channel 26. The FeO6 octahedra are connected through the 

corners in the bc -plane, and LiO6 grows as a linear chain along the b-axis, while each 

PO4 tetrahedron shares edges with one FeO6 and two LiO6 
27. 

 

Figure 2.8 Two-dimensional crystal structure of LiFePO4 
28. 
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The discharge potential of LiFePO4 is about 3.4 V versus Li+/Li and no obvious capacity 

fading is observed even after several hundred cycles. Its capacity approaches 170 mAh g-1, 

which is higher than that of LiCoO2 and comparable to that of stabilized LiNiO2. 

Additionally, LiFePO4 possesses a flat voltage plateau at 3.4 V vs. Li+/Li, which is 

compatible with most existing organic electrolytes29. On the other hand, this material 

shows very low electrical conductivity at room temperature27, 30. Therefore, to achieve its 

theoretical capacity, the current density has to be controlled at a very low level. Many 

efforts have been made to improve the conductivity of LiFePO4 by carbon-coating, 

forming metal-rich phosphide nanonetworks, super-valent ion doping, and cation 

substitution 13. These methods simultaneously reduce the distance for Li+ transport, and 

increase the electronic contact between the particles.  

 

Following the success in the preparation of practical LiFePO4 cathode materials, there 

have been intensive attempts to develop LiMnPO4 
31, 32 and LiCoPO4

33 as promising 

cathode materials, thereby gaining higher red-ox potential, and hence, higher energy 

density. The work on LiMnPO4 was resulted in only partial success. Carbon-coated nano-

LiMnPO4 was proved to be a very stable cathode material in standard electrolyte 

solutions with a flat red-ox potential around 4.1 V, but a lower practical capacity (150 vs. 

165 mAh g-1) and a much lower rate capability, as compared to LiFePO4
34, 35. In contrast, 

Li[MnFe]PO4 was found to be an excellent cathode material, with practical capacity 

approaches the theoretical one (160-165 vs. 170 mAh g-1), and a very high rate capability. 

The optimal stoichiometry of these compounds was found to be LiMn0.8Fe0.2PO4 
36. Both 

LiMnPO4 and Li[MnFe]PO4 are highly stable in standard electrolyte solutions even at 

elevated temperatures. They can undergo very prolonged cycling, and demonstrate 

excellent safety features36. In recent years, LiCoO4 has also been explored as a potential 

cathode material. Prolonged cycling could be demonstrated, but at a low capacity 
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compared to the olivine compounds (< 135 mAh g-1) 37. Intensive work on this material is 

presently underway, and there is a good chance of improving its performance, and 

bringing it up to practical importance. 

 

2.4.4 Vanadate 

 

One possible way to achieve higher capacities is to design materials in which the metal-

redox oxidation state can change structure, and allow the insertion of more than one Li+ 

per transition metal. Such an approach is feasible with a few V-based oxides, V5+ is 

reduced to an average state of 3.5 in Li3V3O5 or 3.67 in Li5V3O8 
38, 39. Therefore, the 

layered trivanadate, LiV3O8, has attracted considerable interest as an excellent alternative 

candidate for use as the positive electrode in secondary lithium cells. Its layered structure 

can reversibly accommodate up to about 3.8 Li per formula unit with fair cyclability 40.  

 

LiV3O8 can be prepared either by solid state reaction or via a sol-gel process, followed by 

heat treatment at different temperatures, as described by Pistoia et al. 41. The 

electrochemical behaviour of such compounds has been studied in polymer or liquid 

electrolyte42, 43, at 90-120 ˚C or room temperature 42, 44, respectively. It is generally agreed 

that the electrochemical performance of LiV3O8 mainly depends on the preparation 

process. For instance, reversible capacities between 1.8 45 and 3 41, 46, 47 Li per formula 

unit were reported during the first cycle at room temperature for samples prepared above 

601 ˚C (melting point), while values between 3 45 and 3.9 48, 49 were obtained for samples 

prepared at 350 ˚C. According to some authors 50, 51, the capacity losses observed during 

cycling could be due to the occurrence of a two-phase phenomenon around 2.6 V, 

corresponding to the transformation from Li3V3O8 to Li4V3O8, and leading to a sudden 

change in structural parameters. Therefore, numerous research works have been focused 
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on the preparation of LiV3O8 nanostructures. Xu et al. prepared LiV3O8 nanorods by 

hydrothermal reaction from LiOH and V2O5 precursor52. The electrochemical 

performance showed that the high discharge specific capacity of 278 mAh g-1 was 

retained after 30 cycles for the sample annealed at 300 ˚C. Cui et al. used a combined sol-

gel reaction and hydrothermal treatment to prepare LiV3O8 nanotubes53. Nevertheless, the 

disadvantage of these materials was the capacity fading, which took place very rapidly 

upon cycling. Doping with a conductive agent such as carbon 54 or conducting polymers 

55 seems to be an attractive route to overcome these problems. 

 

2.4.5 Li-rich layer-structured cathode 

 

Another attractive candidate for the next-generation cathode materials is Li-rich layered 

oxides. Recently, Li-rich layered oxides with the formula xLi2MO3·(1-x)LiMO2 (M = Mn, 

Ni, Co, Fe, Cr, etc.) have been of the great interest as cathode materials in Li-ion batteries 

because they offer the very high reversible capacity and energy density56. Currently, 

research on Li-rich cathode materials is mainly focused on their structure and evolution of 

the materials upon cycling, because a good understanding of the reaction mechanism is 

necessary and will help to further improve the properties of Li-rich cathode materials57. 

For example, Lu et al. investigated the Li-rich layered cathode material 

Li(Li0.2Mn0.54Ni0.13Co0.13)O2, and corresponding doped materials to understand the 

mechanisms of capacity fade as well as the voltage decrease upon long-term cycling58. 

Their results revealed a phase-separation-like behaviour with increasing the cycle number, 

which was thought to be responsible for a gradual reduction in the discharge voltage. 

Boulineau et al. studied and observed structural evolution of Li-rich manganese-based 

layered oxides by using advanced transmission electron microscopy, and proposed a 

correlated mechanism59. In addition, the effects of the synthesis conditions, substitutions, 
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and surface treatment were also studied to enhance the electrochemical performance of 

Li-rich layered-oxide cathode materials60, 61. 

 

2.4.6 Electrochemically active polymers 

 

Since the discovery of Shirakawa et al. in 1977 that virgin polyacetylene, (CH)x, can be 

reversibly oxidized and reduced, and thus switched reversibly from the insulating to a 

semiconducting or conducting state 62, innumerable attempts have been made to utilize 

the redox reactions of (CH)x for battery energy storage 63-65. Some other conducting 

polymers, such as polyphenylene, polypyrrole, polythiophene, and polyaniline have been 

proposed and investigated for charge storage, and the key parameters of Li/polymer 

batteries have been critically discussed.  

 

During their electrochemical oxidation and reduction, polymer electrodes must take up or 

give off ions in order to maintain the electroneutrality of the material. This process is 

often called polymer doping/undoping. The doping is an ion insertion process that raises 

the redox state and electronic conductivity of the polymer 66. The charge-compensating 

ions can move within the polymer. Thus a conducting polymer is actually an electronic as 

well as an ionic conductor. Conducting polymers exhibit the behaviour of metals or semi-

conductors (Figure 2.9). Doping with an appropriate agent not only controls their 

conductivity, but also can affect the electrochemical and physical properties of the 

Li/polyer battery in response to electrical stimulation 67. Such changes are the features 

behind potential application for Li-ion batteries with conducting polymers. 
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Figure 2.9 Semi-conductor and metallic properties of conjugated polymers 66. 

 

2.4.6.1 Polypyrrole (PPy) 

 

Polypyrrole is well known as an inherently electrically conductive polymer because the 

conjugation of the single and double bonds in a conjugated system is free to roam or 

move through the polymer chain, which induces electrical conductivity 68, 69. Delocalised 

electrons along the conjugated backbone of polypyrrole result in an extended doping 

which is made up of valence electrons. Adding or removing electrons from the doping 

produces a charged unit called a polaron unit which results in the conduction of electricity, 

as shown in Fig. 2.10 70. The undoped polypyrrole (in the reduced state) has a low 

electrical conductivity of ~10-6 S/cm. The conductivity of polypyrrole in the oxidised 

state can be significantly increased to the level of a few tenths of S/cm through doping 

with anion, such as ClO4-, Cl-, or PF6- 71. 
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Figure 2.10 Model of conductive polypyrrole and polaron unit. 

 

In the literature, polypyrrole is reported to be electrochemically active for lithium ion 

insertion and extraction in the voltage range of 2.0 to 4.5 V, with a theoretical capacity of 

72 mAh g-1 72, 73. The doping level of polypyrrole and, consequently, the values of 

specific charge and energy attainable in Li/PPy cells at practical current densities strongly 

depend on the method used in fabricating the polymer electrode. For example, Panero et 

al. 74 measured a specific energy of 151 Wh kg-1 (based on the weights of the doped 

polymer and the Li consumed) for a Li/PPy cell with excess electrolyte at contained a 

PPy film about 1μm thin and was doped to a level of y = 0.24. Much higher values of 

specific energy, of up to 390 Wh kg-1 (based on the weight of the polymer) were reported 

by Osaka et al.73 for their Li/LiClO4-PC/PPy cells, where PC is propylene carbonate, after 

optimizing the PPy synthesis. Water trapped in the polymer (e.g. during the chemical 

synthesis in H2O) also influences the specific capacity of PPy electrodes, which reaches a 

maximum when about 3 wt. % of water is present in PPy75. 

 

Recently, polypyrrole additive has been reported to be capable of working as both a 



 

29 

 

conductive agent and a cathode material for the LIB. It has been introduced into LiMn2O4 

76, V2O5 
77, 78, and LiFePO4 

79, 80 composites; this strategy has given these cathode 

materials a significant enhancement of their conductivity. Pasquier et al.81 have also 

coated LiMn2O4 particles with a conductive PPy layer to protect the cathode from 

capacity fading due to the dissolution of manganese into the electrolyte. 

 

2.4.6.2 Polyaniline (PAn) 

 

A conjugated polymer, polyaniline (PAn), has been considered as another promising 

cathode material for the Li-metal battery82, 83. Typically, polyaniline has two forms, 

emeraldine base and emeraldine salt, with different degrees of doping84. 

 

Figure 2.11 Model of conductive polyaniline85. 

 

The electrically conductive form of PAn (the emeraldine salt) protonates the imine 

nitrogen on the polymer backbone and induce charge carriers. When it is fully doped with 

a strong acid, the electrical conductivity of PAn is greatly increased compared to its 

undoped (emeraldine base) form86. Because of the existence of redox states in the 

presence of dopants (the emeraldine salt), the intrinsically electron-conducting PAn has 

demonstrated high specific energy ranging from 87 to 540 Wh kg-1 at an average 

discharge voltage of 3.65 V vs Li/Li+ 87. The cycle life of PAn electrode has also been 

studied in several laboratories in detail. The best result was reported by Tanaka et al.. 

During more than 500 constant-charge cycles at 0.1 mA cm-2 corresponding to a specific 

charge capacity of PAn of 83 Ah kg-1, the PAn was remarkably stable, as no degradation 
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could be observed 88. Interestingly, the specific discharge capacity of PAn generally 

improves with the number of charge-discharge cycles, and reaches a maximum after 

about 30 cycles, which is believed to be due to the progressive penetration of the 

electrolyte into the polymer, supplying sufficient quantities of anions for enhanced doping 

of the PAn 89.  

 

Over the past two decades, several methodologies have been developed for the 

preparation of nanostructured PAn to investigate its electrochemistry in rechargeable 

batteries90, 91. The parameter for its potential application in the Li-ion battery is its 

electrical conductivity. The conductivity of PAn depends on its morphology, the acidity 

of the doped acid, plus the degree of doping 92. For example, a specific charge capacity of 

270 Ah kg-1 of PAn was found from the doping level of 0.9 that was attained in a PAn/Li 

cell, but due to solvent uptake and to incomplete doping (oxidation), only 160 Ah kg-1 of 

PAn could be realized during cycling 93.  

 

2.5 Anode materials  

 

Commercial Li-ion batteries are usually based on carbonaceous anode materials, into 

which the Li is inserted during charging. The resulting Li-interacted carbons show a low 

potential close to that of a metallic Li electrode 94. It is recognized, however, that 

graphitic carbons suffer from solvent co-intercalation in propylene-carbonate-based 

electrolytes, which results in large interlayer expansion and subsequent degradation of the 

graphitic structure95. More importantly, the gravimetric and volumetric capacities of 

carbon materials are limited. The rapid development of electronic devices and electric 

vehicles (EVs) has fuelled demands for a much higher energy as well as a higher power 

density and smaller irreversible capacity for anodes. Therefore, ongoing research efforts 
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are focused on searching for carbon alternatives in the hope of finding suitable materials 

(Fig. 2.12). The materials investigated include Al, Si, Ge, Sn, Pb, Sb and Bi, and their 

alloys or oxides, which have both larger capacities and slightly more positive 

intercalation voltages compared to Li/Li+ 8, 96. 

 

 

Figure 2.12 Voltage versus capacity for negative electrode materials presently used or 

under serious consideration for the next generation of rechargeable Li-based cells. The 

output voltage values for Li-ion cells are represented 8. 

 

2.5.1 Carbonaceous anode 

 

Graphite anode was the first commercial anode material for lithium ion batteries and is 

still the most widely used in the market, due to its stable specific capacity, small 

irreversible capacity and good cycling performance. Graphite intercalates reversibly with 

lithium to form LiC6 as the final product according to the following reaction； 

C6 + Li+ + e- ⇌ LiC6                                                                                                        (2.15) 

Graphite is commonly used because it has good capacity retention and low operating 

voltage; however, due to its low theoretical capacity of 372 mAh g-1, there are many 
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studies on the development of high-capacity non-graphitized carbonaceous anode 

materials to replace graphite. 

 

 

Figure 2.13 (A) Schematic diagram of a soft carbon, in which neighbouring stacks of 

graphene sheets or small aromatic rings are favourably oriented with respect to each other 

at a small angle that is conducive to growth or merging (graphitizable); (B) hard carbon 

(non-graphitizable) 

 

Non-graphitized carbon materials consisted of soft carbon or hard carbon 97. Soft carbon 

materials show a very high reversible Li-storage capacity but a serious voltage hysteresis 

during delithiation 98. On the other hand, hard carbon shows a high capacity of 200-600 

mAh g-1 over a voltage range of 1.5-0 V vs Li/Li+ 95, 99, although hard carbon materials 

have disadvantages such as low initial coulombic efficiency and low tap density 100.  

 

2.5.2 Nanosized alloy anodes 

 

The electrochemical alloying reaction of lithium with metals has been widely studied 

since the 1970s. Many metals and alloys can store a large quantity of lithium by the 
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formation of alloys 101-103 (Li4.4Si, which corresponds to a Li storage capacity of 4200 

mAh g-1, Li4.4Ge: 1600 mAh g-1, LiAl and Li4.4Sn: 990 mAh g-1, and Li3Sb: 665 mAh g-1). 

The reaction usually proceeds reversibly according to the general scheme shown in Eq. 

(2.16) 

LixM ↔ x Li+ + x e- + M                                                                                                (2.16) 

The main difficulties for using metal-based materials are their dramatic volume expansion 

and contraction during Li insertion and extraction 104. Serious agglomeration occurs for 

these kinds of materials after one cycle 102. Nano-sized materials have a high surface 

energy, and they tend to form large agglomerates; however, in most cases, nanoparticles 

do not merge together at room temperature because of the slow transport kinetics of the 

host atoms and poor contact. During electrochemical lithiation, the particles are expanded, 

which increases their contact probability104, 105. This leads to the pulverization of the 

electrode materials, resulting in poor cycling performance. 

 

Various approaches have been reported to enhance the cycling stability of transition 

metals. These include (1) decreasing the active material’s particle size 106, 107, (2) 

dispersing the active material into an inactive/active buffer matrix 108, 109, (3) synthesizing 

porous active materials 110, (4) using amorphous active materials 106, 111, and (5) forming 

composites with conductive carbon 108 or polymer 112.  

 

For instance, silicon materials has been intensively investigated by many groups since 

silicon has both the highest gravimetric capacity (4200 mAh g-1, Li22Si5) and the highest 

volumetric capacity (9786 mAh cm-3) among the anode material candidates113. It has been 

confirmed that the high specific capacity value is due to the formation of intermetallic Li-

Si binary compounds. Nevertheless, the large volume modification (~ 400 %) during the 

charge/discharge process causes poor cycling life and irreversible capacity. Secondly, the 
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formation of Si compounds at the solid electrolyte interface inhibits the alloying/de-

alloying processes. In order to understand the exact reason for the poor cycling stability 

of Si as anode in LIBs, many in-situ investigations with different experimental techniques 

such as XRD, NMR, and TEM have been performed114-116. These studies demonstrated 

that the electrical contact between the active material and both the conductive carbon and 

the current collector are reduced due to the large volume expansion/contraction of the Si 

anode, leading to irreversibility in the lithium insertion/extraction. Eventually, these 

volume changes result in shorter cycling life and capacity fading. Similar behaviour has 

also been observed in germanium nanoparticles, which have high lithium storage 

capability (1623 mAh g-1) with Li22Ge5 as equivalent stoichiometry. The practical usage 

of Ge as active electrode in LIBs is also hindered by the dramatic volume changes (~ 

300 %) during lithium insertion/deinsertion117. Ge nanostructures, such as nanoparticles118, 

nanowires119, and nanotubes120 can effectively sustain the volume change with better 

efficiency than in bulk and microstructured materials. Noticeable, improvements have 

been observed with hybrid composites of Ge nanoparticles using conductive matrices, 

obtained through simple preparation routes. From example, Ge nanoparticles, with 

diameters between 5 nm and 20 nm, were encapsulated inside carbon nanospheres with 

diameters in the range from 50 to 70 nm108. The role of the carbon nanospheres is to act as 

structural buffer and electro-active materials during the lithium insertion and de-insertion 

process and to avoid direct contact with the electrolyte. This last aspect protects Ge from 

the formation of SEI. These composites exhibited high anode capacity of around 980 

mAh g-1 vs. Li/Li+ and 800 mAh g-1 with LiFePO4 as cathode. Similarly, comparable high 

reversible capacities, along with excellent cycling life and high rate capability, were 

achieved by combining Ge nanoparticles with carbon nanotubes and reduced graphene 

oxide. 
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Recently there have been quite a few reports on conducting polymer-based composites for 

anode materials 121, 122, and there has been improvement in the properties achieved in Li-

ion batteries through approaches such as buffering of volume changes, supporting the 

anode material and prevention of aggregation of particles, or by increasing electrical 

conductivity and prevention of direct contact of the active material with the electrolyte. 

Previous studies have shown that Sn-polypyrrole composite has improved capacity and 

cycle life compared with pure Sn, since the conductive polypyrrole in the composite 

could effectively buffer the volume changes during the lithium insertion/extraction 

processes 112, 123. PPy also acts an efficient conductive addition to increase the 

conductivity of the electrode. For example, silicon/PPy shows much higher conductivity 

than bare silicon124. 

 

2.5.3 Transition Metal Oxides (TMO) 

 

In 2000, Poizot et al. 125 reported for the first time that lithium can be stored reversible in 

transition metal oxides  (TMO) through a heterogeneous conversion reaction: 

Li + TMO → Li2O + TM                                                                                              (2.17) 

where TM is Co, Fe, Ni and Cu. Later, reversible lithium storage was also observed in 

transition metal (TM) fluorides, sulphides, nitrides, and phosphides126-128. This is very 

interesting in view of fundamental research findings that very inert LiF or Li2O can react 

with a TM at room temperature 129. It is clear now that the enhanced electrochemical 

reactivity of LiF or Li2O is mainly a benefit of the special microstructure where the 

converted TMO components show an extremely small grain size (< 5 nm) and are 

uniformly interspersed with each other 130. The very short diffusion lengths and large 

contact areas in nanocomposites are kinetically favourable for the unusually reversible 

electrochemical behaviours of TMO nanocomposites. 
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Interestingly, the elegant combination of two simple low-cost TMOs, or a TMO and a 

post-TMO, into spinel-like structures, can lead to the formation of mixed transition-metal 

oxides (MTMOs) (denoted as AxB3-xO4; A, B = Co, Ni, Zn, Mn, Fe, etc.) with 

stoichiometric or even non-stoichiometric compositions. These spinel MTMOs have 

aroused widespread attention as appealing potential anode electrodes for next-generation 

LIBs due to their ease of large-scale synthesis, low cost, and remarkable electrochemical 

performance131. Their high electrochemical activity is owing to the complex chemical 

compositions, and their synergetic effects contribute to the exceptionally high specific 

capacity, which is typically 2-3 times higher than those of the graphite/carbon-based 

electrode materials132. More significantly, these MTMOs usually exhibit higher electrical 

conductivity than simple TMOs owing to the relatively low activation energy for electron 

transfer between cations133, 134. In the past decade, numerous spinel MTMOs with diverse 

nanostructures, including nanofibers135, nanotubes136, 137, nanowires138, 139, nanorods140, 

and nanoneedles141, and have been applied as excellent electrode materials for high-

performance LIBs. 

 

In the past, iron oxides with impressive electrochemical properties have received an 

upsurge of interest owing to their fascinating and advantageous attributes, including low 

cost, environmental benignity, and high abundance. Nevertheless, when applied as anode 

materials, their higher oxidation potential, limited conductivity, and reaction kinetics 

restrict the battery output voltage and energy density142, 143. Furthermore, poor capacity 

retention also remains a major drawback, owing to the serious electrode pulverization 

related to the huge volumetric expansion/contraction during the charge/discharge process. 

Therefore, the spinel MFeO2 series (M = Co144, Ni144, Cu145, Mg146, Ca147, and Zn148) have 

been extensively regarded as promising anodes for LIBs. It is highly anticipated that the 

existence of the other metal cation can effectively overcome the drawbacks of simple Fe-
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based oxides, and deliver larger specific capacity, better cycling stability, and better rate 

performance by the careful selection of suitable combinations of different metal species. 

Among them, ZnFe2O4 stands out from the common ferrites as an attractive anode. 

Besides some common advantages such as low toxicity, easy synthesis, and low cost, 

ZnFe2O4 exhibits a relative low working voltage of about 1.5 V, which is much lower 

than that of Co-based anodes (2.1 V) 149 and Fe2O3 (1.74 V) 142. Therefore an enhanced 

output voltage of the full cell is anticipated when coupled with a conventional cathode 

material. Furthermore, it is also interesting to note that ZnFe2O4 gives a high theoretical 

specific capacity of 1072 mA hg-1, owing to the simultaneous implementation of both 

conversion and alloying reactions to reversibly store lithium. After the first report of 

nanocrystalline ZnFe2O4 used as anodes for LIBs150, many endeavours have been devoted 

to further optimizing the performance of ZnFe2O4 with different structures and 

morphologies by various synthesis strategies, including the urea combustion method148, 

octahedra synthesized by a one-step hydrothermal route151, hollow microspheres 

synthesized by a hydrothermal reaction followed by annealing152, etc. Recently, it has 

been reported the nickel-doping has positive effects for zinc ferrite in the terms of the Li-

cycling behaviour153. In this doctoral work, we have reported the electrochemical 

performance of hollow or mesoporous structured Zn0.5Fe0.5Ni0.5O4 (NZFO) prepared by a 

one-step solvothermal method. The as-prepared mesoporous NZFO nanospheres showed 

excellent electrochemical performance with high initial discharge capacity and good 

capacity retention. 

 

2.6 Electrolyte 

 

2.6.1 Conventional electrolyte 
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Besides the electrodes, the electrolyte, which commonly refers to solution comprising 

salts and solvents, constitutes the third key component of a battery. About twenty years 

ago, alkyl carbonates were found to be the best and most suitable solvents for Li-ion 

batteries 154. Fig. 2.14 shows several structural formulae for relevant alkyl carbonates. A 

major discovery was the selection of binary solvent mixtures such as ethylene carbonate 

(EC) and either dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) or diethyl 

carbonate (DEC), used in conjunction with the Li salt, lithium hexafluorophosphate 

(LiPF6), as the basic standard electrolyte solutions for Li-ion batteries 154, 155.  

 

 

Figure 2.14 Family of alkyl carbonate solvents used in electrolyte in Li-ion batteries 6. 

 

The common denominator of all the reaction products listed in Table 2.1 is that they 

precipitate on Li metal: non-active metals or carbon electrodes are polarized to low 

potential, and form thin surface films that block further electron transport when they 

reach a certain thickness, but they still allow Li-ion transport. Hence, a unique property of 

thin films of ionic Li compounds that are the main products of electro-reduction of non-

aqueous Li salt solutions is that they behave as a solid electrolyte interphase (SEI) 

between the electrode and the solution 156. This interphase may serve as a very effect 
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means of passivation for both Li and fully lithiated graphite, and thus enable their 

apparent stability in most Li salt solutions in nonaqueous polar aprotic solvents. The fact 

that most of the reduction processes of polar aprotic Li salt solutions, form passivating 

surface films that behave as SEI layers for Li ions, in what enables the selection of 

electrolyte solutions for LIBs to be focused on more problematic considerations, namely, 

the anodic stability of the electrolyte solutions. This point is very important because the 

limiting factor in Li-ion batteries in terms of voltage, specific capacity and energy is the 

cathode, the reversibility of which is critically dependent on the anodic stability of the 

electrolyte solution 157, 158.  

 

Table 2.1 Major reduction products of nonaqueous Li salt solutions. 

Solution species Main reduction products Potential range 

O2 LiO2; Li2O2 1.5-2.0 V 

H2O LiOH 1.5-1.2 V 

HF, PF5 LiF, LixPFy 1.8 V and below 

Ethers ROLi Below 0.5 V 

Alkyl ROCO2Li, ROLi Below 1.5 V 

EC (CH2OCO2Li)2, C2H4, Below 1.5 V 

PC 

CH3CH=CH2, 

CH3CH(OCO2Li)CH2OCO2Li Below 0.5 V 

DMC CH3OCO2Li, CH3OLi Below 1.2 V 

LiClO4 LiCl, LiClOx Below 1.0 V 
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LiPF6 LiF, LixPFy Below 1.0 V 

LiN LiF, LiCF3, LiSO2CF3 Below 1.0 V 

 

In all LiPF6 solutions, there is some degree of decomposition of the salt to LiF and PF5, 

which may be marked at elevated temperatures 159. PF5 is a strong Lewis acid that may be 

reduce at relatively high potentials (> 1.5 V vs. Li+). Its involvement in surface reactions 

on the anode side may be detrimental to the anode's passivation. PF5 reacts with any 

protic moiety (e.g., with unavoidably present trace water) to form HF and PF3O (the latter 

also being a strong Lewis acid). HF interacts detrimentally with LiMO2 and LiMPO4 

cathode materials160, 161. Ion exchange between protons and transition metal cations leads 

to the dissolution of the cations. The precipitation of transition metal clusters on the 

anode side, by reduction of the cations leads to the dissolved in solutions. HF itself reacts 

with lithium alkoxide (ROLi) and lithium alkyl carbonate (ROCO2Li) surface species to 

form LiF and alcohol (ROH) or carbonic acid ester (ROCO2H). Such reactions also 

worsen the anodes' passivation162.  

 

2.6.2 Ionic liquids (IL) 

 

In recent years, highly interesting work on new electrolyte solutions for LIBs relates to 

ionic liquids (ILs), due to their thermal stability and non-flammability. In general there 

are several families of ionic liquids of interest that can be classified mostly via the cation. 

Several important families of relevant RTILs are listed, including their structural 

formulae and physical properties, in Table 2.2. Many papers have been published in 

recent years on the possible use of ILs in LIBs163-165. The limiting reactions of important 
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IL solutions on the anodic (cathode) and the cathodic (anode) sides of their 

electrochemical windows were thoroughly explored.  

 

In general, the main advantages of ILs as solvents for LIBs are their wide electrochemical 

windows. Extension of the stability range of the Li+ conducting electrolyte to above 4 V 

is necessary for practical application in LIBs. The electrochemical stability of liquid 

aprotic quaternary ammonium salts, determined usually at glassy carbon or platinum 

 

Table 2.2 Important families of ionic liquids and their physical properties 6. 

 

 

electrodes, is within the wide range of 4-6 V166. Popular imidazolium salts show stability 

of ~ 4 V, while piperidinium and pyrrolidinium salts, especially based on imide anions, 

show stability at ~ 6 V. Symmetrical tetraalkylammonium cations (e.g. 

tetraethylammonium tetrafluoroborate) have been used for a long time as supporting 

electrolyte in organic solvents, due to their good stability. Asymmetric aliphatic 

tetraalkylammonium salts show lower melting points, and may be liquid at room 

temperature. Such ILs show very high electrochemical stability at the level of ~ 6 V166. 

Moreover, the cathodic stability limit is shifted to more negative potentials than that 

characteristic of the Li/Li+ couple in this medium167.  
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The main drawback of IL is high viscosity, which is much higher than that characteristic 

of water [ƞ(H2O) = 0.89 cP at 25˚C]. Typically it is at the level of 30-50 cP, but in some 

cases it is much higher, even several hundreds of cP. After the addition of the [Li+][X-] 

salt to the neat ionic liquid [A+][X-], the viscosity of the resulting [Li+]m[A+]n[X
-]m+n 

system rather increases 104. The high viscosity, characteristic of ionic liquids, causes some 

difficulties with their handling. Battery electrodes consist of active material mixed with 

an electron conductor (acetylene black) and a polymer (binder). The volume between 

particles should be filled with the electrolyte. In the case of viscous electrolytes and thick, 

quasi-three-dimensional electrodes this may be difficult. The relatively low capacity of 

the LiCoO2 cathode (100 mA g-1), working together with 1,2-diethyl-3,4-

dimethylimidazolium imide, was explained as a consequence of a poor impregnation of 

the electrode by the viscous electrolyte168. A similar effect has been observed in the case 

of LiFePO4 cathode: the coulombic efficiency of the system depends on the manner of 

electrode preparation. If the electrode was soaked with the ionic liquid electrolyte under 

vacuum for 8 h at 60 ˚C, the coulombic efficiency was higher in comparison to the same 

electrode filled with the same electrolyte but at ambient temperature and pressure169. 

 

The high viscosity may also lead to relatively low ionic conductivity. In general, the room 

temperature conductivity of aprotic ILs is within a broad range of 0.1-18 mS cm-1. 

Conductivity at the level of 10 mS cm-1 is typical of ionic liquids based on the [EtMeIm+] 

cation (14 mS cm-1 for [EtMeIm+][BF4-]), similar to that characteristic for classical 

electrolytes based on lithium salt solutions in mixtures of cyclic carbonates170. ILs based 

on such cations as pyrrolidinium or piperidinium show lower conductivities, however, at 

the level of 1-2 mS cm-1. The dissolution of the [Li+][X-] salt in the [A+][X-] ionic liquid 

leads to a ternary system [Li+]m[A+]n[X
-](m+n) with increased viscosity, thus leading to 

lower conductivity170. For example, it has been shown that the conductivity of the 
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[Li+][BuEtPyrrol+][NTf2-] ternary ionic liquid exhibited lower conductivity in comparison 

to the neat [BuEtPyrrol+][NTf2-] ionic liquid. The conductivity of the solution decreased 

almost linearly with increasing LiNTf2 concentration171. 

 

In this study, the room temperature ionic liquid (1 M LiNTf2 in C4mpyrNTf2) was used as 

a new electrolyte for Li/LiNi0.5Mn1.5O4 cells, and the cut-off voltages reached up to 5.1 V. 

The electrochemical performance revealed that, at such high voltage, the cells using the 

IL as electrolyte can deliver comparable discharge capacity to that with conventional 

electrolyte (1 M LiPF6 in EC: DEC = 1:2 (v/v)), as well as significantly improved 

coulombic efficiency. 
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Chapter 3 EXPERIMENTAL METHODS 

 

3.1 List of Materials 

 

The list of materials and chemicals used during my study for the synthesis and 

characterization of materials is summarized in Table 3.1. 

 

Table 3.1 Description of chemicals and materials used in this study 

Materials/chemicals Chemical formula Purity (%) Supplier 

Acetone CH3COCH3 ≥99.5 Sigma-Aldrich 

Ammonia solution NH3 28-30 Merck 

Ammonium bicarbonate NH4HCO3 >99.5 Sigma-Aldrich 

Ammonium persulfate (NH4)2S2O8 >98 Sigma-Aldrich 

Aniline C6H5NH2 >99.5 Sigma-Aldrich 

Argon gas Ar - - 

Carbon black C  Timcal, Belgium 

Cyclohexane C6H12 99.5 Sigma-Aldrich 

Diethyl carbonate C5H10O3 99 Sigma-Aldrich 

Ethanol C2H5O Reagent Q-Store 

Australia 

Ethylene carbonate C3H4O3 99 Sigma-Aldrich 

Ethylene glycol HOCH2CH2OH 99.8 Sigma-Aldrich 

Hydrochloric acid HCl 37 Sigma-Aldrich 

Iron (III) chloride FeCl3 97 Sigma-Aldrich 
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Iron (III) nitrate 

nonahydrate 

Fe(NO3)3·9H2O 98 Sigma-Aldrich 

Lithium 

hexafluorophosphate 

LiPF6 99.99 Aldrich 

Lithium hydroxide 

monohydrate 

LiOH·H2O 98 Aldrich 

Lithium nitrate LiNO3 ≥ 95 Sigma-Alrich 

Lithium metal  Li 99.9 China 

LP30 electrolyte LiPF6 in EC: DMC 

(1:1 by volume) 

- MERCK.KgaA,

Germany 

Manganese (II) 

acetate tetrahydrate 

Mn(CH3COO2)· 

4H2O 

99 Sigma-Aldrich 

Manganese sulphate 

monohydrate 

MnSO4·H2O 98  Sigma-Aldrich 

n-butanol CH3(CH2)3OH 99.0 Sigma-Aldrich 

Nickel (II) acetate 

tetrahydrate 

Ni(CH3COO2)· 

4H2O 

98 Aldrich 

Nickel (II) nitrate 

hexhydrate 

Ni(NO3)2·6H2O 98.5 Sigma-Aldrich 

N-methyl-2-pyrrolidinone C5H9NO 99.5 Sigma-Aldrich 

Poly(vinylidene fluoride) (CH2CF2)n - Sigma-Aldrich 

Polypropylene separator (C3H6)n Celgard 2500 Hoechst 

Celanese 

Corporation, 

USA 

Polyvinylpyrrolidone (C6H9NO)n - Sigma-Aldrich 
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Pyrrole C4H5N 98 Sigma-Aldrich 

Sodium borohydride NaBH4 >99 Fluka 

Sodium carboxymethyl 

cellulose 

- - Sigma-Aldrich 

Sodium dodecyl benzene 

sulfonate 

C18H29NaO3S > 98 Sigma-Aldrich 

Sodium hydroxide NaOH ≥ 98 Sigma-Aldrich 

Sodium p-

toluenesulfonate 

CH3C6H4SO3Na 95 Aldrich 

Vanadium pentoxide V2O5 Puriss Riedel-de Haen 

Zinc nitrate hexahydrate Zn(NO3)2·6H2O 98 Sigma-Aldrich 

 

3.2 Experiment procedures 

 

The experiments in this thesis can be classified into three broad categories, including 

synthesizing of material (anode, cathode, and room temperature ionic liquid electrolyte), 

structural and physical characterizations, and fabrication and electrochemical 

characterisations. Figure 3.1 shows the overall framework of the experiments. 

 

Figure 3.1 The overall framework of the experiment. 
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3.3 Materials preparation 

 

3.3.1 Hydrothermal synthesis 

 

Hydrothermal synthesis includes the various techniques of crystallizing substances from 

high-temperature aqueous solutions at high vapour pressures. Hydrothermal synthesis can 

be defined as a method of synthesis of single crystals that depends on the solubility of 

minerals in hot water under high pressure. The crystal growth is performed in apparatus 

consisting of a steel pressure vessel called an autoclave, in which a nutrient is supplied 

along with water. A temperature gradient is maintained between the opposite ends of the 

growth chamber. At the hotter end the nutrient solute dissolves, while at the cooler end it 

is deposited on a seed crystal, growing the desired crystal. 

 

In this thesis, the 4748 Acid Digestion Bomb autoclave from Parr Instruments was used. 

It contains a 125 mL Teflon cup in a stainless steel body with six cap screws in the screw 

cap to seal the flanged Teflon cup (Fig. 3.2). An expandable wave spring maintains 

continuous pressure on the seal during the cooling cycle when the Teflon parts might 

otherwise relax and leak. The synthesis reactions can be carried out at temperatures below 

250 C and pressures less than 1900 psi. In a typical experiment, the precursor solution is 

transferred to the Teflon cup, filling up to 80 % of the whole volume, and the autoclave is 

then kept in an oven for the pre-set temperature and time. The resultant product is filtered, 

washed, and centrifuged to remove the remaining ions. 

 

3.3.2 Solvothermal synthesis 

 

Solvothermal synthesis is a method of producing chemical compounds. It is very similar 
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Figure 3.2 Schematic diagram of 4748 Acid Digestion Bomb from Parr Instruments. 

 

to the hydrothermal route (where the synthesis is conducted in a stainless steel autoclave), 

the only different being that the precursor solution is usually not aqueous. The 

solvothermal synthesis allows for the precise control over the size, shape distribution, and 

crystallinity of metal oxide nanoparticles or nanostructures. These characteristics can be 

altered by changing certain experimental parameters, including reaction temperature, 

reaction time, solvent type, surfactant type, and precursor type. 

 

3.3.3 Solid State Reaction 

 

The solid-state reaction route is the most widely used method for the preparation of 

polycrystalline solids from a mixture of solid starting materials. Solids do not react 

together at room temperature over normal time scales and it is necessary to heat them to 

much higher temperatures, often to 500 ˚C to 1500 ˚C in order for reaction to occur at an 

appreciable rate. The factors on which the feasibility and rate of a solid state reaction 

depend include reaction conditions, structural properties of the reactants, surface area of 
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the solids, their reactivity and the thermodynamic free energy change associated with the 

reaction. The limiting factor for solid state reaction is the solid diffusion, governed by 

Fick's Law: 

J = -D  (
𝑑𝑐

𝑑𝑥 
)                                                                                                                      (3.1) 

Where J is the flux of diffusing species, D is the diffusion coefficient, and dc/dx is the 

concentration gradient. D increases with temperature. Because of the low diffusion in 

solids, high treatment temperature and long heating time are always required for solid 

state reactions. In order to facilitate diffusion, the powder is usually pressed into pellets at 

high pressure before sintering. For some reactions, grinding, pressing and sintering may 

need to be repeated several times to obtain pure products. 

 

3.3.4 Polymerization Reaction 

 

Polymerization is a process of reacting monomer molecules together in a chemical 

reaction to form polymer chains or three-dimensional networks. In general, polymers 

such as polyvinyl chloride are referred to as “homopolymers”, as they consist of repeated 

long chains or structure of the same monomer unit (Eq. 3.2), whereas polymers that 

consist of more than one molecule are referred to as copolymers (Eq. 3.3).  

Homopolymers: A + A + A…→ AAA…                                                                          (3.2) 

Copolymers: A + B + A…→ ABA                                                                                   (3.3) 

There are two basic ways to form polymers: (a) linking small molecules together, such as 

polyethylene, and (b) combining two molecules (of the same or different type) with the 

elimination of a stable small molecule such as water. This latter type of polymerization 

combines addition and elimination reactions and is called a condensation reaction. 
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In chemical compounds, polymerization occurs via a variety of reaction mechanisms that 

vary in complexity due to the functional groups present in reacting compounds and their 

inherent steric effects 172. In  more straightforward polymerization, alkenes, which are 

relatively stable due to σ bonding between carbon atoms, form polymers through 

relatively simple radical reactions; in contrast, more complex reactions such as those that 

involve substitution at the carbonyl group, require more complex synthesis due to the way 

in which reacting molecules polymerize 173. 

 

3.4. Techniques for structural and physical characterization 

 

The techniques for characterization of the as-prepared materials will be introduced in 

detail in the following sections.  

 

3.4.1 X-Ray diffraction (XRD) 

 

X-ray diffraction (XRD) is a non-destructive analytical method for identifying the atomic 

and molecular structure of a crystal, in which the crystalline atoms cause a beam of 

incident X-rays to diffract into many specific directions. In general, crystals are regular 

arrays of atoms, and X-rays can be considered waves of electromagnetic radiation. Atoms 

scatter X-ray waves, primarily through the atoms' electrons. Just as an ocean wave 

striking a lighthouse produces secondary circular waves emanating from the lighthouse, 

so an X-ray striking an electron produces secondary spherical waves emanating from the 

electron. This phenomenon is known as elastic scattering, and the electron (or lighthouse) 

is known as the scatterer. A regular array of scatterers produces a regular array of 

spherical waves. Although these waves cancel one another out in most directions through 
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destructive interference, they add constructively in a few specific directions, as 

determined by Bragg's law: 

2d sin θ = nλ                                                                                                                   (3.4) 

Here d is the spacing between diffracting planes, θ is the incident angle, n is any integer, 

and λ is the wavelength of the beam. These specific directions appear as spots on the 

diffraction pattern called reflections. Thus, X-ray diffraction results from an 

electromagnetic wave (the X-ray) impinging on a regular array of scatterers (the repeating 

arrangement of atoms within the crystal). 

 

The crystal size also can be calculated from the broadening of the peaks according to the 

Scherrer equation: 

L = 
0.9 𝜆

𝐵 𝑐𝑜𝑠 𝜃
                                                                                                                       (3.5)             

Where L is crystallite size, λ is 1.5418 Ả and B is the peak full-width at half maximum 

(FWHM) in radians. 

 

In this work, XRD was performed with a generator and diffractometer using Cu Kα 

radiation and a graphite monochromator. The systems were interfaced with Visual XRD 

and Traces software for graphical processing and data manipulations. Samples in powder 

form were dropped with ethanol onto clean glass slides and left to dry. The glass slide 

was then placed in the sample holder of the diffractometer and directly scanned at 2θ 

angles between 5º and 90º at a scan rate of 2º min-1. 

 

3.4.2 Scanning electron microscopy (SEM) or field-mission scanning 

electron microscopy (FESEM) with energy dispersive spectroscopy (EDS) 

 

The scanning electron microscope (SEM) is a type of electron microscope that produces 
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images of a sample by scanning it with a focused beam of electrons. The electrons 

interact with atoms in the sample, producing various signals that can be detected and that 

contain information about the sample's surface topography and composition. The electron 

beam is generally scanned in a raster scan pattern, and the beam's position is combined 

with the detected signal to produce an image. SEM can achieve resolution better than 1 

nanometer.  

 

Further high magnification images could be obtained using a field-emission scanning 

electron microscope (FESEM). In the common or standard detection mode, through 

secondary electron imaging, the FESEM can produce very high-resolution images of a 

sample surface, revealing details less than 1 nm in size. Energy dispersive spectroscopy 

(EDS) is an accompanying elemental analysis technique that detects atomic numbers 6 

through 92 with a detectability limit of approximately 0.1 weight percent. The analysis 

diameter and depth for EDS is typically a few micrometers. Images obtained in 

backscatter electron mode offer quick identification of areas with different atomic number. 

EDS mapping illustrates the distribution of species in the near-surface region.  

 

3.4.3 Transmission electron microscopy (TEM) 

 

The transmission electron microscope (TEM) operates on the same basic principles as 

the SEM and FESEM. The electron source emits electrons that travel through vacuum 

in the column of the microscope. In TEM technique, a beam of electrons is 

transmitted through an ultra-thin specimen, interacting with the specimen as it passes 

through. An image is formed from the interaction of the electrons transmitted through 

the specimen; the image is magnified and focused onto an imaging device, such as a 
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fluorescent screen or a layer of photographic film, or to be detected by a sensor such 

as a charge-coupled device camera. 

 

TEMs are capable of imaging at a significantly higher resolution than light 

microscopes, owing to the small de Broglie wavelength of electrons. This enables the 

instrument's user to examine fine detail, even as small as a single column of atoms, 

which is thousands of times smaller than the smallest resolvable object in a light 

microscope. It is also capable of forming a focused electron probe, as small as 20 Ả, 

which can be positioned on very fine features in the sample for diffraction 

information or analysis of X-rays for compositional information. The darker areas 

represent areas where fewer electrons have passed through as a result of higher 

specimen density. 

  

3.4.4 Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis (TGA) is a method of thermal analysis in which changes in 

the physical and chemical properties of materials are detected as a function of increasing 

temperature, or as a function of time. Generally, it measures the amount and rate of 

change in the mass of a sample as a function of temperature or time in a controlled 

atmosphere. In this doctoral work, a Mettler-Toledo thermogravimeteric analysis Stare 

System was used to determine the amount of polypyrrole and polyaniline in the 

composite samples. 

 

 

 



 

54 

 

3.4.5 Raman spectroscopy 

 

Raman spectroscopy is a spectroscopic technique used to observe vibrational, rotational, 

and other low-frequency modes in a system. It relies on inelastic scattering, or Raman 

scattering, of monochomatic light, usually from a laser in the visible, near infrared, or 

near ultraviolet range. The laser light interacts with molecular vibrations, phonons, or 

other excitations in the system, resulting in the energy of the laser photons being shifted 

up or down. These shifts provide information about vibrational, rotational, and other low 

frequency transitions in molecules. Herein, Raman spectra of the samples were collected 

using a JOBIN YVON HR800 Confocal Raman system from HORIBA Ltd., France with 

632.8 nm diode laser excitation on a 300 line mm-1 grating at room temperature. 

 

3.4.6 Brunauer-Emmett-Teller (BET) measurement 

 

The well-known Brunauer-Emmett-Teller (BET) theory explains the physical adsorption 

of gas molecules on a solid surface, and serves as the basis for an important analysis 

technique for the measurement of the specific surface area of a material. The adsorption is 

based on the following hypotheses: (1) gas molecules are physically adsorbed on a solid 

in an unlimited number of layers; (2) there is no interaction between each adsorption layer; 

and (3) the Langmuir theory can be applied to each layer. The resulting BET equation is,   

1

[𝑉 (
𝑃0
𝑃

−1)]
  =  

𝐶−1

𝑉𝑚𝐶
×

𝑃

𝑃0
+

1

𝑉𝑚𝐶
                                                                                              (3.6)           

, where P and P0 are the equilibrium and saturation pressures of adsorbents at the 

temperature of adsorption, respective, V is the adsorbed gas quantity, and Vm is the 

monolayer adsorbed gas quantity. C is the BET constant. 
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In this study, the BET measurements were conducted on a Quantachrome Nova 1000 

nitrogen gas analyser, and Autosorb-iQ-Cx nitrogen adsorption instrument to determine 

the specific surface area of the synthesized powders. 

 

3.5 Electrode preparation and coin-cell assembly 

 

The electrodes of LIBs were made by dispersing a mixture of 80 wt. % active materials, 

10 wt. % carbon black and 10 wt. % polyvinylidene fluoride (PVDF)/ carboxymethyl 

cellulose (CMC) binder in N-methyl-2-pyrrolidone (NMP)/ deionised water to obtain 

slurry. The slurry was spread on to aluminium foil (for cathode materials) or copper foil 

(for anode materials). The electrode were then dried and pressed under a pressure of 300 

kg cm-2. The electrodes was then dried in a vacuum furnace for 12 hours and then finally 

transferred to a glove box. The electrode area was approximately 1.0 cm2, and the typical 

thickness of the electrode was about 100 μm. The mass loading of the active material 

within the electrode was about 1 mg cm-1. 

 

The test cells were assembled in an argon-filled glove box (Unilab, Mbraun, USA), in 

which moisture and oxygen were automatically controlled to be less than 5 ppm. In order 

to examine the electrochemical properties of the prepared electrode materials, lithium 

metal was used as a standard counter electrode in all test cells. The electrolyte was 1 M 

LiPF6 in solution of ethylene carbonate (EC) and dimethyl carbonate (DMC) / diethyl 

carbonate (DEC). The separator was Celgard 2500 porous plastic film, and the test cell is 

standard CR2032. 
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3.6 Electrochemical measurements 

 

3.6.1 Galvanostatic charge-discharge 

 

The discharge/charge capacity and cycling performance of the materials were investigated 

in constant current density mode. The charge/discharge (Q) equals the total electron 

charge in each process and can be calculated from the recording current and the time Q = 

I × t. The coin cells were tested on Land CT2001A battery testers. 

 

3.6.2 Cyclic voltammetry 

 

Cyclic voltammetry (CV) is type of potentiodynamic electrochemical measurement to 

investigate the thermodynamics and kinetics of electron transfer in an electrochemical 

reaction in the working electrode. In a cyclic voltammetry experiment, the working 

electrode potential is ramped linearly versus time as in linear sweep voltammetry. Cyclic 

voltammetry takes the experiment a step further than linear sweep voltammetry, which 

ends when it reaches a set potential. When cyclic voltammetry reaches a set potential, the 

working electrode’s potential ramp is inverted. This inversion can take place multiple 

times during a single experiment. The current at the working electrode is plotted versus 

the applied voltage to give the cyclic voltammograms trace. Cyclic voltammetry is 

generally used to study the electrochemical properties of an analyte in solution.  

 

3.6.3 Electrochemical impedance spectroscopy 

 

Electrochemical impedance spectroscopy (EIS) is well known as an experimental method 

for characterizing electrochemical systems. It measures the impedance of a system over a 
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range of frequencies, and therefore the frequency response of the system, including the 

energy storage and dissipation properties, is revealed. 

 

EIS can be performed in potentiostatic or galvanostatic mode. In potentiostatic mode, 

impedance measurements are conducted by applying a sine wave around a potential E 

that can be set to a fixed value or a value that is relative to the working electrode 

equilibrium potential over a range of frequencies. A typical impedance spectrum consists 

of a low frequency semicircle resulting from the kinetic processes and a high frequency 

tail corresponding to the diffusion processes. The galvanostatic technique is very similar 

to potentiostatic mode, except that the current is controlled instead of the potential.  
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Chapter 4 Germanium/Polypyrrole Composite 

for high power Lithium-ion batteries 

 

4.1 Introduction 

 

Rechargeable LIBs are currently leading candidates for powering electric vehicles and 

portable electronic devices. Although such batteries have gained commercial success, 

their capacity is still limited by the amount of lithium that can be stored in the anode 

(graphite) and cathode (LiCoO2) electrodes, which have theoretical lithium-ion storage 

capacities of 372 mAh g-1 and 137 mAh g-1, respectively 174, 175. Therefore, intensive 

research efforts are continuing in the search for battery electrode materials with higher 

energy densities, long cycle life, and high reversible capacity 176. Recently, as an 

alternative to the traditional graphitic anode materials, the Group IV metals (Sn, Ge, Si) 

have been considered as ideal candidate anode materials for reversible lithium energy 

storage due to their significantly higher  lithium-ion storage capacities 177-179. In 2005, 

Sony released a new LIB system, which used Sn-Co-C composite as its anode material. 

This further accelerated the interest in anode electrodes made from metal or alloy. 

 

Among these Group IV metals, germanium, with high theoretical capacity (1600 mAh g-1 

compared with 372 mAh g-1 for graphite), good lithium diffusivity (400 times faster than 

in silicon), and high electrical conductivity (104 times higher than silicon), has been 

proved to be one of the most attractive potential anode materials for LIBs. Consequently, 

many researchers have tried to fabricate Ge nanoparticles for battery application180, 181. It 

has been widely recognized that reduction of the Ge particle size could enhance the 
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electrochemical activity of Ge due to its shorter electron paths and larger reaction surface. 

Unfortunately, similarly to silicon177 and tin182, nanosized Ge particles always aggregate 

severely and merge into micron-sized particles during Li-ion insertion/extraction 

processes. This aggregation will lead to severe pulverization and delamination on the 

surface of the electrode, and a rapid decline in the electrochemical capacity183, 184. Up to 

now, various strategies have been devised in attempts to overcome this issue. In general, 

this aggregation can be partially hindered by mixing the Ge with a large amount of 

carbon-based materials, such as carbon black 178, 185, carbon nanotubes 186, 187 , and 

graphene188, 189.   

 

Recently, conductive polypyrrole (PPy) has attracted much attention as another effective 

additive material to improve the performance of anode materials in LIBs 112, 124, 190. A 

series of anode materials, including SnO2-PPy 191, Sn-PPy 112, Si-PPy 124, 192, C-PPy 193, 

and TiO2-PPy 194, 195, have been synthesised and shown enhanced electrical performance 

in the LIB system. Conductive PPy can effectively buffer the volume changes during the 

cycling process and increase the conductivity of the active materials79, 196, 197. Meanwhile, 

the PPy also can connect isolated particles, acting as an efficient host matrix to prevent 

cracking and pulverization on the surface of electrodes55, 112, 197, 198. To the best of our 

knowledge, however, there have been no reports to date on the synthesis of germanium-

conducting polymer composite for application as anode in LIBs. In this paper, we have 

fabricated amorphous nanostructured Ge particles on the surface of PPy through one 

simple reduction reaction in aqueous solution and investigated the electrochemical 

properties of the Ge-PPy composite as negative electrode material in the LIB. 
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4.2 Experimental 

 

4.2.1 Preparation of materials 

 

PPy powders were synthesised by chemical oxidation in an aqueous solution. 1 g pyrrole 

monomer and 0.96 g sodium p-toluenesulfonate (pTS Na) were dispersed in distilled 

water. Then an oxidizing agent iron chloride (FeCl3) aqueous solution was added drop 

wise to initiate the polymerization. The PPy was achieved after stirring for 12 h, as 

indicated when the suspension became black. The products were obtained by filtering and 

washing with deionized water, and then drying them under vacuum at 60 ˚C for 12 h. 

 

The Ge nanoparticles were prepared by a one-step aqueous reaction. 0.26 g GeO2 and 

0.01 g polyvinylpyrrolidone (PVP) were dissolved completely in 10 mL 0.15 M NaOH 

solution, and then the pH of the solution was adjusted to 7 with 0.5 M HCl. Then, 

aqueous NaBH4 solution was added under strong magnetic stirring in a water bath at 60 

˚C. After 3 h, a dark brown suspension was formed, and then the resultant powders were 

obtained by centrifugation, washed with deionized water several times and dried in a 

vacuum for 12 h. For the preparation of Ge-PPy composite, the as-prepared PPy powders 

(50 mg) were dispersed in the solution before reaction. 

 

4.2.2 Material characterization 

 

X-ray diffraction (XRD) analysis was carried out using a GBC MMA generator and 

diffractometer with Cu Kα radiation and a graphite monochromator. Raman spectroscopy 

was conducted to characterize the as-prepared PPy and the PPy in the composite, using a 

JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation on 
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300 lines mm-1 grating at room temperature. Thermogravimetric analysis (TGA) was 

performed using a SETARAM analyzer (France) in air from 50 ºC to 700 ºC to determine 

the amount of PPy in the sample. The morphology and electrochemical properties of the 

samples were investigated using a JEOL 7500 field emission scanning electron 

microscope (SEM) with a JEOL energy dispersive spectroscopy (EDS) system. 

Transmission electron microscopy (TEM) was conducted on a JEOL2011 analytical 

instrument. The Raman characteristics of samples were investigated using a JOBIN 

YVON HR800 confocal Raman system with 632.8 nm laser diode excitation on 300 

lines/mm grating at room temperature.  

 

4.2.3 Electrochemical measurements 

 

The electrodes were prepared using 80 wt. % active materials, 10 wt. % carbon black, and 

10 wt. % sodium carboxymethyl cellulose (CMC) in distilled water to form homogeneous 

slurry. The slurry was spread onto pieces of copper foil. The coated electrodes were dried 

in a vacuum oven at 100 ˚C for 24 h, and then compressed at a rate of 300 kPa. The 

electrodes were assembled into CR 2032 coin-type cells in an Ar-filled glove box, using 

lithium metal as the counter electrode and 1 M LiPF6 in ethylene carbonate/dimethyl 

carbonate (EC/DMC, 1/1 by volume) as the electrolyte. The cells were cycled between 

1.50 V and 0.01 V at a constant current density of 320 mA g-1 (0.2 C) on a Land battery 

tester at 25 ˚C. Different current rates, ranging from 160 mA g-1 (0.1 C) to 6400 mA g-1 

(4.0 C), were also used to measure the electrochemical response. Electrochemical 

impedance spectroscopy (EIS) and cyclic voltammetry were carried out using a CHI 

660B electrochemical workstation.  
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4.3 Results and discussion  

 

4.3.1 Physicochemical characterization 

 

X-ray diffraction (XRD) patterns obtained from the pristine nano-Ge and Ge-PPy are 

shown in Fig. 6.1(a). The two broad diffraction peaks obtained from the samples are 

readily indexed to diamond-like cubic Ge (JCPDS card No. 65-0333), which means that 

the samples present a disordered (amorphous) structure. This result is similar to those 

reported by Wu et al. for Ge nanoparticle synthesis 199. The diffraction pattern of the Ge-

PPy matches well with the pristine Ge, indicating the presence of Ge and that no impurity 

was introduced into the composite. 

 

Fig 4.1(b) displays the in situ Raman spectra of the bare Ge, PPy and Ge-PPy composite, 

using laser excitation at 632.8 nm. The Raman peak of the Ge around 293 cm-1 in both the 

pristine material and the composite is asymmetric and has an extended tail at low 

frequencies, which means that the diameters of the Ge particles should be less than 28 nm 

200. The peaks of the bare PPy located between 800 cm-1 and 1700 cm-1 are in good 

agreement with the typical Raman modes of PPy 201. In this range, the 988 cm-1 benzoid 

band indicates that certain sites of the PPy chain are in the reduced state, whereas the 

vibrational mode at 931 cm-1, assigned to a C-H out-of-plane deformation of the quinoid 

form, is related to the oxidize sites 202. For the intermediate phase in the as-prepared bare 

PPy, where different vibrational modes assigned to the reduced and the oxidised forms 

coexist, the polaron is the dominant species. After coating with Ge nanoparticles, the 932 

cm-1 band remains sharp, while the intensity of the benzoid band at 986 cm-1 increases 

slightly. Simultaneously, the Raman spectrum of the Ge-PPy composite displays the low 

intensity of the benzoic bands of vC=C at 1531 cm-1, and a significant sharp quinoid form 
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band of vC=C is observed at 1602 cm-1, which is characteristic of the oxidized state of 

PPy 202, 203. Even after stirring in NaBH4 solution for 3 h, these spectral features indicate 

that most PPy chains are still at intermediary oxidation levels. Compared with the PPy in 

reduced state, oxidized PPy is considered as a more effective additive for the LIB, due to 

its electrical repulsion between positive charges present on neighbouring sites, which 

allows the opening of channels and the penetration of counter-ions 204. 

 

For quantifying the amount of Ge in the composite, thermogravimetic analysis (TGA) 

was carried out in air. The samples were heated from 50˚C to 700˚C at a rate of 10 ˚C 

min-1. Fig. 4.1(c) presents the TGA curve of the Ge-PPy composite along with that of 

pure PPy. As can be seen, the PPy content was totally burned out during the heating 

process, while the Ge in the composite was oxidized into GeO2 with increasing 

temperature. The equation is presented below: 

Ge+O2 (heated to 700 ˚C) → GeO2                                                                                 (4.1) 

So the final product is entirely converted to GeO2, from which the content of Ge can be 

calculated. Through using this method, it was estimated that the amount of Ge in the Ge-

PPy was about 69.0 wt. %.  

 

The morphologies of the samples were characterized by scanning and transmission 

electron microscopy (SEM and TEM). The SEM image of the PPy (Fig. 4.2(a)) shows 

micrometer-sized particles consisting of ~200 nm PPy particles. Fig. 4.2(b) reveals that 

the pristine Ge particle size is extremely small and that these primary particles have 

clustered into large agglomerates. After coating with Ge nanoparticles, the particles 

become spherical, and the diameters are increased to about 400 nm (Fig. 4.2(c)). With a 

further increase in magnification, it can be clearly observed that the surfaces of the 

composite particles (Fig. 4.2(d)) have become rough and have some small particles 
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attached. These small particles could be Ge nanoparticles. Another important feature of 

the composite is that serious agglomeration of Ge nanoparticles is relieved, because the 

PPy can act as a barrier to reduce the gathering of Ge nanoparticles during the Ge-PPy 

synthesis. 

 

Figure 4.1 (a) XRD patterns obtained from the as-prepared Ge particles and Ge-PPy 

composite. (b) Raman spectra of PPy, Ge and Ge-PPy composite. (c) TGA curves of PPy 

and Ge-PPy. 

 

To further investigate the distribution of the Ge in the particles, energy dispersive 

spectroscopy (EDS) mapping was performed, and the results are shown in Fig. 4.2(e). 

The element N is associated with PPy, and the bright regions indicate that the Ge and N 

are distributed uniformly throughout the sample, which means that the Ge nanoparticles 

have uniformly coated the surfaces of the PPy. 

 

More highly magnified TEM images of the pristine Ge and Ge-PPy samples are shown in 

Fig. 4.3. TEM combined with selected area electron diffraction (SAED: Fig 4.3(a) and (c) 
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Figure 4.2 SEM images of (a) PPy, (b) Ge nanoparticle, (c, d) Ge-PPy composite, and 

(e) energy dispersive X-ray mapping of the Ge-PPy composite for the elements Ge 

and N. 

 

inset images) confirmed that both the pristine nano-Ge and the Ge in the composite are, in 

fact, amorphous. Examination of the pristine amorphous Ge at high magnification (Fig 

4.3b) indicates that the individual Ge particles are around 5-20 nm in diameter and have 

clustered into larger agglomerates, as is consistent with the SEM results. TEM 

examination also revealed that the PPy particles connect individual nanosized Ge 

particles in the Ge-PPy composite (Fig. 4.3c). A high resolution image of the edges of the 

PPy particles (Fig. 4.3d) demonstrates that the amorphous Ge nanoparticles completely 
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cover the individual PPy regions and form porous structure. Brunauer-Emmett-Teller 

(BET) gas adsorption/desorption demonstrated that the composite has much higher 

surface area compared to the bare Ge, which is 38.5 m2g-1 and 25.8 m2g-1 for the bare and 

Ge-PPy samples, respectively. 

 

 

Figure 4.3 TEM images obtained from the pristine Ge (a, b) and the Ge-PPy 

composite (c, d). The insets in (a) and (c) are the corresponding SAED patterns. 

 

4.3.2 Electrochemical properties 

 

Galvanostatic discharge-charge testing between 0-1.5 V at 0.2 C was carried out to 

investigate the electrical reactivity of the samples. For the PPy electrode, the cell fails 

during the first discharge period. Therefore, we calculated the specific capacity based on 

the weight of Ge in the Ge/PPy composite separately to understand the performance of 

the Ge particles. The 1st, 2nd, and 50th cycle charge-discharge curves of the Ge-PPy that 
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were collected are shown in Fig. 4.4(a). The voltage profile and differential capacity data 

corresponding to the charge and discharge curves are also presented in Fig. 4.4(b). 

Several cathodic peaks can be observed in the cycling, which represent the stepwise 

lithium alloying reaction to form LixGe alloys. After 50 cycles, the cathodic peaks at 0.18 

V and 0.32 V remain sharp and similar to those in the 2nd cycle, suggesting stability in the 

reversibility and kinetic activities for Li+ insertion/extraction of the electrode made from 

Ge-PPy. To identify all the electrochemical reactions, the electrochemical response was 

also measured for the Ge-PPy composite by cyclic voltammetry at 0.1 mV s-1. The typical 

cyclic voltammograms of the Ge-PPy nanocomposite for the 1st, 2nd and 5th cycles, which 

are shown in Fig. 4.4(c), are in accordance with previous reports for Ge electrode180, 205. 

The broad peaks at around 0.49 V and 0.32 V in the second cathodic curve can be 

attributed to the conversion from Ge to Li9Ge4. The small peak at 0.14 V is likely to be 

related to the formation of Li7Ge2. As the potential approaches 0 V, a big peak starts to 

appear, indicating the formation of Li15Ge4 and Li22Ge5. The whole discharge (lithiation) 

reaction can be expressed as a three-step process based on the following reactions: 

Ge → Li9Ge4 → Li7Ge2 → Li15Ge4 + Li22Ge5                                                                 (4.2) 

During Li-ion extraction from LixGe, only one single broad peak response around 0.46 V 

is observed, which agrees with what has been reported in the literature 180, 188. In addition, 

no additional peaks are detected in the cyclic voltammetery curves of Ge-PPy. This 

confirms that the PPy is not involved in electrochemical reactions during Li-ion 

intercalation/deintercalation processes and is only providing paths for electrical 

conduction54, 55, 198. 

 

The battery performances of the samples were tested at various current densities. Initially, 

the galvanostatic discharge and charge capacities of pristine Ge and Ge-PPy were 

measured in the voltage range of 0.01-1.50 V with a current density of 320 mA g-1 (Fig. 
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4.5a) and their coulombic efficiencies are also presented in Fig. 4.5(b). The first discharge 

capacity of the pure Ge electrode was 1506 mAh g-1, corresponding to an initial 

coulombic efficiency of 59.3 %. This particularly high irreversible discharge capacity 

mainly comes from the huge formation of solid electrolyte interphase (SEI) [18]. The 

nano-sized morphology of the particles also plays a significant role, with the utilization of 

small particles being enhanced by their larger surface area and shorter diffusion length for 

the lithium intercalation process183, although the advantages of particle size do not for 
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Figure 4.4 Charge-discharge curves of Ge-PPy composite for selected cycles (a), dQ/dV 

plots of Ge-PPy (b), and cyclic voltammograms of Ge-PPy (c); Scanning rate: 0.1 mV s-1. 

long periods of time. As mentioned above, nano-germanium particles would be likely to 

aggregate severely during the Li+ insertion, thus leading to poor coulmbic efficiency in 

the first cycle. Furthermore, as the cycle number increases, the mechanical stresses 

induced by the volume changes would result in pulverization and delamination of the 

electrode structure, leading to low coulmbic efficiency and poor cycling life 181. Therefore, 

the discharge capacity of pristine Ge decreases rapidly and continuously, declining to 

only 437 mAh g-1 over 50 cycles, which is only approximately 29 % of the initial capacity. 

On the other hand, it can be seen that the Ge-PPy composite electrode shows great 

enhancement of the capacity retention, based on both the composite and the calculated 

contribution of the pure Ge. The initial capacity of the Ge nanoparticle contribution 

calculated for the Ge-PPy composite electrode reaches up to 2024 mAh g-1, with a 

relatively high coulombic efficiency of 68.6 %, and after 5 cycles, the coulombic 

efficiency retains a steady value between 89 and 99 %. The difference in the initial 

coulombic efficiency is mainly due to the PPy, which suppress solid electrolyte 

interphase (SEI) formation in the first cycle180, 205. Simultaneously, the Ge nanoparticles 

are electrical connected with the porous PPy so that more Ge nanoparticles will contribute 

to the capacity and the electronic transport can be enhanced. Thus, the discharge capacity 

of Ge in Ge-PPy composite is sustained at around 1029 mAh g-1 after 50 cycles at 0.2 C, 

corresponding to capacity retention of 50.8 %. These results demonstrate that the added 

PPy allows a greater utilization in capacity of the Ge nanoparticles and enhances the 

cycling performance. Compared to some carbon-supported Ge materials in previous 

reports, with capacities of around 600 mAh g-1 under similar testing conditions 188, 206, it 

can be speculated that the PPy plays a more important role in that enhanced 
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electrochemical activity, although its capacity contribution is negligible in negative 

electrode for the LIB. 

 

A comparison of the performances at higher power rates for both samples (with and 

without PPy) is also presented in Fig 4.5(b). The electrode capacities were measured after 

5 cycles at various current densities of 0.1 C, 0.5 C, 1 C, 2 C, and 4 C (1 C=1600 mA g-1) 

in an ascending order, and back to 0.2 C in 35 cycles. The discharge capacities calculated 

for the Ge nanoparticles in the composite were measured to be 1420 mAh g-1 at 0.5 C, 

1300 mAh g-1 at 1 C, 865 mAh g-1 at 2 C, and 406 mAh g-1 at 4 C. When the cycling rate 

was returned back to 0.1 C after 30 cycles at different rates, the composite electrode still 

could deliver 1360 mAh g-1. In contrast, strikingly poor high-rate capability is observed 

for the pristine Ge electrode. It should be pointed out that the rate capability of Ge-PPy is 

still not as good as for some Ge-based materials recently reported, such as  Ge-carbon 

nanocomposite with 600 mAh g-1 at 40 C 178, or Ge thin film electrode with 800 mAh g-1 

at 1000 C 180. Nevertheless, the enhanced high-rate performance is comparable to the 

most research on Ge electrodes combined with graphene 188, mesocarbon microbeads 206, 

or other carbonaceous materials 207. 
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Figure 4.5 (a) Discharge capacity and charge capacity of Ge and Ge-PPy composite 

electrodes at 320mA g
-1

 (0.2 C). (b) Coulombic efficiency of Ge and Ge-PPy 

composite electrodes at 320mA g
-1

. (c) Rate capability of Ge and Ge-PPy composite 

at various current densities between 0.01 V and 1.50 V vs. Li/Li
+
. 

 

In order to further verify that the PPy is responsible for the good conductivity of the cells 

with the Ge-PPy electrodes, electrochemical impedance measurements were conducted on 

working electrodes in the fully discharged state. The Nyquist plots obtained for the pure 

Ge and Ge-PPy before and after 50 cycles were compared and are presented in Fig. 4.6 

(A). It is found that the cells present one small semicircle before cycling, and the 

impedance is 23 Ω and 49 Ω for Ge-PPy composite and pristine Ge, respectively. In 

addition, two compressed semicircles are shown in the enlarged high-frequency 

impedance curves after cycling (Fig. 4.6(B)), indicating increased impedances. The high-

frequency intercept of the high frequency semicircle reflects the uncompensated 

resistance, Re, which is the solution resistance between the working and reference 

electrode. The film resistance associated with the higher frequency semicircle, Rfilm, is 

assigned to lithium-ion diffusion through surface films. The semicircle in the middle 

frequency range indicates the charge-transfer resistance (Rct), relating to charge transfer 

through the electrode/electrolyte interface. The values for the electrodes after cycling 

calculated from the diameters of the semicircles in the Nyquist plots are summarized in 

table 4.1. The uncompensated resistance (Re) of Ge-PPy is smaller than that of the Ge 

electrode due to the decreased resistance between the active material and the electrolyte 

from the introduction of PPy. From comparison the diameters of the semicircles, the 

values of Rfilm and Rct of the composite electrode are both lower than those for the pristine 

Ge electrode, indicating that the conducting PPy can significantly increase electrical 

conductivity for the Ge nanoparticles. This is because the conjugation of the single and 
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double bonds alternating within the oxidized PPy macromolecular architecture allow the 

extra electrons in a conjugated system free to be roamed or move through the polymer 

chain, which could induce electrical conductivity.  Through p-doping, the electrical 

conductivity of PPy can even reach the level of a few tenths of 1 S cm-1 71, 208, even 

though it is only around 1×10-2 S cm-1 for crystalline germanium. Accordingly, the 

introduction of PPy can decrease the charge transfer resistance for the electrode. 

 

Figure 4.6 (A) Nyquist impedance plots of the Ge and Ge-PPy composite electrodes 

before and after 50 cycles. (B) Enlargement of (A) in the high frequency range of the 

electrodes after 50 cycles. The inset in (B) is the equivalent circuit used. 

 

app:lj:%E9%94%97?ljtype=blng&ljblngcont=0&ljtran=germanium%20(Ge)
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Table 4.1 Values of Re, Rfilm and Rct from Nyquist plots for the Ge and Ge-PPy electrodes 

after 50 cycles. 

 Re (ohm cm2) Rfilm  (ohm cm2) Rct  (ohm cm2) 

Ge 4.844 5.438 98.45 

Ge-PPy 1.801 4.851 65.23 

 

 

To confirm that the Ge-PPy electrode still retained robust mechanical and electrical 

support after cycling, SEM images of the electrodes fabricated from the Ge and Ge-PPy 

composite were collected before and after cycling to directly analyse any changes in the 

microstructure or morphology of the particles during cycling. The surfaces of both 

electrodes before cycling are similar (Fig. 4.7(a, b)). After 50 cycles, however, there are 

large agglomerations of particles 10 μm in size and clearly visible cracks in the bare Ge 

electrode (Fig. 4.7(c)). From Fig. 4.7(d), it can be observed that PPy can protect the 

electrode from pulverization, but there are still some clearly visible cracks on the surface 

of the electrode. It can be deduced that PPy not only act as a conductive host matrix, but 

also work as a binder to prevent the pulverization and delamination of the active material 

on the surface of the electrode during lithium alloying and de-alloying. We need to point 

out that PPy core still cannot protect the Ge nanoparticles from cracking. This is because 

the Ge nanoparticles are only attached on the surface of the PPy, so the PPy core cannot 

relieve the huge volume change by Ge agglomeration. 
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Figure 4.7 SEM images of the surfaces of Ge (a, c) and Ge-PPy (b, d) electrodes before (a, 

b) and after 50 cycles (c, d). 

 

4.4 Summary 

 

A novel nanostructured Ge-PPy composite has been successfully fabricated by a simple 

chemical reduction method and demonstrated to be a promising anode material for LIBs. 

After amorphous Ge nanoparticles were coated on the PPy surface, improved cycling 

performance and high rate capacity were achieved. The enhanced electrochemical 

performance can be attributed to the conductive PPy core, which not only can provide 

efficient electronic pathways for Ge nanoparticles, but also buffers the pulverization and 

delamination of the electrode caused by the huge volume changes of Ge nanoparticles 

during lithium alloying and de-alloying. We also expect our strategy to also be useful for 

fabricating metal nanoparticles on conducting polymer surface structures, which will be 

of general interest and have influence in other fields. 
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Chapter 5 Porous Ni
0.5

Zn
0.5

Fe
2
O

4
 Nanospheres: 

Synthesis, Characterization, and Application 

for Lithium Storage 

 

5.1 Introduction  

 

Hollow or porous-structured transition metal oxides are of great interest in many 

applications, such as catalysts, batteries, super capacitors, solar cells, and fuel cells 209-211, 

owing to their large specific surface areas. The Li-ion battery is the most important 

energy storage device in our daily life for portable devices and potentially for electric 

vehicles. As possible substitutes for commercial graphite materials (theoretical specific 

capacity of 372 mAh g-1), transition metal oxides have attracted considerable attention 

from researchers around the world, who are interested in their potential as high capacity 

anode materials for lithium ion batteries (LIBs) 125, 212. Nevertheless, finding electrode 

materials with high energy density and excellent cycling stability is still a great challenge 

for LIBs 8, 28 . 

 

Compared with the various simple transition metal oxides, such as NiO, ZnO, Fe2O3, 

Co3O4, Cr2O3, and CuO 213-215
 , nanostructured spinel ferrites with the general formula 

AFe2O4 (A = Ni, Zn, Co, Cu) 144, 216 are of great interest because of their high initial 

discharge capacity (over 1000 mAh g-1). Ding et al. 217 prepared ZnFe2O4 by the polymer 

pyrolysis method (PPM), and the ferrite samples prepared via this method show superior 

capacities and cycling stabilities, with an initial specific capacity as high as 1419.6 mAh 
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g-1 that is maintained at over 800 mAh g-1 even after 50 cycles. Zhao et al. 218 have 

reported that the initial discharge capacity of nanosized NiFe2O4 could reach as high as 

1314 mAh g-1, which is attributed to the large surface area and short diffusion length of 

the nanostructure. The discharge capacity, however, decreased to 790.8 mAh g-1 after 2 

cycles and to 709.0 mAh g-1 after 3 cycles at a current density of 0.2 mA cm-2. Liu and 

co-workers 219 reported that NiFe2O4 showed the highest reported initial discharge 

capacity of 1400 mAh g-1, which was due to its nanoscale particle size and better 

crystallinity, although this material demonstrated relatively poor capacity retention. 

Zhao’s group 220 found that ZnFe2O4 prepared by the hydrothermal method exhibited the 

initial discharge capacity of 1287.5 mAh g-1, although the discharge capacity of these 

nanoparticles declined to 746 mAh g-1 after 2 cycles.  

 

The reaction route, particle size, and morphology of spinel ferrite can play very important 

roles in the electrochemical performance of LIBs 221. It was found that the capacity 

retention of metal oxides can be improved by fabricating materials in hollow or 

mesoporous nanostructures, which could accommodate volume changes and shorten the 

lithium diffusion length 144, 217. Hollow ZnFe2O4 nanospheres with a diameter of 1 μm 

were synthesized by Guo et al. 152 via hydrothermal reaction followed by annealing at 

600 °C in air, and the hollow spherical structure significantly increased the specific 

capacity and improved capacity retention, although the process required a high reaction 

temperature, which resulted in agglomeration of the hollow spheres. Deng et al. 222 

prepared ZnFe2O4 hollow spheres of a suitable size with a carbon template. Although the 

resulting composites showed a high specific capacity of 911 mAh g-1, the synthetic steps 

are complicated with templates involved. Very recently, Wang et al. 223 successfully 

synthesized the MFe2O4 (M = Zn, Co, Ni) nanorods by a template-engaged reaction. The 

merits of one-dimensional (1D) nanostructure and its high reversible capacity make the 
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spine ferrite very prospective candidates as anodes for LIBs. 

 

Cherian et al. 224 studied the effects of zinc-doped nickel ferrite and the consequent cation 

redistribution on the Li-cycling behavior. An enhancement in the capacity with increasing 

Zn concentration is observed for x = 0.4 and 0.6. In addition, in the case of Zn1-xNixFe2O4 

ferrite 153, it was found that for x greater than 0.5, Fe3+ moments in A and B sites have a 

collinear arrangement, whereas for x less than 0.5, Fe3+ moments in the B sites have a 

non-collinear arrangement. Therefore, it is necessary to further study the electrochemical 

properties of Ni0.5Zn0.5Fe2O4 nanospheres. 

 

To avoid the problems mentioned above and obtain high capacity with good capacity 

retention, we synthesized mesoporous Ni0.5Zn0.5Fe2O4 (NZFO) nanospheres via the 

solvothermal method and investigated the effects of the morphology on the 

electrochemical performance. To the best of our knowledge, no group has reported the 

electrochemical performance of hollow or mesoporous structured NZFO prepared by a 

one-step solvothermal method. The as-prepared mesoporous NZFO nanospheres showed 

excellent electrochemical performance with high initial discharge capacity and good 

capacity retention. 

 

5.2. Experimental 

 

All reagents were analytical grade and were used without further purification. In order to 

synthesize NZFO, stoichiometric amounts of nickel nitrate, zinc nitrate, and iron nitrate 

were dissolved in 30 ml ethylene glycol (EG) under magnetic stirring. After stirring for 

60 min, a suitable amount of urea was slowly added to the mixed nitrate solution. The 

mixture was stirred for 2 h to obtain a clear solution. Subsequently, the solution was 
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sealed in a Teflon-lined autoclave (50 ml capacity) and maintained at 180 °C for 24 h. 

Then, the mixture was cooled to room temperature naturally. The resultant products were 

washed with deionized water and ethanol several times, and then dried in a vacuum oven 

at 80 °C overnight. For simplicity, the NZFO powders obtained under the same reaction 

conditions of temperature and reaction time, but with different reactant concentrations, 

are denoted as NZFO-A, where A represents the mole number of the as-prepared NZFO 

powders, respectively. For example, NZFO-200 indicates that 0.002 mol NZFO powders 

were prepared at 180 °C with 24 h reaction time. In order to investigate the influence of 

the reactant concentrations on the final products, the molar ratio of Ni(NO3)2•6H2O, 

Zn(NO3)2•6H2O, Fe(NO3)3•9H2O, and urea was kept constant (1:1:4:16), and the volume 

of EG was fixed at 30 ml. 

 

X-ray diffraction (XRD) patterns of the as-prepared products were collected on a Philips 

X’pert PRO X-ray diffractometer with Cu Kα radiation. Field emission scanning electron 

microscopy (FESEM, FEI Sirion 200) and transmission electron microscopy (TEM, JEM-

2010) were used to show the surface morphology and particle size distribution. The 

surface area of the samples was determined by nitrogen adsorption (Autosorb-iQ-Cx). 

 

To test the electrochemical performance, as-prepared samples were mixed with acetylene 

black and a binder, sodium carboxymethyl cellulose (CMC, average Mw: ~250 000, 

Aldrich), in a weight ratio of 80:10:10 in deionized water. The slurry was uniformly 

pasted onto pieces of Cu mesh with an area of 1 cm2. Such prepared electrode sheets were 

dried at 90 °C in a vacuum oven for 12 h. The electrodes were not pressed for 

electrochemical testing. The electrochemical cells (CR 2032 coin-type cells) contained 

the composite on Cu mesh as the working electrode, Li foil as the counter electrode and 

reference electrode, a porous polypropylene film as separator, and 1 M LiPF6  in a 1:2 
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(v/v) mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) as the electrolyte. 

The cells were assembled in an Ar-filled glove box. The cells were cycled at a current 

density of 50 mA g−1 between 0.01 and 3.0 V using a computer-controlled charger system 

manufactured by Land Battery Testers. The specific capacity is based on the weight of 

NZFO. The loading mass of NZFO is 3-5 mg cm-2. Electrochemical impedance 

spectroscopy (EIS) was conducted using a Biologic VMP-3 electrochemical workstation. 

 

5.3. Results and discussion 

 

5.3.1. Structure and morphology 

 

Figure 5.1 shows the XRD patterns of the Ni-Zn ferrites prepared using different reactant 

concentrations. All reflection peaks match with the standard JCPDS card of Ni-Zn ferrite 

(card no. 08-0234), and no other phase is detectable. The lattice constant (a) values, 

obtained by Rietveld refinement and listed in Table 5.1, are larger than that of Fe3O4 (8.36 

Å) 225. The Rietveld refined XRD pattern of the typical NZFO-300 sample is shown in the 

inset of Fig. 5.1. In Fig. 5.1, the corresponding diffraction peaks become narrower and 

sharper with increasing concentration, indicating better crystalline and growth in 

crystallite size. The crystallite size (D) was calculated by the Williamson-Hall plots 

equation226:  

cos (4sin ) / D      ,                                                                                            (5.1) 

where β is the measured full width at half maximum (FWHM) for XRD corresponding to 

different crystal planes, θ is the Bragg angle, ε is the strain and D is the crystallite size. 

The crystallite size increased from 22 to 35 nm as the reaction concentration increased. 
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Figure 5.1 XRD patterns of NZFO samples with different reactant concentrations; the 

inset shows the Rietveld refinement results for NZFO-300. 

 

Table 5.1 Lattice constant a (Å), crystallite size (nm), and nanosphere size (nm) of 

the NZFO samples as a function of the reactant concentration. 

sample Lattice constant (Å) Crystallite size (nm) 

Nanosphere size 

(nm) 

NZFO-200 8.3796 22 145 

NZFO-300 8.3811 23 125 

NZFO-400 8.3865 35 62 

 

 

Figure 5.2 shows the morphology and corresponding size distribution graphs of all the 

NZFO samples. All the particles show a spherical shape with a rather homogeneous 

nanosphere size. The size distribution of the nanospheres was estimated by taking the 

average of 200 nanospheres and fitting the resultant histogram by a Gaussian function 

(solid line), as shown in the insets of Fig. 5.2. The average nanosphere sizes are listed in 
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Table 5.1. The centre of the size distribution curves was shifted from 145 to 62 nm as the 

concentration of the reaction solution was increased from 2 to 4 mM, showing the 

significant influence of the reactant concentration on the nanosphere size. This can be 

explained by the classical theories of crystal heterogeneous nucleation 227. In our 

experiment, the urea can provide centers of heterogeneous nucleation. Therefore, 

increasing the concentration will lead to a decrease in the average particle size. Open 

pores and some broken spheres can also be seen in Fig. 5.2(d), as marked by the arrows, 

indicating the presence of hollow spheres in the NZFO-300 sample. 

 

 

 

Figure 5.2 FESEM images of NZFO ferrite produced with different reactant 

concentrations, with the insets showing the corresponding particle size distribution graphs: 

(a) NZFO-200, (b) NZFO-300, (c) NZFO-400; and (d) a high-magnification FESEM 

image of NZFO-300. The arrows in (d) indicate broken nanospheres, showing their 

hollow nature. 

 

Transmission electron microscopy (TEM) was used to further confirm the structure of the 
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nanospheres. Fig. 5.3 shows TEM images of the NZFO-200, NZFO-300 and NZFO-400 

samples. Uniform and monodisperse nanospheres are observed. Fig. 5.3(a), (b), and (c) 

clearly reveal that the spherical shells are packed with numerous NZFO nanoparticles. In 

Fig. 5.3(b), the contrast between the dark edge and the pale center indicates the hollow 

interior structure of the NZFO-300 nanospheres. High-resolution TEM (HRTEM) 

analysis was employed to determine the crystal facets and orientation. As shown in Fig. 

3(d), (e) and (f), the lattice fringe spacings of d = 0.30 nm and d = 0.25 nm agree well 

with the (220) and (311) lattice planes of the XRD patterns of cubic NZFO, respectively. 

The different contrast in Fig. 5.3(d) and (e) indicates that NZFO-200 and NZFO-300 may 

have a porous structure with pore size smaller than 5 nm. 

 

Figure 5.3 TEM images of NZFO ferrite synthesized with different reactant 

concentrations: (a) NZFO-200, (b) NZFO-300, (c) NZFO-400; high magnification 

TEM images: (d) NZFO-200, (e) NZFO-300, (f) NZFO-400. 

 

Fig. 5.4 presents the N2 adsorption-desorption isotherms of the samples and the 

corresponding Barret-Joyner-Halenda pore size distribution curves. The measured 

Brunauer-Emmett-Teller (BET) surface area (SBET) for NZFO-200 and NZFO-300 is 

about 101.3 and 77.2 m2 g-1, respectively. It can be seen that the SBET decreases from 
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101.3 to 77.2 m2 g-1 as the reaction concentration increases. The relatively high SBET for 

NZFO-200 may be due to its narrow particle size distribution, as shown in Fig. 5.4(c). 

The isotherms in Fig. 5.4(a) and (b) are identified as type IV, which is characteristic of 

mesoporous (2-50 nm) materials. The NZFO-200 sample has sharp peaks at 2 and 31 nm, 

indicating the presence of mesopores.  

 

The formation of the hollow NZFO nanospheres could be explained by the Ostwald 

ripening process222. In the sealed solvothermal reaction system, CO2 bubbles resulting 

from the thermal decomposition of urea can serve as soft templates to induce the 

hollow/porous nanostructure. The gas bubbles provide the nucleation centers for NZFO 

nanoparticles to aggregate around the gas-liquid interface. As the reaction proceeds, 

hollow NZFO nanospheres are formed. 

 

Figure 5.4 Nitrogen adsorption-desorption isotherms of (a) NZFO-200, (b)NZFO-300; 

and pore size distributions  of (c) NZFO-200, (d) NZFO-300 (insets: magnified 0-5 nm 
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regions). 

 

Fig. 5.5 contains a schematic illustration of the formation mechanism of the 

hollow/mesoporous nanospheres. Based on the above analysis, when the reactant 

concentration is relatively low, the size of the bubbles generated from the decomposition 

of urea is too small to accelerate the Ostwald ripening because the gas is trapped between 

the interfaces, resulting in mesoporous spheres. Therefore, the urea only has a positive 

effect on the reduction capability of ethylene glycol, but there is not enough gas for the 

bubbles to act as soft templates, so that porous-structured nanospheres are only partially 

formed. As the reactant concentration increases, more gas bubbles are produced, thus 

accelerating the Ostwald ripening process, which results in the formation of hollow 

nanospheres. According to the formation of crystals228, the rate of the generation or the 

quantity of the gas bubbles plays an important role in controlling the particle size. In the 

same volume of the EG, as urea increases to a higher amount, the more bubbles are 

produced, and the quantity of Ni0.5Zn0.5Fe2O4 aggregation in each bubble will be reduced, 

resulting in the decrease of the nanosphere size. 

 

 

Figure 5.5 Schematic illustration of the formation mechanism of hollow magnetic 

nanospheres. 
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5.3.2. Electrochemical characterizations 

 

Figure 5.6 shows the charge-discharge curves of selected cycles for the first 50 cycles of 

NZFO-200, NZFO-300, and NZFO-400 electrodes in coin test cells using lithium as the 

counter and reference electrode between 0.01 and 3.0 V (vs. Li+/Li). All the charge-

discharge curves in Fig. 6 show similar features to those of transition metal oxide 

electrodes reported previously in the literature 215, 218, 219. The first discharge curves all 

show a plateau at 0.75 V. The initial discharge specific capacity is in the order of NZFO-

200 > NZFO-300 > NZFO-400. 

 

The theoretical capacity of NZFO from the reduction reactions of Ni (II), Zn (II), and Fe 

(III) to Ni (0), Zn (0), and Fe (0), respectively, is 902 mAh g-1, corresponding to 

maximum lithium uptake of 8 Li per NZFO. The equation is as follows: 

2 Ni0.5Zn0.5Fe2O4 + 16 Li+ + 16 e- → 4 Fe + Zn + Ni + 16 Li2O                                     (5.2) 

The initial discharge capacity is always higher than the theoretical capacity, which is due 

to the decomposition of electrolyte and the formation of the solid electrolyte interphase 

(SEI). The possible reaction between Zn and Li would be another contribution to the high 

capacity229. 

Zn + Li+ + e ↔ LiZn                                                                                                     (5.3) 

The highest surface area sample, NZFO-200, shows the highest initial discharge capacity 

of 1480 mAh g-1. The reversible capacity is due to the reversible reaction of Li2O and the 

transition metals: 

4Fe + Zn + Ni + 8 Li2O ↔ 2 Fe2O3 + ZnO + NiO + 16 Li+ + 16 e-                                (5.4) 

The highest reversible capacities were also observed for the NZFO-200 sample, up to 

1100 mAh g-1. 
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Figure 5.6 Charge and discharge curves for selected cycles of NZFO-200 (a), NZFO-300 

(b), and NZFO-400 (c) electrodes. 

 

The dQ/dV results are also plotted in Fig. 5.7. In the 1st cycle [Fig. 5.7(a)], an additional 

peak can be found at 0.46 and 0.66 V for the NZFO-200 and NZFO-300 samples, 

respectively. This may be due to the further lithiation of ZnO to give a Li–Zn alloy, as a 

similar peak between 0.2 and 0.5 V was observed in the literature 230. The high intensity 

of the 0.46 V peak of the NZFO-200 sample indicates the highly reversible reaction of Zn 
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and lithium, which can be attributed to the mesoporous structure with small crystallite 

size and high surface area. Fig. 5.7(b) presents the dQ/dV curves of the 50th cycle. One 

pair of redox peaks can be found at 1.0 V and 1.6 V for the NZFO-200 and NZFO-300 

samples. The higher intensity of NZFO-200 indicates higher capacity. The NZFO-400 

sample shows small reversible peaks, indicating the lowest reversible capacity. 

 

Figure 5.7 dQ/dV curves of NZFO-200, NZFO-300, and NZFO-400 electrodes at the 1st 

cycle (a) and the 50th cycle (b). 

 

The cycle life and coulombic efficiency of samples are presented in Fig. 5.8. The capacity 

retention is in the same order as the surface area. The best capacity retention that can be 

obtained here is for the NZFO-200 sample with 700 mAh g-1 up to 50 cycles. Our results 

show that the performance of the mesoporous nanosphere electrode (NZFO-200) with 

high surface area is better than that of the hollow/porous nanosphere electrode (NZFO-

300) with low surface area in terms of reversible capacity and cycle life. It is also worth 
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mentioning that there is a large deviation in potential between the charge and discharge 

profiles, owing to the large polarization related to ion transfer during the cycling process. 

This phenomenon is often observed in many metal oxide anodes due to poor electrical 

conductivity 231-233. We also compare the coulombic efficiency for the samples (Fig. 5.8 

(b)). The coulombic efficiency is 71 % for the first cycle and 80-95 % for cycles 3-12. In 

contrast, NZFO-200 and NZFO-300 show dramatic improvement of coulombic efficiency 

(~ 75 % for the first cycle, 98.4-99 % for the following cycles), which provide strong 

evidence that there is little fatigue in NZFO during cycling. 

 

Figure 5.8 Cycle life (a) and coulombic efficiency (b) of NZFO-200 (red), NZFO-300 

(green), and NZFO-400(blue) electrodes. 

 

The rate performance was also investigated to characterize the stability of the NZFO-200 

and NZFO-400 electrodes, as shown in Fig. 5.9 (a). The NZFO-200 electrode shows the 

highest specific capacity of 508 mAh g-1 at a current density of 1 A g-1. The capacity 

retention rates at 500 mA g-1 and 1 A g-1 are 75.5 % and 56.1 % compared to the 100 mA 

g-1 capacity, respectively. In comparison, the NZFO-400 electrode shows relatively poor 

high rate capability, with less than 15% capacity retention at current density of 1 A g-1. A 

comparison of coulombic efficiencies also has been provided in Fig. 5.9(b). Obviously, 

NZFO-200 has much higher coulombic efficiency than NZFO-400 as the current density 

is changed, which mainly due to the relatively high electrical conductivity of NZFO-200 
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compared to NZFO-400. The high rate capability can be attributed to the high surface 

area and mesoporous structure, which can enhance contact between the electrode and 

electrolyte, and shorten the lithium diffusion length. 

 

Figure 5.9 Rate performances (a) and coulombic efficiency (b) of NZFO-200 and NZFO-

400 electrodes at different current density rates from 100 mA g-1 to 1000 mA g-1 and back 

to 100 mA g-1 between 0.01 and 3.0 V. 

 

To investigate the reasons for the enhanced capacity retention in NZFO-200, the 

electrodes were washed and dried after cycling, and the changes in morphology were 

examined by SEM. SEM images of the surfaces of the electrodes before and after cycling 

are shown in Fig. 5.10. The top SEM images show the electrode surfaces before cycling, 

while the bottom ones show the surfaces after 50 cycles. The electrodes before cycling 

show a similar smooth surface, while after cycling, the electrode morphology shows big 

differences. The surface of the NZFO-200 electrode after cycling shows a porous 

morphology, while the NZFO-400 electrode shows morphology that features big cracks. 

The growth of the big cracks will produce high resistance and cause contact between the 

active materials to be lost, resulting in poor capacity retention. The difference in the 

electrode morphology could be related to the differences in the morphology and surface 

area of the active materials. Since the formation of the solid electrolyte interphase (SEI) 

layer plays a very important role in the cycling stability of the active materials, the higher 
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surface area and mesoporous structure of NZFO-200 could be of benefit for the formation 

of more stable SEI compared with NZFO-400.  

 

 

Figure 5.10 SEM images of the electrode surface of NZFO-200 electrode (a, b) and 

NZFO-400 electrode (c, d), before (a, c) and after (b, d) 50 cycles. 

 

Electrochemical impedance spectroscopy (EIS) was used to explain the reasons for the 

enhanced rate capability and capacity retention of the NZFO-200 electrode. The Nyquist 

plots (Figure 5.11) show a semicircle in the high to medium frequency range, which 

describes the charge-transfer resistance (Rct) for both electrodes. The intercept value is 

considered to represent the total electrical resistance offered by the electrolyte (Rs). The 

inclined line represents the Warburg impedance (Zw) at low frequency, which indicates 

the diffusion of Li+ in the solid matrix. The impedance plots were fitted using the 

equivalent circuit model shown in the inset. As shown in table 5.1, the Rct of the NZFO-

200 after 5 cycles (140 Ω) and after 50 cycles (254 Ω) is much smaller than those of the 
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NZFO-400 after 5 cycles (188 Ω) and after 50 cycles (560 Ω), respectively, giving 

evidence that the high surface area of the NZFO-200 improved the battery performance 

over extended cycling. However, the capacity still gradually decreases for all samples. 

Further work can be done to improve the capacity retention via making carbon composite 

materials. 

 

Figure 5.11 Nyquist plots of NZFO-200 electrode and NZFO-400 electrode, after cycling 

over 5 and 50 cycles at a discharge potential of 0.7 V vs. Li/Li+ at 25 °C at frequencies 

from 100 kHz to 20 mHz. The inset is the equivalent circuit used. 

 

Table 5.2 Measured EIS data on NZFO-200 and NZFO-400 electrode after various cycles. 

 Rs (Ω) Rct (Ω) 

NZFO-200 (5 cycles) 1.5 140 

NZFO-200 (50 cycles) 3.6 254 

NZFO-400 (5 cycles) 2.1 188 

NZFO-400 (50 cycles) 5.9 560 
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5.4. Summary 

 

In summary, monodisperse mesoporous Ni0.5Zn0.5Fe2O4 nanospheres have been 

synthesized via a one-step solvothermal method. Nanospheres with different 

morphologies, crystallite sizes, and diameters can be tuned by adjusting the reactant 

concentration, which has been confirmed by the XRD, FESEM, and TEM observations. 

The formation mechanisms of the mesoporous and/or hollow nanospheres have been 

discussed based on the Ostwald ripening process. The mesoporous Ni0.5Zn0.5Fe2O4 

nanospheres with small crystallite size and high surface area show high reversible specific 

capacity and better capacity retention, suggesting that mesoporous Ni0.5Zn0.5Fe2O4 

nanospheres can have promising applications in lithium ion batteries. 
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Chapter 6 Synthesis and Electrochemical 

Performance of LiV
3
O

8
/polyaniline as 

Cathode Material for the Lithium-ion Battery 

 

6.1 Introduction 

 

The layered lithium vanadium oxide, LiV3O8 has received considerable attention as 

cathode material in rechargeable lithium batteries due to its excellent electrochemical 

performances: high specific energy density, high working voltage, high discharge 

capacity, good chemical stability in air, ease of fabrication and low cost  234-237. It is well 

understood that the electrochemical properties of lithium vanadium oxide are largely 

depend on the preparation method. Therefore, many preparation methods have been 

studied to LiV3O8 with an aim to improve its electrochemical performance, such as spray 

pyrolysis method 238, sol-gel method 239-241, microwave-assisted synthesis 52, ultrasonic 

treatment 237 and hydrothermal synthesis 47. Recently, Liu et al. 242 employed home-made 

VO2 nanorods as the vanadium precursor to prepare the LiV3O8 cathode materials. The 

as-obtained single-crystalline LiV3O8 nanorods with high crystallinity greatly improved 

the stability of the crystallographic structure during cycling. It exhibited high initial 

discharge capacity of more than 300 mAh g-1 at current densities of 20 mA g-1. Up to 

now, however, this kind of material was still suffer from the phase transformation and 

dissolution of small quantity of LiV3O8 in the electrolyte 243, which lead to low high-rate 

capacity and fast capacity fading with cycling.  
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Recently, coating with conducting polymers has been studied as an effective method to 

improve the electrical performance of cathode and anode materials in LIBs. Conductive 

polymers are attractive additive materials for LIBs, owing to their special electrochemical 

properties: (a) they can be charged and discharged by a redox reaction involving lithium 

ions or counter anions of the electrolyte; (b) they have an influence on the overall phase-

change rate; and (c) they can connect isolated crystalline particles, preventing their 

agglomeration on the surface of electrodes. Moreover, conducting polymers can suppress 

the dissolution of active materials into the LiPF6 electrolyte 244-246. Up to now, many 

electrode materials combined with polymers, for example, SnO2/polypyrrol 191, 

sulphur/polypyrrole247, LiMn2O4/polypyrrole 245, LiFePO4/polypyrrole 79, 248, 

LiFePO4/polyaniline 249, V2O5/polyaniline 250, and LiV3O8/polypyrrole 55, 198 have been 

synthesised and have shown improved cycling performance in lithium cells.  In our 

previous work, polypyrrole coated LiV3O8 exhibited improved cycling stability 55, 198. The 

rate capability, however, was not discussed in these studies. In this study, we have tried to 

investigate the effects of a conducting polymer on the high rate capability of LiV3O8 and 

to explore a possible new conducting polymer to improve the electrochemical 

performance of LiV3O8 cathode. 

 

Among the various conductive polymers, polyaniline (PAn) has been used extensively 

because it can be easily produced with the desired morphology and structure by chemical 

reaction. It can promote electrolyte permeation into the surface of the active particles, and 

hence enhance Li+ insertion/extraction during the charge/discharge process 249. It is also 

superior to polypyrrole and polythiophene in energy density and durability 251. In 

addition, polyaniline is electrochemically active in the range of 2.0-3.8 V 85, which 

overlaps the operative redox couple of LiV3O8. Therefore, polyaniline not only serves as a 

conductive binder-like carbon powder for LiV3O8 electrodes, but also participates as an 
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active material. Herein, the LiV3O8 nanorods were coated with polyaniline via simple 

chemical oxidative polymerization directed by the anionic surfactant sodium dodecyl 

benzene sulfate (SDBS). The electrochemical properties of LiV3O8-PAn as cathode 

material were systematically investigated. 

 

6.2 Experimental 

 

6.2.1 Materials synthesis 

 

LiV3O8 nanorods were synthesized by the hydrothermal reaction method, combined with 

a convenient solid-state reaction, as reported elsewhere 242. In a typical experiment, the 

VO2 nanorod precursor was prepared by the hydrothermal method. 0.365 g V2O5 powder, 

10 ml 1-butanol, and 30 ml H2O were mixed under vigorous magnetic stirring at room 

temperature for 4 h. The resultant mixture was then transferred into an autoclave and kept 

in an oven at 180 °C for 48 h. The products were washed with anhydrous ethanol and 

cyclohexane several times. The produced VO2 was dried at 80 °C in a vacuum oven for 

12 h. The crystalline VO2 nanorods were obtained by annealing the dried VO2 precursor 

at 250 °C for 10 h under vacuum. 

 

The above-obtained crystalline VO2 precursor and LiOH·H2O (V/Li = 3/1.05, mol mol-1) 

were mixed in methanol under magnetic stirring for 12 h. The mixture was heated to 50 

°C to evaporate methanol. The produced powder was dried at 150 °C for 12 h in a 

vacuum oven, and finally annealed at 450 °C for 10 h in air. Then single-crystalline 

LiV3O8 nanorods were obtained. 
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Polyaniline was prepared by chemical oxidation polymerization. In a typical procedure, 

1.67 g aniline monomer was suspended in 50 ml distilled H2O and stirred for 10 min to 

become well dispersed. Then 4.10 g ammonium persulfate (APS) in 20 ml distilled H2O 

solution was slowly added to the suspension mixture. The polymerization was achieved 

after standing for 5 h in an iced bath, at which point the suspension becomes dark green. 

The products were obtained by filtering and washing the suspension with ethanol and 

deionized water, and then drying it under vacuum at 60 °C for 12 h. 

 

100 mg as-prepared LiV3O8 nanorods were dispersed in 15 ml sodium dodecyl benzene 

sulfonate (SDBS) solution. Then, aniline monomer (100 mg, 200 mg, 300 mg) was added 

into the solution and ultrasonicated for 10 min to become well dispersed. The APS 

solution was then added dropwise with constant stirring to initiate the polyreaction. The 

reaction was carried out in an iced bath over 5 h. The final products were then filtered, 

washed with distilled water, and dried at 70 °C in a vacuum oven for 12 h. 

 

6.2.2 Materials characterization 

 

The PAn content in the composites was determined by thermogravimetric analysis (TGA) 

via a Setaram 92 instrument. Phase analysis was performed by powder X-ray diffraction 

(XRD) using a GBC MMA X-ray generator and diffractometer with Cu Kα radiation. 

PAn was confirmed by using a JOBIN YVON HR800 confocal Raman system with 632.8 

nm diode laser excitation on a 300 lines/mm grating at room temperature. The 

morphologies of the samples were investigated by a field emission scanning electron 

microscope (SEM: JEOL JSM-7500FA). 
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6.2.3 Electrochemical measurements 

 

Electrochemical measurements of the synthesized LiV3O8-PAn and bare LiV3O8 were 

accomplished by assembling CR2032 coin cells. The electrodes were prepared by mixing 

80 wt % active materials with 10 wt. % carbon black and 10 wt. % sodium carboxymethyl 

cellulose (CMC) in distilled water. The slurry was uniformly pasted on to pieces of 

aluminium foil with an area of 1 cm2. Such prepared electrode sheets were dried at 90 ˚C 

in a vacuum oven for 12 h. Then, the electrodes were compressed at a rate of about 300 

KPa. Coin cells were assembled in an argon filled glove box where the counter electrode 

was Li metal and the electrolyte was 1 M LiPF6 in a mixture of ethylene carbonate (EC) 

and diethyl carbonate (DEC) (EC/DEC = 1:2, v/v). The cells were cycled between 1.5 and 

4.0 V at a constant current density of 0.1 C (1 C = 280 mAh g-1) at room temperature to 

measure the electrochemical response. AC-impedance measurements and cyclic 

voltammetry were carried out utilizing a CHI 660B electrochemical workstation. The 

specific capacity is based on the weight of the LiV3O8 or LiV3O8-PAn composite 

material.  

 

6.3. Results and Discussion 

 

6.3.1 Structure and morphologies 

 

The amounts of PAn in the LiV3O8-PAn composites were measured by 

thermogravimetric analysis (TGA). The samples were heated from 60 ˚C to 700 ˚C at the 

rate of 5 ˚C min-1. As shown in Fig. 6.1, bare LiV3O8 maintains a constant weight as the 

temperature increases, while PAn begins to decompose around 300 ˚C and completely 

disintegrates at 650 ˚C. Therefore, for the composites, the main loss from 350 to 600 ˚C is 
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assigned to the degradation of PAn, and we can calculate that the weight contents of PAn 

in the composites are 5 wt. %, 12 wt. % and 23 wt. %, respectively. 

 

Figure 6.1 TGA curves of the PAn powder, the bare LiV3O8 and the LiV3O8-PAn 

composites 

 

Figure 6.2 X-ray diffraction patterns of the as-prepared bare LiV3O8 and PAn-LiV3O8 

composites 
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The X-ray diffraction (XRD) patterns of the LiV3O8 nanorods and the LiV3O8-PAn 

composites are shown in Fig. 6.2. All reflections of LiV3O8 nanostructured materials were 

in excellent accordance with the rutile structure (JCPDS No. 72-1193), which belongs to  

space group P21/m (11). The sharp and intense XRD peaks of the as-obtained LiV3O8 

nanorods indicate their good degree of cystallinity. The peak at about 14˚ is assigned to 

diffraction at the (100) planes, indicating the layered structure of LiV3O8. These layers are 

composed of VO6 octahedra and VO5 trigonal bipyramids, which are corner sharing with 

the octahedral 252. In addition, there was no notable peak shifting or intensity change after 

the introduction of PAn.  

 

Figure 6.3 Raman spectra of the PAn, LiV3O8 and LiV3O8-12 wt. % PAn composite. 

 

Raman spectroscopy was used to confirm the presence of PAn in the composite. Fig. 6.3 

presents Raman spectra of the composites with 632.8 nm diode laser excitation on a 300 

line/mm grating at room temperature. The Raman bands of LiV3O8 and the composites at 

980.1 cm-1 can be assigned to the V=O stretching vibrations of VO5 pyramids, and the 

band at 760.9 cm-1 is likely to be related to the atomic motions of corner-sharing oxygen 

atoms among the VO6, VO5, and LiO6 polyhedra 253. The peaks of PAn are located 
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between 1000 cm-1 and 1800 cm-1, which matches up with the Raman spectrum of bare 

PAn 254. This demonstrates that the LiV3O8 particles were combined with the PAn. No 

additional peaks are obvious in the Raman spectrum of LiV3O8-PAn, indicating that no 

chemical reaction between PAn and LiV3O8 occurred during preparation.  

Typical scanning electron microscope (SEM) images of the LiV3O8 nanorods and the 

LiV3O8-12 wt. % PAn composite are shown in Fig. 6.4. The LiV3O8 nanorods are 

homogeneous with widths of 100-200 nm and lengths of 5.0-6.0 µm, and they have sharp 

edges. Figure 6.4 (b) demonstrates that the surfaces of the rods are smooth and flat, 

indicating complete growth of the nanorods under the experimental conditions. After the 

introduction of polyaniline, the LiV3O8-PAn composite presents a distinct contrast in the 

morphology. Its surface becomes rough, and the nanorod diameters increase to 200-300 

nm, which confirms that the PAn is coated on the surface of the LiV3O8. An individual 

nanorod was chosen for scanning at high magnification. As seen in Fig. 6.4(e), the PAn 

layer provides good coverage of rod surfaces. 

 

Figure 6.4 SEM images of bare LiV3O8 (a, b), and LiV3O8 - 12 wt. % PAn composite (c, 

d, e) 
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Scanning electron microscopy and energy dispersive spectroscopy (SEM/EDS) mapping 

of the different elements were conducted to analyse the distribution of the species within 

the particles (Fig. 6.5). The bright spots correspond to the presence of the elements N, V, 

and O, respectively, in which N is the element found only in PAn. Element N is 

distributed uniformly throughout the whole area, which indicates that the PAn has 

uniformly coated the surfaces of the LiV3O8 nanorods. 

 

Figure 6.5 SEM image (upper left) and chemical maps of N, V, and O for the 12 wt. % 

PAn-LiV3O8 composite powder. 

 

6.3.2 Electrochemical characterization 

 

The 1st, 2nd, 5th, 50th, and 100th cycle voltage vs. specific capacity curves for the LiV3O8 

and LiV3O8-12 wt. % PAn cells are presented in Fig. 6.6. From the charge-discharge 

curves of the samples, it can be seen that LiV3O8-PAn composite has higher capacity and 
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superior stability in comparison with the bare LiV3O8 over 100 cycles.  The pure LiV3O8 

shows multistep processes in its charge and discharge curves, which are the same as those 

in previous reports 55, 198, 255. The first specific discharge capacity of the composite is 

lower than in subsequent cycles, which is probably due to the activation of PAn in the 

charge-discharge process. This phenomenon will be discussed below.  

 

Figure 6.6 Charge-discharge curves for selected cycles of LiV3O8 (a) and LiV3O8-12 wt. 

% PAn (b) at 0.1 C. 

 

Cyclic voltammograms of electrodes made from LiV3O8, composite and PAn are shown 

in Fig. 6.7. The first cycle voltammograms are rather different from the rest, indicating 

that some structural modifications have probably taken place during the first charge and 

discharge operations. There are four anodic peaks at 2.48 V, 2.79 V, 2.85 V, and 3.69 V 

for the bare LiV3O8 electrode, which is related to the deinsertion of Li+. The main 

cathodic peaks of the bare LiV3O8 are at 1.90 V, 2.50 V, 2.74 V, 2.81 V and 3.63 V. The 

cathodic peak observed around 2.50 V could be attributed, based on the literature, to the 

two-phase transformation of Li3V3O8/Li4V3O8 
252, 256, 257, while the other peaks correspond 

to individual phase transformations 22, 23.  After the introduction of PAn, the two anodic 

peaks at 2.81 V and 2.74 V cannot be separated anymore, the two peaks were merged into 

one broad peak at 2.82 V as a broad oxidation peak exists in PAn between 2.5 and 3.4 V 
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(see Fig. 6.7C). In addition, the anodic peak at 2.48 V becomes broader and appears as a 

shoulder in the foot of peak at 2.82 V. 

 

Figure 6.7 Cyclic voltammorgrams for selected cycles of the electrodes made from: (a) 

bare LiV3O8, (b) LiV3O8-12 wt. % PAn, (c) bare PAn. Scanning rate: 0.1 mV s-1 

 

Figure 6.8(a) presents the specific discharge capacity of the electrodes prepared from 

LiV3O8/PAn composites, bare LiV3O8, and PAn, with cycling at 0.1 C. The first specific 

discharge capacity of PAn powder is lower than for subsequent cycles, which is probably 

due to its gradual activation in the first discharge process 85. After that, the capacity of 

PAn becomes steady and is maintained at 62 mAh g-1 over 100 cycles, indicating that it is 

electroactive in the range of 1.5-4.0 V. The bare LiV3O8 electrode shows an initial 

capacity of 283 mAh g-1. This is higher than the initial capacities of the composite 

electrodes, which are 186 mAh g-1 for LiV3O8-23 wt. % PAn, 243 mAh g-1 for LiV3O8-12 
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wt. % PAn and 260 mAh g-1 for LiV3O8-5 wt. % PAn. However, the capacity of bare 

LiV3O8 continuously decreases and declines to 108 mAh g-1 over 100 cycles, which is 

only about 38 % of the initial capacity, indicating poor cycling performance. 

Interestingly, the discharge capacities of all the composites first increase and then reach a 

maximum capacity at the fifth cycle, which should be attributed to the activation of PAn. 

The capacity of LiV3O8-5 wt. % PAn reaches 130 mAh g-1 after 100 cycles. The 

composite with 12 wt. % polyaniline presents the best cycling stability, showing a 

specific discharge capacity of 204 mA g-1 after 100 cycles. This excellent electrochemical 

performance is comparable what was reported for LiV3O8/polypyrrole (183 mAh g-1 after 

100 cycles) 198. Further increase of PAn content in the composite would reduce the 

specific capacity of the composite electrode because the practical capacity of PAn is only 

60 mAh g-1, which is much lower than that of LiV3O8. The first cycle coulombic 

efficiency of bare LiV3O8 is 90.9 % and that for the following cycles around 95 %. After 

16 cycles, the coulombic efficiency reaches 98.0 %. The LiV3O8-12 wt. % PAn electrode 

showed a higher first cycle efficiency of 91.0 %, and maintained a steady value of 98 % 

after the first 8 cycles. We believe that the low coulombic efficiency of bare LiV3O8 in 

the first few cycles is mainly due to its low conductivity. 

 

The composite with 12 wt. % PAn was chosen to test the cycling performance at different 

charge/discharge rates in comparison with bare LiV3O8. The electrode capacities were 

measured after 5 cycles at each rate from 0.2 C to 4 C in an ascending order, followed by 

a return to 0.2 C. The results are shown in Figure 6.8 (c). The composite presents 

excellent cycling stability at each rate, and the capacities are measured to be 230 mAh g-1 

at 0.5 C, 201 mAh g-1 at 1C, 180 mAh g-1 at 2 C, and 152 mAh g-1 at 4 C. On returning to 

0.2 C, the composite electrode delivers 250 mAh g-1, which is much better than the 

performance of the bare LiV3O8 electrode (184 mAh g-1). The high-rate performance is 
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even better than that of LiV3O8/carbon nanosheets (110 mAh g-1 at 5 C and 173 mAh g-1 

at 0.5 C) 54. 

 

Figure 6.8 (a) Cycle life of as-prepared LiV3O8 nanorods and LiV3O8-PAn composites at 

0.1 C (1 C = 280 mAh g-1). (b) Coulombic efficiency of LiV3O8 and LiV3O8-12 wt. % 

PAn composite at 0.1 C. (c) Rate capabilities of LiV3O8 and LiV3O8-12 wt. % PAn 

composite with changing current densities from 0.2 C to 4 C and back to 0.2 C between 

1.5 V and 4.0 V vs. Li/Li+. 

 

In order to explore the reasons for the good cycling performance of the composites, 

electrochemical impedance spectroscopy (EIS) was performed on the electrodes made 

from the as-obtained materials in the fully discharged state, and the results are presented 

in Fig. 6.9. The impedance curves show one compressed semicircle in the medium-

frequency region, which could be assigned to charge transfer resistance (Rct), and inclined 

line in the low-frequency range which could be considered as Warburg impedance. The 

values of Rct for the LiV3O8 and the composite electrodes are 301 and 504 Ω, 
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respectively, indicating that the PAn coating can significantly increase the electrical 

conductivity between LiV3O8 nanorods. 

 

A morphological study of the electrodes before cycling and after 100 cycles was also 

conducted (Fig. 6.10). Fig. 6.10 (b) is a SEM image showing the surface of the LiV3O8 

after 100 cycles, where big cracks can be clearly observed on the surface of the electrode. 

For the LiV3O8-PAn composite electrode (Fig. 6.9(d)), however, the cracks are not 

obvious, the integrity of the electrode is retained, and the cell just shows slight  

 

Figure 6.9 Nyquist impedance plots of the bare LiV3O8 and the LiV3O8-12 wt. % PAn 

composite electrodes after 100 cycles. The inset shows the equivalent circuit. 

 

Table 6.1 Fitting result for EIS data on pristine LiV3O8 and LiV3O8-12 wt. % PAn 

composite electrodes after cycling. 

 Rl (Ω) Rct (Ω) 

LiV3O8 1.3 301 

LiV3O8-12 wt. % PAn 5.6 504 
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Figure 6.10 SEM images of electrode surfaces of LiV3O8 (a, b) and LiV3O8- 12 wt % PAn 

composite (c, d) before (a, c) and after (b, d) 100 cycles.  

 

agglomeration compared to the electrode before cycling (Figure 6.10 (a, c)), suggesting 

good structural stability of the composite electrode. This excellent stability of 

theelectrode may be attributed to the presence of the well-dispersed PAn coating on the 

LiV3O8 powders. The LiV3O8 structural changes during charging/discharging could be 

buffered by the presence of PAn. Moreover, PAn could prevent cracking and 

pulverization of the LiV3O8 electrode. At the same time, PAn can also acts as a 

conductive element by contributing its electroactivity, resulting in an increase in the 

storage capacity. Therefore, by coating with PAn, enhanced cycling stability and good 

high rate performance can be achieved. 
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Figure 6.11 The lithium anode in the cells of LiV3O8 (A) and LiV3O8- 12 wt. % PAn (B) 

after 100 cycles. 

 

The cells were opened after 100 cycles to observe any differences on the lithium anode 

surface. Some black material was found on the surface of the lithium metal in the bare 

LiV3O8 cells (Fig. 6.11). This is due to dissolution of the LiV3O8 particles into the 

electrolyte, which then migrated to the lithium anode through the separator via the 

electrolyte, where the reduction of vanadium ions took place. In this regard, it is expected 

that the dissolved vanadium complexes would be deposited on the surface of the lithium 

anode, which would induce a dramatic impedance rise in the cells. In contrast, the lithium 

foil in the composite material cell shows no such change, indicating that a uniform PAn 

coating on the surface of the LiV3O8 is an effective way to improve the cycling stability 

by preventing the vanadium dissolution. 

 

6.4 Summary 

 

LiV3O8 nanorods coated with conducting polyaniline are prepared by a simple chemical 

method. With 12 wt. % PAn coating, although a high initial discharge capacity could not 
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be obtained, improved cycling performance and substantially improved high rate capacity 

have been demonstrated. This excellent electrochemical performance can be attributed to 

the buffering action of PAn, preventing the dissolution of active material in the electrolyte 

and promoting good electrical conductivity compared to bare LiV3O8. 
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Chapter 7 Improving the Electrochemical 

Performance of LiNi0.5Mn1.5O4 Spinel by 

Polypyrrole Coating as Cathode Material for 

Lithium-ion Battery 

 

7.1 Introduction 

 

Recently, Rechargeable LIBs have been intensively pursued for hybrid electric vehicle 

(HEV) and electric vehicle (EV) application 8, 174. Unfortunately, the conventional LIBs 

based on graphite anode and LiCoO2 cathode only provide an energy density of 400 Wh 

kg-1 258, which can hardly meet the requirements of high energy storage for EVs. One 

effective way to enhance the energy and power densities of the LIB is to increase its 

operating voltage. As a consequence, extensive research has been conducted on 

developing novel cathode materials with high cutoff voltage to replace commercial 

LiCoO2 (~ 3.7 V). LiMn2O4 has been reported as a very promising cathode candidate due 

to its economic and environmental advantages 259. In particular, the addition of partial 

cation replacement of Mn by a transition metal, M (M = Cr, Co, Fe, Ni, and Cu), in the 

spinel oxides LiMn2-xMxO4 can further increase the cell operating voltage and provide 

stability for the crystal structure 260, 261. Among these elements, since the redox couples of 

Ni4+ to Ni2+ are located at ~ 4.75 V in the spinel LiNi0.5Mn1.5O4 (LNMO), the energy 

density of this material can reach a very high value of 658 Wh kg-1, which considerably 

exceeds that for pristine LiMn2O4 (440 Wh kg-1) 262, 263. In this regard, LNMO is currently 
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considered as one of the most promising high voltage cathodes for future LIBs to meet 

the demands of electric vehicle applications. 

 

Despite the promise of the LNMO cathode material, there still exist multiple fundamental 

material challenges that prevent its commercialization. Firstly, the major charge/discharge 

reactions of LNMO take place up to ~ 4.7 V (vs. Li/Li+), which would be an advantage if 

it were not beyond the stability potential (~ 4.5 V) of conventional electrolyte 264. The 

electrolyte is not stable against oxidation at such high potential, which may result in the 

formation of the formation of a detrimental solid electrolyte interphase (SEI) layer, 

hindering the insertion/extraction of Li+ ions, which leads to capacity fade and poor cycle 

life. In addition, the common impurity Mn3+ in LNMO is inclined to form Mn2+ during 

cycling due to its Jahn-Teller distortion265. The Mn2+ ion is reported to have a tendency to 

dissolve into the electrolyte and be further deposited on the surface of the anode, with the 

deposition subsequently increasing the impedance of the battery and causing potential 

energy losses 266. Recently, Benedek and Thackeray proposed that trace amounts of HF in 

the electrolyte may also cause Mn dissolution267. In the LNMO spinel, the Mn and Ni 

dissolution reaction in the presence of HF can be proposed as follows: 

2LiNi0.5Mn1.5O4 + 4H+ + 4F- → 3Ni0.25Mn0.75O2 + 0.25NiF2 + 0.75MnF2 + 2LiF + 2H2O   

                                                                                                                                        (7.1) 

At elevated temperature, these undesirable processes are accelerated, which significantly 

limits the practical application of LNMO as cathode material in the LIB268, 269. 

 

In order to overcome these obstacles, surface modification of the LNMO with a protective 

layer has been proved to be an effective approach. Previously, the effects of some metal 

oxides used for the coating, such as ZnO 270, 271, Al2O3 
272, Bi2O3 

273, Co3O4 
274 and TiO2 

266, have been investigated and were found to have enhanced the electrochemical 



 

112 

 

performance at both room and elevated temperature. These metal oxide layers can 

provide a protective skin to control interfacial side reactions and decrease the amounts of 

Ni and Mn dissolution. Meanwhile, coating with some cathode materials, Co2O3/LiCoO2 

274,  LiFePO4 
275 and FePO4 

276, has also yielded great improvement in the cycling stability 

of LNMO. Unfortunately, because the conductivity of these inorganic materials is 

relatively low, there is no dramatic change in Li+ diffusivity, and these coatings even 

make the high-rate performance of the composite worse than that before the coating 277. In 

addition, the metal oxides tend to be discontinuously deposited onto the LNMO, which 

leads to the limited coverage of the LNMO surface. Conductive carbon coating is 

reported as another strategy278, 279, but this approach is still difficult to apply to LNMO 

since a reducing atmosphere is needed for a carbon source to carbonize at high 

temperature, and the Mn4+ in LNMO is easily reduced to Mn3+ by carbon. In this regard, 

it is important to find another novel coating material which can act as both a protective 

and conductive layer for LNMO. 

 

In recent years, conducting polymers have been considered as another type of potential 

additive to improve cycling stability and rate performance in lithium ion batteries. 

Conducting polymers have been reported to be a stable wrapping layer during the charge-

discharge process for some promising cathode materials, such as LiFePO4 
79, LiV3O8 

280, 

LiMn2O4 
281, 282 and LiCoO2 

283. Cho et. al. 284 demonstrated that polyimide (PI) coating, 

deposited on the surface of LNMO by thermally curing 4-component polyamic acid, 

featured a highly continuous surface coverage with nanometre thickness. The PI wrapping 

layer acted as a novel ion-conductive protective skin to buffer the unwanted side reactions 

occurring on the LNMO surface, as well as Mn dissolution in the electrolyte. 

Nevertheless, the composite still presented a low discharge capacity at very high current 

densities, such as 5 C and 10 C, which was attributed to the additional electronic 
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resistance caused by introducing PI layer at high discharge current densities. Therefore, it 

is still worthwhile to explore the use of new polymers to increase the conductivity of 

LNMO. Among various conductive polymers, polypyrrole (PPy) has been used 

extensively because it is less toxic compared with other conducting polymers and can be 

easily produced with the desired morphology by chemical reaction. Through p-doping, 

the electrical conductivity of PPy can reach the level of a few tenths of S/cm 71, 208.  In our 

previous study, PPy has been proved to not only be able to protect the surface of the 

electrode, but also serve as a conductive matrix for the active material 112, 124, 190. Herein, 

we have prepared submicron-sized LNMO with PPy coating via simple chemical 

oxidative polymerization in an aqueous solution. The electrochemical properties of 

LNMO-PPy as cathode material in Li-ion batteries were systematically investigated. 

 

7.2 Experimental 

 

7.2.1 Material synthesis 

 

Synthesis of MnCO3 microspheres: In a typical reaction, MnSO4·H2O (14 mmol) and 

NH4HCO3 (140 mmol) were separately dissolved in water (100 mL). 20 mL of ethanol 

was then added into the above MnSO4 solution under stirring and cooled down to 4 ˚C. 

After complete dispersion, the NH4HCO3 solution was quickly added into the mixture and 

then a white precipitate could be observed. The mixture was continued then kept at 4 ˚C 

for 2 h. Then, the white precipitate was collected by filtration, washed with water and 

anhydrous ethanol three times, and dried at 80 ˚C under vacuum for 12 h. 

 

Synthesis of bare LNMO: Stoichiometric proportions of as-prepared porous MnCO3 

microspheres, Ni(NO3)2·6H2O, and the eutectic molten-salt285 of 0.62:0.38 (mol/mol) 
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LiNO3 and LiOH·H2O were dispersed in ethanol under continuous stirring. After 

evaporation at 50 ˚C for 1 h, the mixture was put into a muffle furnace for calcination at 

230 ˚C for 3 h, and then the temperature was raised to 800 ºC for 20 h to obtain the 

product. 

 

Synthesis of LNMO-PPy composite: 100 mg of the as-prepared LNMO material was 

dispersed in 10 mL aqueous solution. Then, a 3:1 (mol/mol) mixture of pyrrole monomer 

(5mg, 7 mg, 10 mg) and p-toluenesulfonyl sodium were added into the solution and 

ultrasonicated for 10 min to become well dispersed. FeCl3 solution (100 mg in 10 mL 

water) was then added dropwise under constant stirring to initiate the polyreaction. The 

reaction was carried out in an iced bath over 12 h. The final products were then filtered, 

washed with distilled water, and dried at 60 ºC in a vacuum oven for 12 h. 

 

7.2.2 Materials characterization 

 

Thermogravimetric analysis (TGA) was carried out on a METTLER TGA system via a 

Setaram 92 instrument to determine the PPy content. The phase of the samples were 

investigated by on powder X-ray diffraction (XRD) using a GBC MMA X-ray generator 

and diffracto-meter with Cu Kα radiation. The morphologies of the samples were 

observed using scanning electron microscopy (SEM, JEOL JSM-7500FA, equipped with 

a JEOL energy dispersive spectroscopy (EDS) system). Transmission electron 

microscopy (TEM) analysis was performed on a JEOL 2100 analytical instrument, 

operating at 200 keV. The presence of PPy was confirmed by using a JOBIN YVON 

HR800 confocal Raman system with 632.8 nm diode laser excitation on a 300 lines/mm 

grating at room temperature. The specific surface areas were determined by the Brunauer-

Emmett-Teller technique (BET, Quanta Chrome Nova 1000). 
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7.2.3 Electrochemical characterization 

 

The electrochemical experiments were performed on CR2032 cells. Lithium sheets were 

used both as counter electrode. A fleece separator was soaked with 1 M LiPF6 in 3:7 

ethylene carbonate: diethyl carbonate (v/v). The cells were assembled in an argon-filled 

glove box where both moisture and oxygen levels were kept below 1 ppm. They were 

cycled in the voltage range between 3.5 V and 4.9 V in various current densities at room 

and elevated temperature. AC-impedance measurements were carried out utilizing a CHI 

660B electrochemical workstation. The specific capacity is based on the weight of the 

LNMO or LNMO-PPy composite material. 

 

7.3 Results and Discussion 

 

7.3.1 Physicochemical characterization 

 

The PPy content in the composite was determined by thermo gravimetric analysis. The 

samples were heated from 50 ˚C to 600 ˚C at a rate of 10 ˚C min-1. As shown in Fig. 

7.1(a), the PPy powder begins to decompose around 200 ºC and completely disintegrates 

at 500 ºC. The enlargement of the bare LNMO and LNMO-PPy composites over the 

range from 90% to 100% retained mass is the inset in Fig. 7.1(a), which indicates that the 

bare LNMO maintains a constant weight as the temperature increases. Therefore, the PPy 

contents in the composites are calculated to be 3 wt. %, 5 wt. %, and 8 wt. %, respectively. 
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Figure 7.1 TGA curves, with the inset showing an enlargement of the indicated region (a) 

X-ray diffraction patterns (b), and Raman spectra (c) of the samples. 

 

The X-ray diffraction (XRD) patterns obtained from the bare LNMO and the LNMO-PPy 

composites are displayed in Fig. 7.1(b). The pattern of the bare LNMO corresponds to the 

cubic spinel structure (space group = Fd3m, JCPDS #32-0581). Very weak peaks, 

corresponding to LiNi1-xO2, are detected on the left shoulders of the peaks for the (400), 

(222) and (440) planes. This impurity is believed to originate from the oxygen loss in the 

samples at high annealing temperatures above 750 ˚C 286. No substantial difference in the 

XRD patterns between the bare and PPy-coated LNMO composites was observed, 

demonstrating that the introduction of the PPy wrapping layer does not degrade the spinel 

crystalline structure of LNMO. 

 

Raman spectroscopy confirmed the presence of PPy in the LNMO composites [Fig. 

7.1(c)]. The bare LNMO exhibits characteristic bands located at 630 cm-1, 498 cm-1, and 
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164 cm-1 in the Raman spectrum24. The Raman spectrum of the as-prepared PPy displays 

the vibrational band characteristic of the oxidized state at 1592 cm-1, related to a mixed 

vC=C and inter-ring vC-C vibration of short conjugation lengths, while the bands at 1327, 

1253, 1060 cm-1, are assigned to the ring deformation mode (δring) and the 931 cm-1 band 

is related to C-H out-of-the-plane deformation 202. The presence of similar oxidized PPy 

bands in the Raman spectra of LNMO-5 wt. % PPy composite indicates that no chemical 

reaction between PPy and LNMO occurred during preparation. 

 

Figure 7.2 FESEM images of bare LNMO (a, c) and LNMO-5 wt. % PPy (b, d) at various 

magnifications 

 

The morphologies of the bare LNMO and LNMO-5 wt. % PPy were characterized by 

field emission scanning electron microscopy (FESEM). The low-magnification SEM 

image [Fig. 7.2(a)] reveals that the size of the LNMO particles is around 200-500 nm. A 

very clean and smooth surface of the bare LNMO can be seen in Fig. 7.2(c) at high 

magnification. In comparison, a relatively rough surface for the LNMO-5 wt. % PPy 
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composite was observed [Fig. 7.3(d)]. This indicates that a relatively uniform PPy layer 

had been coated successfully onto the outer surface of the LNMO.  

 

Figure 7.3 TEM (a) and high resolution TEM (b) images of LNMO-5 wt. % PPy. SEM 

image and elements maps (c) of Mn and N for the LNMO-5 wt. % PPy composite. 

 

Examination by transmission electron microscopy of LNMO-5 wt. % PPy [Fig. 7.3(a, b)] 

confirmed the presence of a uniform PPy coating on all particles [Fig. 7.3(a)]. The crystal 

plane spacing of 0.47 nm indicated in the high resolution image, Fig. 7.3(b), is consistent 

with the LNMO (111) plane. The TEM data in Fig. 7.3(b) also demonstrates that the 

porous PPy layer is around 3 nm in thickness, which may resulted in high surface area for 

the composite. This is demonstrated by the high surface area determined by Brunauer-

Emmett-Teller (BET) gas adsorption/desorption of the PPy-coated composites. The 

surface areas are 25, 30, 32 and 35 m2g-1 for the bare, 3 %, 5 % and 8 wt. % PPy coated 

samples, respectively. 

 

Fig. 7.3(c) presents the energy dispersive X-ray spectroscopy (EDX) mapping of LNMO-

5 wt. % PPy under SEM (with the SEM image on the bottom left side showing the 

mapping area). Within the resolution limit, EDS mapping of positions of the element N, 
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which corresponds to PPy, appears uniform, with the N close to the positions of the 

element Mn. This again confirms that the LNMO particles were uniformly wrapped up in 

the PPy layer. 

 

7.3.2 Electrochemical properties 

 

Figure 7.4 1st, 100th and 200th cycle charge/discharge curves of LNMO (a), LNMO-3 wt. % 

PPy (b), LNMO-5 wt. % (c), and LNMO-8 wt. % PPy (d) at 1.0 C and room temperature 

(25 ºC). 

 

The electrochemical performances of the as-prepared samples were examined in the 

voltage range between 3.5 V and 4.9 V vs. Li/Li+ at the rate of 1.0 C (1 C=140 mA/g) up 

to 100 cycles at room temperature (25 ˚C). Figure 7.4(a) shows the voltage profiles of the 

electrochemical cells in the range between 3.5 V and 4.9 V at a rate of 1.0 C. The first, 

100th, and 200th charge-discharge curves of bare and surface modified LNMO with 

various contents of PPy are shown in Fig. 7.4(a). Two high-voltage plateaus were 
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observed at 4.70 V and 4.75 V, which can be associate with the Ni3+/2+ and Ni4+/3+ formal 

couples in LNMO 284, 286. There is a small cathodic plateau located at 4.1 V, which is 

attributed to the Mn3+/4+ couple 262. No other peak is observed in Fig. 7.4(a), indicating 

that PPy does not lead to extra redox reactions in the tested voltage range, which means 

the PPy remains stable during cycling and does not contribute to the discharge capacity. 

We also noticed that as the content of PPy coating increases, the polarization gap in the 

initial cycle becomes more apparent. This is probably because the thicker PPy layer 

would separate the active material from the electrolyte, but as the cycle number increases, 

better wetting of the active material by the electrolyte is achieved. Accordingly, the 

discharge capacities of the composites increase in the first few cycles. 

 

Figure 7.5 Electrochemical performance of bare LNMO and LNMO-PPy composite 

electrodes cycled between 3.5 V and 4.9 V at room temperature vs. Li/Li+ (25 ºC): a) 

cycle life of LNMO and LNMO composites at the 1.0 C rate; b) coulombic efficiency of 

LNMO and LNMO-5wt.% PPy at the 1.0 C rate; c) rate capabilities of LNMO and 

LNMO-5wt. % PPy electrodes. 
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Figure 7.5(a) compares the cycling performances of the bare LNMO and LNMO-PPy 

electrodes at the 1 C rate and room temperature (25 ˚C). The bare LNMO delivers a 

discharge capacity of 116 mAh g-1 at the first cycle. After that, the discharge capacity 

continuously decreases and drops to 94 mAh g-1 after 300 cycles, and only 76.7 % 

capacity retention is achieved. In contrast, reversible discharge capacities of 107.4, 112.9, 

and 99.1 mAh g-1 can be retained for composites with 3 %, 5 %, and 8 % PPy over 300 

cycles at room temperature, corresponding to the respective capacity retentions of 83.2%, 

91.0 % and 85.7 %. This confirms that the discharge capacities in the first few cycles of 

the LNMO-PPy electrodes are lower than for the bare LNMO electrode, which is 

probably due to an active process for the PPy-coated composites. This active process that 

occurs in the coated samples is attributed to the slow wetting of electrolyte as it infiltrated 

into the porous battery electrode, with the result that the active material not 

charge/discharge enough initially. The first cycle coulombic efficiencies are 84.1 % and 

86.4 % for bare LNMO and LNMO-5 wt.% PPy respectively. Afterwards, the efficiencies 

increase rapidly to a high level during cycling (97 % for cycles 5-20, 98-99 % for cycles 

21-300). This can be attributed to the fact that, although the PPy coating can improve the 

cycling performance, it still has no obvious effect towards increasing the coulombic 

efficiency of LNMO at room temperature. 

 

The composite with 5 wt. % PPy was chosen to test the rate capability, and it showed 

high Li+ storage at high current density as well [Fig. 7.5(c)]. For testing, the cell was first 

discharged/charged at the current density of 1.5 C for 6 cycles, and then at various current 

densities from 2.0 C to 5.0 C for 10 cycles each, before finally returning to 1.5 C. The 

reversible capacities are 105, 98, 92, and 85 mAh g-1 at 2.0, 3.0, 4.0, and 5.0 C, 

respectively. When the rate returned to 1.5 C, the specific capacity can be recovered up to 

117 mAh g-1, indicating a very stable cycling performance. In comparison, the bare 
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LNMO shows relatively poor capability at large current densities. It is accepted that the 

electrochemical performance at high rate is largely dependent on the electrical 

conductivity of the active material. Therefore, this superior electrochemical performance 

of LNMO-PPy should be ascribed to the high conductivity of the PPy layer. Herein, we 

should point out the performance of our PPy coating sample compares favorably with 

some other reports in the literature. As mentioned above, some common inorganic 

materials, have been proved to only work as a protective layer on the surface of active 

material, but cannot enhance the rate capabilities for LNMO266, 271. On the other hand, 

carbon coating only leads to limited improvement 279, while other polymer coatings, such 

as polyimide 284, even made the battery performance worse than before at 5 C and 10 C. 

 

Figure 7.6 1st, 50th, and 100th cycle charge/discharge curves of LNMO (a), LNMO-3 wt. % 

PPy (b), LNMO-5 wt. % (c), and LNMO-8 wt. % PPy (d) at 1.0 C and elevated 

temperature (55 ºC). 

 

The electrochemical properties of the obtained samples were further tested at elevated 

temperature (55 ºC). Before cycling, the cells were all stored in an oven for 10 h at 55 ˚C. 
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The first, 50th and 100th charge-discharge curves of bare and surface modified LNMO 

with various contents of PPy are shown in Fig. 7.6. The electrode made from bare LNMO 

displays initial discharge and charge capacities of 116 mAh g-1 and 193 mAh g-1, 

respectively. Such huge charge consumption in the oxidation period can be ascribed to the 

formation of a large impedance 287. Previous work has been reported that some 

undesirable interfacial reactions between LNMO and the liquid electrolyte are facilitated 

in storage at elevated temperature for a long time263, 273. The products from these harmful 

reactions are easy to deposit on the surface of the spinel cathode, resulting in the 

polarization resistance and large impedance. Furthermore, at the high operating voltage of 

5 V, spinel cathodes would accelerate the formation of HF in the electrolyte. The 

increased concentration of HF would enhance the dissolution of Mn in the LNMO 

electrode material, causing poor electrochemical performance263. As shown in Fig. 7.6 (b, 

c, d), the electrolyte decomposition and concomitant film deposition on the PPy coated 

samples is significantly suppressed as the strong polarization gap disappears in the initial 

cycle. The initial coulombic efficiencies of LNMO-3 wt. % PPy, LNMO-5 wt. % PPy, 

and LNMO-8 wt. % are 67.5 %, 84.1 %, and 79.1 %, respectively. It should be noted that, 

although the higher temperature can promote the Li+ transmission and accelerate the 

soaking of the electrolyte into the electrode, the thicker PPy layer may still interrupt 

electrode wetting. Therefore, the LNMO-5 wt. % PPy composite presents higher initial 

columbic efficiency than LNMO-8 wt. % PPy. 

 

Figure 7.7(a) compares the cycling performances of the bare LNMO and LNMO-PPy 

composites at the 1 C rate and elevated temperature (55 ˚C). The bare LNMO delivers a 

discharge capacity of 94.5 mAh g-1 and exhibits capacity retention of only 81.4 % after 

100 cycles. All the PPy-coated LNMO composites show better capacity retention than 

that of the bare sample. Among these cells, the LNMO-5 wt. % PPy has the best 
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electrochemical performance. After 100 cycles, it still retains a reversible capacity of 

105.2 mAh g-1, corresponding to capacity retention of 91 %. The capacity retentions of 

LNMO-3 wt. % PPy and LNMO-8 wt. % PPy are 83 % and 86 % after 100 cycles, 

respectively. The substantially improved cycling performance should be ascribed to the 

suppression of the dissolution of manganese and the electrode polarization, with the 

effective protection of the LNMO surface by the nano-architectured of the PPy wrapping 

layer. To understand this behavior, AC impedance measurements and chemical analyses 

were performed on the electrodes after cycling, which will be discussed in detail later.  

 

Figure 7.7 Cycling performance of LNMO, LNMO-3 wt. % PPy, LNMO-5 wt. %, and 

LNMO-8 wt. % PPy at 1.0 C and elevated temperature (55 ºC): (a) specific capacity and 

(b) coulombic efficiency. 
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The coulombic efficiencies of the four samples are also summarized and compared in Fig. 

7.6(b). Obviously, the coulombic efficiencies of all the composites cycled at elevated 

temperature are higher than those of the bare LNMO sample, which confirms that the PPy 

coating can effectively suppress the serious resistive effects of the surface film under 

harsh conditions: the highly oxidizing environment (> 4.5 V) and the elevated 

temperature 269. This surface film causes thick solid electrolyte interphase (SEI) formation 

on the surface of the active material, thus leading to low coulombic efficiencies. After 5 

cycles, however, the coulombic efficiencies of all the cells with PPy coating can reach 

92%, while that for bare LNMO is only around 90 %.  

 

Figure 7.8 Nyquist plots of pristine LNMO and LNMO-5 wt. % PPy electrode before 

cycling and after cycling at 55 ˚C and 25 ˚C. The inset in (a) is the equivalent circuit used 

to interpret the data. 
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Table 7.1 Measured EIS data on pristine LNMO and LNMO-5wt. % PPy electrode after 

cycling. 

 Re (Ω) Rfilm (Ω) Rct (Ω) 

LNMO (25 ˚C) 7.41 63.16 124.79 

LNMO-5 wt.% PPy 

(25 ˚C) 

6.23 18.59 72.63 

LNMO (55 ˚C) 2.25 132.87 203.58 

LNMO-5 wt.% PPy 

(55 ˚C) 

2.14 123.49 170.45 

 

AC impedance analysis was conducted to explain the difference in performance shown in 

Fig. 7.8. The Nyquist plots before cycling consist of a semicircle and a straight line. The 

diameters of the semicircles for the bare LNMO cell and LNMO-5 wt. % PPy electrodes 

before cycling are 32 Ω and 45 Ω, respectively. After 300 cycles, two depressed 

semicircles were observed. The impedance data collected after cycling were fitted with 

the equivalent circuit shown in Fig. 7.9(a). In brief, they reflect three major constants: 288 

Re is the solution resistance due to electrolyte impedance and electrical contacts, which 

can be obtained from the intercept of the semicircle at high frequency with the x-axis. The 

semicircle in the high frequency region (f > 300 Hz), Rfilm, reflects the contact resistances 

between the active materials, the electrolyte and the current collector. The semicircle in 

the middle frequency range (0.1 Hz < f < 10 Hz), Rct, is attributed to the charge transfer 

resistance 269. Their values calculated from the Nyquist plots are summarized in Table 7.1. 

The decrease in the resistance after cycling confirms that the incorporation of PPy is an 

effective method for enhancing the electron transport of LNMO, and consequently leads 

to a significant improvement in the electrochemical performance. 
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Interestingly, two condensed semicircles were observed in spectrum for the bare LNMO 

electrode at 55 ˚C before cycling, which means that a small portion of the electrolyte had 

been decomposed and directly deposited on the surface of the electrode after storage at 

high temperature for 8 h 273. The electrolyte decomposition might have already formed a 

SEI layer on the active material before cycling, which is accordance with the 

electrochemical response of the electrode, which is discussed above. In contrast, the 

LNMO-5 wt. % PPy cell only shows one semicircle with 42 Ω, indicating a faster 

interfacial charge transfer. 

 

Figure 7.9 (a) Photographs of the lithium anodes [LNMO-5 wt. % (A) and bare LNMO 

(B)] and the corresponding separators, (b) EDX spectrum of the lithium anode in the coin 

cell of the bare LNMO sample after 100 cycles at 55 ˚C. 
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The cells after 100 cycles at 55 ºC were opened up to observe the differences on the 

lithium anode surface. Much black material was found on the surface of the lithium metal 

and the separator in the bare LNMO cell [Fig. 7.9(a)], while the lithium foil in the 

LNMO-5 wt. % cell is clear. The Li anode in the cell with the bare LNMO was further 

analyzed by energy dispersive spectroscopy [Fig. 7.9(b)], and strong Mn and Ni peaks 

were clearly detected. This is believed to be due to dissolution of Mn2+ and Ni2+ in the 

active material into the electrolyte, which then migrates to and is deposited on the lithium 

anode. Therefore, we believe that a uniform PPy coating on the surface of LNMO not 

only can act an ion-conductive layer, but also acts to suppress the decomposition of Mn 

and Ni at elevated temperatures, as is demonstrated in Fig. 7.10. 

 

 

Figure 7.10 Schematic illustration of how the PPy layer acts as a conductive and 

protective layer suppresses the dissolution of Mn, as well as the unwanted electrolyte 

decomposition at elevated temperature. 

 

Based on the discussions above, the PPy is demonstrated to be an effective additive for 

improving the electrochemical performance of the LNMO cathode material. The 



 

129 

 

promising electrochemical performance of LNMO/PPy can be ascribed to three reasons 

(demonstrated in Fig. 7.10): (1) PPy is a kind of conductive polymer and can work as a 

conductive additive, thus improving the conductivity of bare LNMO; (2) the dissolution 

of Mn2+ into the electrolyte can be suppressed by the PPy layer; and (3) the external PPy 

layer on the LNMO particles can further relieve the serious electrolyte decomposition for 

the active material, and thus improve the initial coulombic efficiency at elevated 

temperature. 

 

7.4 Summary 

 

An innovative way to improve the electrochemical performance of LNMO by depositing 

a conductive PPy coating has been demonstrated. It is suggested that the LNMO with 5 

wt. % PPy coating shows the best cycle life and coulombic efficiency compared to those 

of the bare LNMO and LNMO with other PPy content. The results of chemical analyse is 

of the lithium foil anode after cycling confirm that the presence of the PPy coating layer 

is responsible for the suppression of manganese and nickel dissolution in the LNMO 

during Li+ insertion/de-insertion processes. The PPy layer can also protect the electrode 

from the products which originate from the decomposition of the electrolyte at elevated 

temperature, and it thus leads to higher coulombic efficiencies. In addition, a uniform PPy 

layer is also proved to be an effective conductive agent for the electrode, leading to 

attractive lithium storage capability at a high charge/discharge rates. Adding into 

consideration the superior electrical performance with PPy, we believe the LNMO-PPy 

composite has potential for as a high-energy and high-power cathode material for the 

LIBs. 
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Chapter 8 LiNi
0.5

Mn
1.5

O
4
 Spinel cathode using room 

temperature ionic liquid as electrolyte 

 

8.1 Introduction 

 

The search for cathode materials and electrolytes with high voltage capacity for LIBs has 

been intense in recent years, since the capacity of a LIB is normally limited by the 

cathode material due to the safety concerns. In recent years, LiNi0.5Mn1.5O4 (LNMO) has 

attracted considerable attention from many research groups in the field of energy storage, 

owing to its high specific energy of 658 Wh kg-1 289-291, which is much higher than 

commercially available cathode materials such as LiCoO2 (518 Wh kg-1), LiMn2O4 (400 

Wh kg-1), LiFePO4 (495 Wh kg-1), and LiCo1/3Ni1/3Mn1/3O2 (576 Wh kg-1). The major 

charge/discharge reactions of LiNi0.5Mn1.5O4 take place, however, at ~ 4.7 V (vs. Li/Li+), 

which is beyond the stability potential (~4.5 V) of conventional electrolytes (LiPF6 

dissolved in carbonates, such as ethylene carbonate (EC), dimethyl carbonate 

(DMC)/diethyl carbonate (DEC)) 264. The use of an unstable electrolyte in the high 

potential range of LNMO results in low coulombic efficiency, which is a major handicap 

for the commercial of LNMO. Therefore, it is worthwhile to search for highly stable 

electrolytes for LNMO to improve the coulombic efficiency. 

 

Since Wilkes and Zaworotko reported on room temperature ionic liquids (RTILs) based 

on the 1-ethyl-3-methylimidazaolium cation and the tetrafluoroborate anion 292, several 

research groups have focused their work on the development of RTIL electrolyte for 

lithium batteries. RTILs have shown potential as safe electrolytes for use in lithium ion 

battery systems, due to their attractive properties, such as electrochemical stability (4.0-
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5.7 V), thermal stability, and high ionic conductivity 163, 293, 294. In addition, owing to the 

high reduction dissolution of the active material into conventional organic electrolytes, 

RTIL for electrolytes can obviously improve the performance of lithium batteries using 

certain cathode materials, such as S 295, 296, NiS-Ni7S6 
297, V2O5 

298, and LiV3O8 
299. 

Among the various RTILs, electrolytes based on pyrrolidinium systems combined with a 

lithium salt can be considered as a good benchmark for ionic liquid-based electrolytes. 

This is because popular imidazolium salts show a window of stability of ~ 4 V, while 

pyrrolidinium salts, especially those based on imide anions, can show electrochemical 

stability as high as 6 V 293. Meanwhile, it has been reported that lithium 

bis(trifluromethanesulfonyl) amide (LiNTf2), had a beneficial effect on solid electrolyte 

interphase (SEI) formation on the lithium electrode surface, which plays a key role in 

terms of  the lifetime and safety characteristics of lithium batteries 269.  In a previous work 

300, the ionic liquid lithium bis(trifluoromethanesulfonyl) imide (LiNTf2) in N-butyl-N-

methylpyrrolidinium bis(trifluoromethanesulfonyle) imide (C4mpyrNTf2) exhibited 

relatively high conductivity and low viscosity with 0.5 mol kg-1 of LiNTFf2. Furthermore, 

the LiNTf2-C4mpyrNTf2 system can allow lithium to be cycled with a high degree of 

reversibility as well, while uniform lithium deposit morphology over many cycles could 

be achieved at moderate current densities and cycling efficiencies exceeding 99 % have 

been obtained 301. 

 

In this study, LiNi0.5Mn1.5O4 was prepared by via a rheological phase method. 1 M 

LiNTf2 in C4mpyrNTf2 was used as a new electrolyte for Li/LiNi0.5Mn1.5O4 cells without 

additives, and the relationship between the electrolyte characteristics and the performance 

of Li/LiNi0.5Mn1.5O4 cells was studied in detail. The electrochemical performance shows 

that the LiNi0.5Mn1.5O4 nanoparticles using 1 M LiNTf2 in C4mpyrNTf2 as electrolyte 
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show comparable capacity to that with conventional electrolyte (1 M LiPF6 in EC: DEC = 

1:2 (v/v)), as well as significantly improved coulombic efficiency. 

 

8.2 Experimental 

 

8.2.1 Synthesis of LiNi0.5Mn1.5O4 

 

The starting materials were analytically pure LiOH, Ni(CH3COO)2·4H2O, 

Mn(CH3COO)2·4H2O, and citric acid. The LiOH, Ni(CH3COO)2·4H2O, 

Mn(CH3COO)2·4H2O, and citric acid were mechanically mixed in the molar ratio of 

1:0.5:1.5:3.6 in an agate mortar. After the mixture was ground homogeneously, an 

appropriate amount of water was added to the powder to obtain a rheological phase state 

mixture. The mixture was then heated at 90 °C for 12 h, and a precursor was obtained. 

After that, the precursor was first sintered at 580 °C for 5 h and then was heated at 680 ºC, 

750 ºC, and 820 °C for 8 h in air, respectively. 

 

8.2.2 Materials characterization 

 

Phase analysis of the LiNi0.5Mn1.5O4 nanoparticles was conducted by X-ray diffraction 

(XRD; Philips PW1730). The morphology and structure of the LiNi0.5Mn1.5O4 were 

examined by field emission scanning electron microscopy (FESEM) using a JEOL 

FESEM-7500 30 kV instrument and the specific surface areas were determined by the 

Brunauer-Emmett-Teller technique (BET, Quanta Chrome Nova 1000). 

 

8.2.3 Electrochemical characterizations 
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To test their electrochemical performance, the LiNi0.5Mn1.5O4 samples were mixed at a 

rate of 80 wt% active materials with 10 wt% carbon black and 10 wt% polyvinylidene 

fluoride (PVDF). The slurry was uniformly pasted onto pieces of Al foil with an area of 1 

cm2 and dried in a vacuum at 100 ºC for 24 h. Then, the electrodes were compressed 

before making the cells. Two kinds of electrolytes were used, including a home-made 

organic solvent-based electrolyte, consisting of 1 M lithium bis(trifluoromethanesulfonyl) 

amide (LiNTf2) in N-butyl-N-methyl- pyrrolidinium bis(trifluoromethanesulfonyl) amide 

(C4mpyrNTf2), and a conventional organic solvent-based electrolyte consisting of 1 M 

LiPF6  in a 1:2 (v/v) mixture of ethylene carbonate and diethyl carbonate. The coin-type 

cells (CR2032) were assembled with a lithium metal counter electrode in an argon-filled 

glove box. Galvanostatic charge/discharge cycling was conducted using Land Battery 

Testers in the potential range of 3.5-5.1 V at a current density of 0.1 C (1 C = 140 mA g-1). 

Electrochemical impedance spectroscopy (EIS) was conducted using a Biologic VMP-3 

electrochemical workstation for different potential and cycling states.      

 

8.3 Results and Discussion 

 

8.3.1 Structure and morphologies 

 

Figure 8.1 presents the XRD patterns obtained from the LNMO powders. All the samples 

show diffraction peaks characteristic of the cubic spinel structure (space group = Fd3m, 

JCPDS #32-0581). For the sample annealed at 820 °C, very weak impurity peaks indexed 

to LixNi1-xO are detected at the left shoulders of the (400) and (222) peaks. This is an 

ordinary occurrence, as this impurity originates from the Ni content, and the oxygen loss 

in samples annealed at high temperature reduces the amount of Ni in the spinel phase 290, 

302, 303. The intensity ratio of (4,0,0)/(3,1,1) increased as the temperatures rise, indicating 



 

134 

 

presence of relatively extensive transition metal cation substitution in tetrahedral 8a sites 

of the spinel-type structure 304. In previous research, Ohzuku et al. 305 have pointed out the 

occupancy of the 8a tetrahedral lithium sites by substituent ions will lead to some 

unfavourable electrochemical characteristics. For the sample annealed at 750 °C, the 

(4,0,0)/(3,1,1) intensity ratio is only 0.69, which is much smaller than for the others (0.89 

at 680 °C and 0.97 at 820 °C). In this regard, the sample annealed at 750 °C is expected to 

show the best performance.               

                     

 

Figure 8.1 XRD patterns of the samples annealed at different temperatures: 680 °C, 

750°C, and 820°C. (° indicates impurities.) 

 

N2 adsorption-desorption studies were also performed to determine the specific surface 

area of the LNMO. The Brunauer-Emmett-Teller (BET) surface areas were found to be 

19.1, 16.5, and 5.5 m2 g-1 for the samples annealed at 680 °C, 750 °C, and 820 °C, 

respectively. A further increase in the reaction temperature leads to a larger surface area 

of the sample.   

http://www.sciencedirect.com/science/article/pii/S0013468612017707#gr1
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Figure 8.2 SEM images of samples annealed at different temperatures: 680 °C (a, d), 750 

°C (b, f), and 820 °C (c, g). 

 

Typical scanning electron microscope (SEM) images of the samples are presented in 

figure 8.2. Fig. 8.2a shows sample annealed at 680 °C was composed of big secondary 

particles with abnormal agglomeration and surface roughness compared to other samples 

in this study. From Fig. 8.2(d), it is noted that the primary particles were on 50-150 nm in 

diameter. The morphology of sample obtained at 750 °C was found to consist of more 

homogeneous LNMO particles with dimensions of approximately 100 nm. They are 

http://www.sciencedirect.com/science/article/pii/S0013468612017707#gr2
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agglomerated into large particle with the average diameter of 5 um (Fig. 8.2(b)). As 

shown in Fig. 8.2 (c, g), well-defined particles 200-300 nm in diameter could be obtained 

after annealing at 820 °C. Therefore, the sample annealed at lower temperature has a 

relatively smaller particle size, and the result is consistent with the above BET analysis. 

On the other hand, the higher temperature did not increase the phase purity, although it 

could lead to a better crystal shape. 

 

8.3.2 Electrochemical characterization 

 

Figure 8.3(a-c) compares the charge-discharge voltage profiles of the Li/LNMO cells for 

the three samples in EC/DEC electrolyte. Figure 8.3(d) shows charge-discharge curves 

for the sample annealed at 750 °C in RTIL electrolyte. It should be noted that the cells 

with conventional electrolyte exhibit potential fluctuation at potentials higher than 5 V vs. 

Li/Li+ for the initial charge, which can be attributed to electrolyte oxidation. Initial 

charge-discharge capacities and coulombic efficiencies for all cells are summarized in 

Table 8.1. The cells containing RTIL showed comparable discharge capacities and much 

higher coulombic efficiency compared to the conventional organic electrolyte. The extra 

charge consumption in the charging (oxidation) period for the conventional electrolyte 

can be related to the electrolyte decomposition and concomitant film deposition. The cells 

were successfully cycled in following cycles, however, suggesting the formation of a 

fairly stable solid electrolyte interphase (SEI), which protects the electrolyte against 

further degradation 306, 307. In contrast, the cell was successfully cycled in RTIL, 

indicating that the electrolyte decomposition and film deposition are not severe in RTIL 

electrolyte. For the sample annealed at 820 ˚C, the small plateau at 4.1 V is due to the 

Mn3+/Mn4+ redox couple caused by excessively fast cooling and oxygen deficiency during 

cooling of the sample 290. Indeed, X-ray diffraction of this sample shows the presence of  
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Figure 8.3 Charge-discharge curves for selected cycles for LiNi0.5Mn1.5O4 electrodes 

made from samples sintered at different temperatures and used with conventional 

electrolyte or RTIL electrolyte. 

 

Table 8.1 Initial charge-discharge capacities and coulombic efficiencies. 

Electrolyte Capacity (mAh g-1) Coulombic 

efficiency (%) Charge Discharge 

680 °C- Conventional 189.7 98.8 52.1 

750 °C- Conventional 248.2 109.1 45.1 

820 °C- Conventional 216.7 94.4 43.6 

680 °C- RTIL 149.6 100.4 67.1 

750 °C- RTIL 139.2 92.4 66.4 

820 °C- RTIL 154.0 102.4 66.5 

 

the impurity LixNi1-xO phase. The main charge plateau at 4.7 V is attributed to the 

Ni2+/Ni4+ redox couple 308. Furthermore, the potential corresponding to the transformation 

of Ni2+ to Ni4+ in the ionic-liquid-based electrolyte was lower than in the conventional 

http://www.sciencedirect.com/science/article/pii/S0013468612017707#gr3
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electrolyte due to the lower ionic conductivity of RTIL at room temperature. This 

phenomenon has been observed in previous work on ionic-liquid-based electrolyte for 

lithium batteries295, 296.  

 

 

Figure 8.4 Coulombic efficiency of LiNi0.5Mn1.5O4 electrodes with conventional and 

RTIL electrolytes.  

 

Figure 8.4 presents the coulombic efficiency of the samples in the different electrolytes. 

In general, coulombic efficiency steadily increased and then stabilized with cycle number. 

It is clear that the cells with RTIL electrolyte show much better performance than those 

with conventional electrolyte. The sample annealed at 750 °C shows the best coulombic 

efficiency among the three samples examined under the present experimental conditions. 

With conventional electrolyte, its average efficiency for the first fifteen cycles is 75.9 %. 

In contrast, the cell using RTIL has 88.6 % coulombic efficiency for the first fifteen 

cycles, and after that, the coulombic efficiency averages over 95 %, which may be 

because the formation of a stable surface film on the electrode in RTIL is more desirable 

than in the conventional electrolyte 269. This means that RTIL can improve the coulombic 

http://www.sciencedirect.com/science/article/pii/S0013468612017707#gr4
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efficiency of LNMO. These features will be evidenced in the following electrochemical 

impedance spectroscopy (EIS) section. 

 

Figure 8.5 shows discharge capacity versus cycle number for cells based on the different 

samples in different electrolytes. The sample annealed at 750 °C has the highest capacity. 

The capacities of LNMO with conventional electrolyte were higher than for samples with 

ionic liquid-based electrolyte. Similar performance has also been observed for LiFePO4 

165 and LiCoO2 
309. This can be explained by the dissolution of [Li+] [NTf2

-] salt in the 

[C4mpyr+] [NTf2
-] ionic liquid, leading to a ternary system [Li+]m[C4mpyr+]n[NTf2

-](m+n) 

with increased viscosity and lower conductivity, at the level of 1-2 mS cm-1 171, 310. The 

highly viscous electrolyte causes an increase in both electrolyte resistance and charge 

transfer resistance at the electrode/electrolyte interface. It leads to poor impregnation of 

the electrodes as well 311. Meanwhile, as previously mentioned, the more stable SEI 

formed at the electrode surface contribute to the irreversible capacity and lower the initial 

coloumbic efficiency.  

 

 

Figure 8.5 Cycle life of LiNi0.5Mn1.5O4 annealed at different temperatures: (a) with RTIL 

electrolyte and (b) with conventional electrolyte. 

 

http://www.sciencedirect.com/science/article/pii/S0013468612017707#gr5
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In order to gain further understanding of the differences in the electrochemical 

performance between the conventional and the ionic liquid electrolytes, the sample 

annealed at 750 °C, which had the highest capacity, was selected for EIS testing in 

different electrolytes. Before the EIS measurements, all the samples were charged to 

various potentials and maintained at charged potentials of 4.7 V and 5.1 V for 2 h. Fig. 

8.6 shows the EIS results for lithium cells in the charged state at the 1st and 6th cycles. The 

impedance spectra reflect several processes that take place in series: Li migration through 

surface films, charge transfer, solid-state diffusion, and finally, accumulation of Li in the 

bulk of the active mass. According to previous impedance spectroscopy studies, the 

resistance associated with the higher frequency semicircle (typically, 300 Hz < f), Rfilm, is 

assigned to lithium-ion diffusion through surface films, and the charge-transfer resistance 

associated with the lower-frequency semicircle (typically, 0.1 Hz < f < 10 Hz), Rct, is 

related to Li ion transportation across the surface film active mass interface 312. Their 

values calculated from the diameters of the high-frequency and the medium-to-low 

frequency semicircles in the Nyquist plots for the electrodes are summarized in the Table 

8.2. Obviously, the results obtained using conventional and RTIL electrolytes are 

completely different. The impedance curves show one compressed semicircle related to 

the greatest frequency range of interest (high to low frequencies) instead of separation of 

the different features. It means the electrode with RTIL is thin enough and Rct is low at 

the low frequencies, then the Nyquist plot becomes a steep line. On the other hand, it has 

been reported that in the LiPF6 solution LiF is a major constituent on the electrode surface, 

due to the reaction of the active surface with trace HF, which is unavoidably present 313. 

Whenever LiF films are formed on the electrodes, their impedance becomes very high 

because of the high resistivity of LiF films so far as Li ion transport is concerned314. 

Accordingly, the cell assembled with the conventional electrolyte is shown to have much 

higher overall resistance than the cell with RTIL. After 5 cycles, it should be noted that 
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the impedance in both types of electrolyte is reduced due to the stabilized SEI layer on the 

electrode surface. 

 

Figure 8.6 EIS spectra obtained from Li/ LiNi0.5Mn1.5O4 cells for the 1st (top) and 6th 

(bottom) cycles using conventional and RTIL electrolytes. The electrode potentials are 

4.7 V (left) and 5.1 V (right). 

 

Table 8.2 Rfilm and Rct for different testing states calculated from Nyquist plots for 

LiNi0.5Mn1.5O4 spinel electrodes in different electrolytes. 

  Conventional Electrolyte                         RTIL 

Testing state Rfilm (Ohm cm2) Rct (Ohm cm2)  Rfilm (Ohm cm2)  Rct (Ohm cm2) 

1st 4.7 V  903 1296 56 1160 

1st 5.1 V 978 1841 75 1066 

6th 4.7 V 753 890 102 820 

6th 5.1 V 760 1471 133 1380 

 

http://www.sciencedirect.com/science/article/pii/S0013468612017707#gr6
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8.4 Summary 

 

In summary, LiNi0.5Mn1.5O4 nanoparticles can be prepared by a rheological phase method. 

RTIL (LiNTf2-C4mpyrNTf2) can be a better electrolyte than the conventional alternative 

for LiNi0.5Mn1.5O4 electrodes, as it improves the coulombic efficiency. The cell using 

RTIL as electrolyte shows a higher initial coulombic efficiency of 66.4%, while the cell 

using conventional electrolyte only shows an initial coulombic efficiency of 45.7 %. The 

results suggest that RTIL could be a promising electrolyte for LiNi0.5Mn1.5O4 cells in 

terms of non-flammability, safety, and better electrochemical performance. 
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Chapter 9 Conclusion and Research Outlook   

 

9.1 General Conclusion 

 

In this doctoral work, three major components in the lithium-ion battery (LIB) system 

have been investigated, including ionic liquid electrolyte, anode materials, and cathode 

materials. The synthesis, physical features, and electrochemical performance of various 

nanostructured electrode materials for lithium batteries were thoroughly characterized. In 

the case of Ge nanoparticles as anode material, the effects of polypyrrole (PPy) additive 

were studied. LiV3O8/polyaniline (PAn) and LiNi0.5Mn1.5O4/PPy nanocomposites were 

also investigated as cathode materials. In the case of Ni0.5Zn0.5Fe2O4 nanospheres 

prepared at different reaction temperatures, the morphology and electrochemical 

performance were compared. Finally, the application of room temperature ionic liquid as 

electrolyte at high voltage (> 5 V vs. Li/Li+) was studied. Based on the work presented in 

this dissertation, this doctoral work can broaden our knowledge in the field of advanced 

materials for electrode and electrolyte in LIBs. 

 

The development of the LIB in this thesis started with preparation of anode materials. Ge-

PPy nanocomposite was synthesized by a simple chemical reduction method at room 

temperature. The field-emission scanning electron microscope (FESEM) images show 

that deposition of Ge nanoparticles onto the surfaces of polypyrrole take places during the 

reaction. The electrochemical results show the Ge-PPy nanocomposite performed better 

in terms of higher discharge capacity and better life cycle than the pure Ge. This excellent 

performance of the nanocomposite could be mainly due to the conductive PPy core. It 

could act as a conducting medium, binder, diluting agent, and cushioning medium to 
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protect the electrode from pulverization and delamination caused by the huge volume 

changes in the Ge nanoparticles during Li+ insertion/extraction. 

 

Mesoporous Ni0.5Zn0.5Fe2O4 (NZFO) nanospheres have been successfully prepared via a 

one-step solvothermal method. Through adjusting the reactant concentration, the 

morphologies, crystallite sizes, and diameters of NZFO nanospheres can be controlled. 

The formation mechanisms of the mesoporous or hollow nanosphere are explored based 

on Ostwald ripening process. The mesoporous NZFO nanospheres with small crystallite 

size and high surface area show high reversible specific capacity and better capacity 

retention, indicating that the mesoporous NZFO nanospheres have potential applications 

in LIBs.  

 

Novel LiV3O8 nanorods were synthesized by the hydrothermal method, combined with a 

convenient solid-state reaction. After that, LiV3O8 nanorods were coated with a 

conductive polyaniline layer by an anionic surfactant. The composite of LiV3O8 with 12 

wt. % PAn coating shows significantly better cycle life and substantially improved high 

rate capacity compared to that of the bare LiV3O8 electrode. These improvements can be 

attributed to the PAn coating in the matrix, which is responsible for improving the 

electrical conductivity of the LiV3O8 materials, as well as preventing aggregation and 

dissolution of active material in the electrolyte. 

 

Nanocomposites of LiNi0.5Mn1.5O4 (LNMO) coated with conductive PPy have been 

successfully synthesized by a simple polymerization reaction in aqueous solution. The 

LNMO-5 wt. % PPy nanocomposite showed very stable cycling up to 300 cycles 

compared to those of bare LNMO and LNMO with other PPy content at room 

temperature. It also delivered higher coulombic efficiency and discharge capacity at 
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elevated temperature. The electrochemical results suggest that the PPy layer works not 

only as an effective conductive agent for the electrode, but also as a protective layer for 

the suppression of manganese and nickel dissolution in the LNMO during Li+ 

insertion/de-insertion processes. In addition, the PPy layer can also protect the electrode 

surface from the products which originate from the decomposition of the electrolyte at 

elevated temperature. 

 

In addition to electrode materials, a new type of electrolyte was also studied to complete 

the full lithium battery system. In terms of candidate electrolyte materials for the LIB, 

room temperature ionic liquid (RTIL) with high electrochemical stability (4.0-5.7 V), 

thermal stability, and safety was chosen as a promising electrolyte for the LIB at high 

voltage. LiNi0.5Mn1.5O4 nanoparticles prepared by a rheological phase method were used 

as cathode material and lithium foil was used as counter electrode. The charge-discharge 

measurement results showed that RTIL can be a better electrolyte compared to 

conventional electrolyte for LiNi0.5Mn1.5O4 electrodes, as it improves the coulombic 

efficiency. The initial coulombic efficiency increased from 45.7 % to 66.4 % with RTIL 

electrolyte, when the cut-off voltage was extended up to 5.1 V.  

 

 

9.2 Outlook 

 

Based on the work presented in this thesis, it is shown that high capacity alternative 

electrode materials could be synthesized using simple, safe, and efficient methods, that 

meets the growing requirements of green chemistry. We expect our strategy to synthesize 

nanostructured materials could be of general interest and have influence on synthesis 

methods for other potential electrode materials. The nanostructured active materials with 
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different morphologies are beneficial towards lithium storage and show several 

advantages, including (i) better accommodation of the strain of lithium insertion/removal, 

improving cycle life; (ii) new reactions not possible with bulk materials; (iii) higher 

electrode/electrolyte contact area, leading to higher charge/discharge rates; (iv) short path 

lengths for electronic transport (permitting operation with low electronic conductivity or 

at higher power); and (v) short path lengths for Li+ transport (permitting operation with 

low Li+ conductivity or higher power). On the other hand, there are still many 

disadvantages associated with the development of nanostructured electrodes for lithium 

batteries. Disadvantages include (i) an increase in undesirable electrode/electrolyte 

reactions due to high surface area, leading to self-discharge, poor cycling and calendar 

life; (ii) inferior packing of particles leading to lower volumetric energy densities unless 

special compaction methods are developed; and (iii) potentially more complex synthesis. 

With these advantages and disadvantages in mind, we explored the addition of conductive 

polymer into the electrode material, which is proven to be effective method in enhancing 

the electrochemical properties. The conductive polymer not only can provide efficient 

electronic pathways for the active materials, but also protect the electrode from 

pulverization and delamination. In addition, the future work also may be focused on the 

improvement of the energy density and safety of the LIB that can be achieved by using 

room temperature ionic liquid electrolyte at high voltage (> 5.0 V). The main advantage 

of RTIL over conventional organic solvents is its non-flammability, negligible vapour 

pressure, and high chemical and thermal stability. 

 

In summary, the Li-based battery chemistry is relatively young, and as such, is a source of 

inspiration as well as numerous exciting challenges. The efforts should be highly 

multidisciplinary with strong roots in the fields of organic and inorganic chemistry, 

physics, surface science and corrosion. Through materials design, we can expect 
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significant improvements in energy density. As Li-rechargeable batteries just enter their 

next decades, scientists and engineers predict an even brighter future lies ahead. 
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