
Graphenised Lithium Iron Phosphate and Lithium Manganese Silicate 

Hybrid Cathode Systems for Lithium-Ion Batteries 

By 

Zolani Myalo 

(BSc Honours, Cum Laude) 

A mini-thesis submitted in partial fulfilment of the requirements for the degree of 

Magister Scientiae in Nanoscience 

Faculty of Natural Science 

University of the Western Cape 

Bellville, Cape Town, South Africa 

Supervisor: Dr. Chinwe Ikpo 

Co-supervisor: Prof. Emmanuel Iwuoha 

December 2017



http://etd.uwc.ac.za

 

ii 

 

Graphenised Lithium Iron Phosphate and Lithium Manganese Silicate Hybrid Cathode 

Systems for Lithium-Ion Batteries 

Keywords 

Energy 

Lithium Ion Batteries 

Cathode 

Hybrid Cathode 

Lithium Iron Phosphate 

Lithium Manganese Orthosilicate 

Graphene Nanosheets 

Sol-Gel Synthesis 

Cyclic Voltammetry 

Electrochemical Impedance Spectroscopy 

 

  



http://etd.uwc.ac.za

 

iii 

 

Abstract 

Graphenised Lithium Iron Phosphate and Lithium Manganese Silicate Hybrid Cathode 

Systems for Lithium-Ion Batteries 

Zolani Myalo 

MSc Nanoscience mini-thesis, Department of Chemistry, University of the Western Cape 

December 2017 

This research was based on the development and characterization of graphenised lithium iron 

phosphate-lithium manganese silicate (LiFePO4-Li2MnSiO4) hybrid cathode materials for use 

in Li-ion batteries. Although previous studies have mainly focused on the use of a single 

cathode material, recent works have shown that a combination of two or more cathode 

materials provides better performances compared to a single cathode material. The LiFePO4-

Li2MnSiO4 hybrid cathode material is composed of LiFePO4 and Li2MnSiO4. The Li2MnSiO4 

contributes its high working voltage ranging from 4.1 to 4.4 V and a specific capacity of 330 

mA h g
-1

, which is twice that of the LiFePO4 which, in turn, offers its long cycle life, high 

rate capacity as well as good electrochemical and thermal stability. The two cathode materials 

complement each other’s properties however they suffer from low electronic conductivities 

which were suppressed by coating the hybrid material with graphene nanosheets. The 

synthetic route entailed a separate preparation of the individual pristine cathode materials, 

using a sol-gel protocol. Then, the graphenised LiFePO4-Li2MnSiO4 and LiFePO4-Li2MnSiO4 

hybrid cathodes were obtained in two ways: the hand milling (HM) method where the pristine 

cathodes were separately prepared and then mixed with graphene using a pestle and mortar, 

and the in situ sol-gel (SG) approach where the Li2MnSiO4 and graphene were added into the 

LiFePO4 sol, stirred and calcined together. These materials were characterized using various 

microscopic, spectroscopic, thermogravimetric and electrochemical techniques. The pristine 

LiFePO4 and Li2MnSiO4 cathodes both had spherical nanoparticles with particle sizes of 20 

and 25 ɳm, respectively. The LiFePO4 showed better thermal stability indicated by only 8 % 

weight loss compared to 18 % of Li2MnSiO4 which can be attributed to the presence of the 

strong covalent bond between P-O in the [PO4]
n
 unit. The graphene nanosheets were 

successfully prepared from graphene oxide as confirmed by the reduced number of 

nanosheets observed in HRTEM and HRSEM, and the shifting of the D and G bands to lower 

frequencies indicated by Raman studies of this material. The slightly bell shaped peak of the 

pair-distance distribution function (PDDF) curves from small angle scattering X-ray 
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technique confirmed spherical shaped nanoparticles with diameters of 36, 30, 37 and 23 ɳm 

corresponding to LiFePO4-Li2MnSiO4 HM, graphenised LiFePO4-Li2MnSiO4 HM, LiFePO4-

Li2MnSiO4 SG and graphenised LiFePO4-Li2MnSiO4 SG, respectively. These finding are 

evidence that the presence of graphene in the graphenised samples helped to decrease particle 

sizes in these samples. The LiFePO4-Li2MnSiO4 SG hybrid cathode showed the smallest 

particle size and this is attributed to the better mixing offered by the sol-gel method. 

Electrochemical studies using cyclic voltammetry showed that all the prepared hybrid 

cathodes had three peaks attributed to the oxidation and reduction pair of manganese and a 

reduction peak of iron in 1.0 M LiClO4 electrolyte. The graphenised samples showed higher 

currents which is associated with improved capacities of these materials compared to those 

without graphene. The graphenised LiFePO4-Li2MnSiO4 HM and LiFePO4-Li2MnSiO4 HM 

hybrid cathodes had specific capacities of 3.408 and 2.804 mA h g
-1

 compared to those of 

2.524 and 4.056 mA h g
-1

 corresponding to graphenised LiFePO4-Li2MnSiO4 SG and 

LiFePO4-Li2MnSiO4 SG, respectively. The results showed better performance of the hybrid 

cathodes prepared by the in situ sol-gel approach. However, the hand mill-prepared 

graphenised LiFePO4-Li2MnSiO4 and LiFePO4-Li2MnSiO4 hybrid cathodes showed fast 

diffusion of Li-ions with diffusion coefficients of 1.574 x 10
-12

 and 2.450 x 10
-13

 cm
2
 s

-1
, 

respectively compared to those of the graphenised LiFePO4-Li2MnSiO4 (1.529 x 10
-13

 cm
2
 s

-

1
) and LiFePO4-Li2MnSiO4 (7.547 x 10

-13
 cm

2
 s

-1
) prepared using the in situ sol-gel approach. 

Finally, EIS studies revealed that these materials have a capacitive behaviour indicated by the 

inclined line of the Nyquist plot without a depressed semicircle in the high frequency region.  
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CHAPTER 1 

Chapter Overview 

 

This chapter is an introduction laying the background behind this study. It starts by outlining 

the dependency of the global community for its energy production on non-renewable fossil 

fuels and some of the disadvantages associated with these energy sources. In addition, the 

need for an adjustment from the use of fossil fuels to renewable energy sources is also 

outlined in this chapter. However, renewable energy sources are intermittent and unreliable. 

In line with that, electrochemical energy storage devices are highlighted as a possible 

technology that can help promote and sustain the use of renewable sources. The literature 

presented in this chapter focuses on Li-ion batteries, specifically its cathode materials, their 

advantages, limitations and some of the avenues that can be used to improve their 

shortcomings. The last section of this chapter highlights the aim of this work and the research 

objectives needed to achieve this aim. 

 

1. Introduction 

1.1. Background: Energy and Environmental Crisis - the greatest challenge facing 

mankind  

 

A greater portion of the world’s energy consumption comes from the use of fossil fuels. 

These fossil fuels (coal, natural gas and oil) have to be burnt in order to produce consumable 

energy which is usually in the form of fuel or electricity. Although this energy is needed to 

make our day-to-day activities easier, the required conversion reactions that are used to 

retrieve energy from the carbon that is contained/stored in fossil fuels often result into the 

production of greenhouse gasses such as carbon dioxide (CO2), nitrogen oxides (NOx) and 

sulphur oxides (SOx) which ultimately steer to global warming [1]. On the list of commonly 

used fossil fuels, coal emits the highest amount of CO2 which then makes it the biggest 

contributor of greenhouse gasses into the atmosphere [2]. Even more dangerous is methane, 
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another by-product of coal which has more environmental side effects than CO2 with a global 

warming potential factor that is 21 times greater than that of CO2 shown by studies projected 

over a period of 100 years [2, 3]. Livestock farming has become one of the fast growing 

contributors of this gas which is caused by the worldwide increased production from this 

sector.  

 

In 2005, the world power consumption was 13 terawatts (TW) which is equivalent to 87 

million barrels of oil [1]. Figure 1A shows that 81 % of the world’s energy consumed in 2005 

came from fossil fuels and the remaining 19 % was shared amongst renewable energy sources 

and nuclear energy. In 2010, the world’s energy consumption remained the same as it was in 

2005 (Fig. 1 B) [4]. These findings show the lack of improvement in terms of the energy 

sector trying to balance the distribution in the usage amongst the different sources of energy. 

South Africa is amongst other countries that are still trailing behind with the implementation 

of renewable energy sources and are still continuing to build more coal-fired power stations 

[5]. There is a negative impact associated with energy production being focused only on non-

renewable fossil fuels, as these are the main producers of greenhouse gases and ultimately 

global warming [2].  
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Figure 1: World energy consumption by source for the year (a) 2005 and (b) 2010 

 

The global community is currently concerned about the continual/steady centralization of 

energy production that is mainly focused on fossil fuels. Climate change and the frequent 

occurrence of environmental hazards (e.g. landslides, melting of ice caps, drought, etc…) are 

alarming issues that every nation cannot ignore. Over the past decades, climate has changed 

drastically as evidenced by the increase in global temperatures. Consequently, this has caused 

melting of ice-caps which has threatened a number of aquatic species whose lives are now in 

danger of being extinct [6]. In addition, the burning of fossil fuels has caused acid rain 

through emission of sulphur and nitrogen oxides, which has damaged buildings and forests, 

and has contaminated water bodies [7]. Furthermore, fly-ash is another dangerous pollutant. 

It contains heavy metals (e.g. U, Hg, Pb, Cd, As, etc…) which pollutes the air and poses 

serious health risks to humans and marine life. There are also some heavy metals that are 

non-biodegradable, hence they do accumulate on the food chain over time and become 

carcinogenic to human beings [8].  
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The transportation sector is a very huge industry and another major contributor towards air 

pollution. Although there might be few exceptions to this, generally almost all modes of 

transport contribute towards pollution into the environment. This problem originates from the 

type of fuel that is being used to power these machines [9]. According to historical records 

the very first vehicles were powered by steam engines. These were then followed by internal 

combustion engines and later electric vehicles, all developed in this particular order. The 

introduction of electric vehicles into the market in 1890 was warmly welcomed [10, 11]. This 

type of car was popular because they emitted less noise, were cleaner and more economic 

than other types of vehicles. Hence, they dominated the road transportation sector during this 

period of time.  

However, this dominance was short-lived due to the revolution of science and technology in 

the car manufacturing industry in the year 1908 [11]. The knowledge, brought by the two, 

promised to bring solutions to the world’s problems through the improvement of available 

resources in order to produce materials that would suit the needs of the world’s population. In 

addition, it triggered people to desire fast and affordable cars which would enable them to 

transport and trade goods from one location to another. At about this period in time, one of 

the leading internal combustion vehicle manufacturers started to improve their engines and 

concurrently reduced the costs in the process. This led investors in the manufacturing 

industry to fund this technology. Consequently, the electric and steam engine powered 

vehicles could not compete with the technology and they trailed behind the combustion 

vehicles. 

 

Tourism records have shown that amongst other forms of transport, the introduction of fast-

moving cars has contributed enormously on people’s mobility from one country to another as 

well as within their regions [12, 13]. This has helped to improve tourism as well as trading 

partnerships on a global scale. However, the increasing number of vehicles on the road has 

been a fundamental cause of major environmental issues; such as traffic jams that are 

associated with noise pollution and emission of greenhouse gases (e.g. CO2, traces of CO, 

NOx, H2O(g) and CxHy) which causes air pollution and contributes towards the greenhouse 

effect. These gases absorb and trap infrared radiation, therefore forming a blanket that 

prevents radiation from escaping the earth’s atmosphere leading to gradual increase of the 

earth’s average temperatures. These processes cause drastic environmental issues: for 
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example droughts, climate change, heavy rains and floods which have threatened the lives of 

many species [13]. 

 

The above-mentioned environmental issues that the global community faces are the results of 

activities made by humans who, in the process of attempting to address their basic needs, 

have instead triggered them. An example for this is the use of fossil fuels to generate energy 

for human consumption which has led to the occurrence of natural disasters, waste disposals 

resulting in water and air pollution. Moreover, the use of fossil fuels is done at a much faster 

rate than the earth can regenerate them due to fast growing human population [14]. The latter 

is a pressing issue that needs serious intervention in order reduce the strain on natural 

resources as the world population is currently at 7.5 billion from 6.6 billion in 2007 [15, 16]. 

 

The reserves for fossil fuels are being slowly depleted, therefore putting pressure on 

researchers to come up with urgent solutions so that the world does not run-out of energy 

supply [5]. An appealing alternative to this predicament is the use of renewable energy 

sources (such as wind, solar, geothermal and hydropower) to create a balance in energy 

supply both from fossil fuels and renewable energy sources [17, 18]. The advantages of 

renewable energy production are that not only they generate little-to-no greenhouse gases 

during harvest, but they also benefits future generations as the technology is sustainable and 

provides  employment opportunities and energy security for the country [19]. 

 

South Africa has a great potential to benefit from renewable energy sources. Most provinces 

in the country receive on average not less than 2 500 hours of solar radiation per year, and the 

radiation energy provided ranges between 4.5 to 6.5 kW h m
-2

 per day [20]. However, the 

development of hydropower plants has been quite slow due to water scarcity coupled with the 

fact that most provinces are not suitable for generating this energy, except Eastern Cape and 

KwaZulu Natal [20]. These two provinces have potential to develop hydropower plants that 

can provide an estimated power of about 10 MW of energy. 

Furthermore, the wind levels are fairly reasonable and also reliable to generate large amounts 

of energy especially along the coastline of the Eastern and Western Cape provinces. These 

winds are coming from the oceans and, as they blow towards the continent, they create waves 

which can be used to generate wave power [7, 20, 21]. Some of these technologies are still in 
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their early stages of development and are showing great potential to solve energy problems in 

certain provinces in South Africa. Investing in these technologies will benefit these provinces 

in a number of ways; such as creating employment opportunities and also meeting the energy 

needs. 

 

Even though renewable energy sources are greener and environmentally friendly their 

feasibility and/or practicability has raised a lot of concerns such as (i) the small amount of 

energy that they produce, (ii) cost implications associated with the technology and its 

installation, (iii) their intermittent nature and, (iv) geographical constraints [18, 22]. These 

challenges are the main reasons behind the slow implementation of renewable energy sources 

because most developed countries are not ready to move away from the use of fossil fuels. 

These may not be compatible with greener technologies; however their high power density 

gives them a competitive advantage over renewable energy sources [23]. Global 

competitiveness is another factor that causes the slow implementation of renewable energy 

resources in such a way that countries promote more production and less expenditure in order 

to ensure a stable and sturdy economy [24]. 

 

In the case of coal-rich countries like South Africa, the challenge lies in their energy policies 

which favour the use of coal over the development of renewable energy sources. South Africa 

does not have a well-conceived strategy in terms of energy security. Hence, the energy 

production is dominated by the coal-fired power plants which make 70% of its primary 

energy sources, and more than 93% of electricity production is generated mainly from coal 

[5]. As a consequence, South Africa has been ranked as one of the leading emitters of 

greenhouse gases in the midst of developing and developed countries in the world [5, 18, 25]. 

Changes in the energy sector can be brought about by developing well-conceived strategies 

that can be adopted and implemented in order to move away from the use of fossil fuels. 

Therefore, such strategies must include a form of energy which is sustainable to benefit 

future generations. Thus far, renewable energy sources are likely to be the only sustainable 

source of energy that can be used as a potential solution to the current challenges. 
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1.1.1. The Essence for Energy Storage  

 

Indeed, renewable energy sources form part of a sustainable energy source, however they are 

not reliable due to their intermittent nature [26]. Hence, there is a further need for energy 

storage systems that will capture and store the energy produced by these sources during their 

most effective hours of the day. For example these storage systems can be used to store 

energy produced by solar panels during the day and later used in the evening in the absence 

of sunlight which serves as a primary source of energy. The advantage of having such 

systems would help prioritise and make renewable energy sources a reliable source of energy. 

A success into this technology would result in better electricity facilities for the developing 

countries and an improved standard of living for citizens [26-28].  

At the same time pursuing this technology will also benefit developed countries in the 

following ways: (i) reduction of fuel consumption for energy production, (ii) provision of 

security for energy supply and (iii) reduction of environmental hazards as these energy 

sources are known to be greener [22, 29]. However, the full transition from traditional fossil 

fuels into renewable energy sources has been slowed down by the fact that fossil fuels have a 

high power density as opposed to renewable energy sources. Table 1 compares the power 

densities of commonly used renewable and non-renewable energy sources. It can be observed 

that the power density of fossil fuels is approximately 100 times higher than most of these 

renewable energy sources [23, 29]. 
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Table 1: Power densities of commonly used energy sources 

Fuel Power Density (W m
-2

) 

Non-renewable   

Gas 200 – 2 000 

Coal 100 – 1 000  

Renewable   

Solar (concentrating) 4 – 10  

Solar (PV) 4 – 9  

Wind 0.5 – 1.5  

Wood 0.5 – 0.6  

 

 

Electrochemical energy storage systems, amongst other storage systems are being developed 

to ensure a safer transition from non-renewable to renewable energy powered systems [26]. 

Part of this transition involved the search for low cost, safe, environmentally friendly and 

sustainable materials that can be used to make or incorporated into these energy systems [26, 

28]. This field of research has attracted a lot of interest because of the capability of these 

systems to reduce energy costs and, in some cases, be used as primary energy sources [30]. 

This vision is going to take some times to realise, but a starting point is the application of 

these systems in small devices which do not require high power densities. As research that 

focuses on power density progresses, they can be slowly introduced into other applications 

that require energy sources with high power density. 

 

1.1.2. Electrochemical Energy Storage  

 

Renewable energy sources are limited to certain parts of the world and this makes it difficult 

to transport the produced energy to other regions that need energy supply. This process is 
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challenging because the generated energy needs conversion, storage into a different form of 

energy and then transportation [22, 26, 31]. Various systems (such as mechanical, thermal, 

magnetic, chemical and electrochemical) have been developed to simplify the transportation 

issues with energy generated from these energy sources [13, 30].  

 

Electrochemical energy storage devices (for example rechargeable batteries and 

supercapacitors) have been the focus of interest because they are portable and at the same 

time can be assembled into large stacks. These devices can store energy in stand-alone 

electricity grids which, in turn, can provide easy access to energy in remote areas [32]. In 

addition, their development is also driven by the fast growing use of electronic devices as 

well as electric and hybrid-electric vehicles. However, despite the significant growth in this 

technology over the last decade, their energy density and power density, and lifespan needs to 

be improved [33].  

 

The interest into electrochemical energy storage devices is centred on their simplicity and 

convenient way of storing energy. This process consists of capturing and converting electrical 

energy, and storing it as chemical energy within the chemical bonds of the electrodes. In 

order to use this energy (during peak hours), the chemical energy is spontaneously converted 

back to electricity without applying heat or any other form of energy [26, 34, 35]. This 

principle is only applicable to rechargeable batteries and supercapacitors. Fuel cells on the 

other hand are slightly different because they are not electrochemical energy storage devices, 

but rather electrochemical energy conversion devices. In a typical battery or supercapacitor 

the chemical components (electrode materials) that store and release the energy are kept 

inside the device, whereas in a fuel cell the electrode materials are also inside the device, but 

the fuel is supplied from an external source [36, 37].  

Although these electrochemical energy storage devices may be different in their storage and 

conversion abilities, they all have two electrodes immersed in an electrolyte solution. Thus, 

their redox reactions are the same. The negative electrode produces electrons which flow 

through the external circuit to the positive electrode. Simultaneously, the positive electrode 

produces cations which diffuse through the electrolyte into the negative electrode in order to 

produce electricity [36, 37]. 
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Rechargeable batteries are one of the oldest technologies used for storing chemical energy. 

The energy is converted and produced in the form of electrical energy. Storing is achieved 

through charging processes, whereas the energy is produced via discharge processes taking 

place in these devices. These reactions occur without causing any harmful emissions or 

noises [13].  

 

Various rechargeable batteries have been developed for different applications. These include 

matured lead-acid, nickel-based, sodium-sulphur and the fast growing lithium-ion batteries 

[38]. The Li-ion batteries are considered to be the most advantageous storage devices for 

large-scale applications, because of their light weight, durable cycle-life, wide temperature 

range, environmentally benign, low self-safety discharge rates, no memory effect and higher 

out-put power compared to other rechargeable batteries [34, 39]. They are the most used in 

portable electronics and, at the same time, are being gradually incorporated into electric and 

hybrid-electric vehicles. Their advantages have contributed largely towards their usage in 

many other devices. 

 

1.2. Lithium ion (Li-ion) Batteries 

 

Li-ion batteries are well-known for revolutionising the communication and transportation 

industries, which are the world’s great and fast changing industries. The communication 

industry has produced one of the finest and super-slim smartphones, while the transportation 

industry has made tremendous progress on hybrid and electric vehicles that can travel 

reasonable distances [40]. These industries are still promising to offer more sophisticated 

technologies such as flexible smartphones and autonomous (self-driven) vehicles. Their small 

size, light weight, high energy density, longer cycle life and non-memory effect are some of 

the qualities that give Li-ion batteries a cutting edge over the rest [40, 41]. The application of 

these batteries is not only limited to electronics and electric vehicles, they have also started 

spreading into power tools and stationary power grid storage applications [42]. 

Furthermore, Li-ion batteries are recognised for their high energy density which ranges from 

150 to over 200 W h kg
-1

 and a cell potential of 3.7 V [26]. The use of Li-ions gives these 
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batteries a fundamental advantage over its counterparts. Li-ion is the lightest and smallest 

charged ion with a molecular weight and density of 6.94 g mol
-1

 and 0.53 g m
-3

, respectively 

[43]. These factors contribute towards the battery’s high gravimetric and volumetric capacity. 

In addition, Li-ion has the most negative reduction potential (Li
+
/Li = -3.04 V) which 

contributes towards the possibility of higher potentials in all Li-ion batteries. Furthermore, 

the low molecular weight of this metal contributes towards its high electrochemical capacity 

of 3.86 A h g
-1

 [43, 44]. Finally, a battery’s energy capacity is a product of its voltage and 

capacity therefore it is clear from the above mentioned properties that Li-ion batteries will 

offer improved energy density. 

 

A typical Li-ion battery is made up of three components; the anode (negative electrode), 

cathode (positive electrode) and a conducting electrolyte, which enables ion transfer between 

these electrodes [45]. These batteries operate on a principle of intercalation and de-

intercalation of Li-ions between the two electrodes in the presence of an electrolyte which 

serves as a conducting medium for these ions [46] as shown in Fig. 2. The positive electrode 

is usually a lithiated metal oxide (such as LiCoO2) which allows extraction and insertion of 

Li-ions [26, 47]. On the other hand, the negative electrode is usually made-up of carbon 

layered compounds such as graphite (C6) which serves as a host for guest Li-ions [48]. 

Finally, the electrolyte can be a liquid, gel or solid polymer, and the majority of Li-ion 

batteries make use of liquid/aqueous electrolytes that are made up of lithium salts dissolved 

in a mixture of organic solvents [26]. 
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Figure 2: The operating principle of Li-ion batteries is depicted by intercalation/de-

intercalation process of Li-ions between the two electrodes immersed in a conducting 

electrolyte medium (image taken from [49]) 

 

Figure 2 illustrates the operating principle of Li-ion batteries. When the battery is in use 

(during discharge) it is in a galvanic cell mode and electrons spontaneously flow via the 

external circuit from the negative (anode) to positive (cathode) electrodes. Simultaneously, 

Li-ions diffuse through the electrolyte in the same direction to complete the circuit [48] as it 

is illustrated by Equation 1. The current on the other hand flows in the opposite direction. In 

this process the negative electrode serves an electron source and undergoes oxidation (anodic 

reaction) [36].  

 

The entire process is reversed when the battery is being charged and the reactions are non-

spontaneous. Therefore, the battery is operating in an electrolytic cell mode. The convention 

used during discharge also changes when the battery undergoes discharge, therefore the 

anode becomes the cathode and the cathode becomes the anode. However, the positive 

electrode remains the positive electrode and the negative electrode remains the negative 

electrode [50]. The electrons flow from the positive electrode to reduce the negative electrode 

as indicated by Equation 2. The battery serves as an energy storage device and the energy 

supplied from an external source is stored and reserved for future use [46, 51]. 
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Anode reaction: 

 

     (1) 

 

Cathode reaction: 

 

    (2) 

 

Cell reaction: 

 

    (3)  

(where  0 < x ≤ 1) and the overall reaction (Equation 3) lead to potentials between 3.6 and 4.0 

V at room temperature [52, 53].  

 

1.3. Components of Li-ion batteries 

 

Li-ion batteries are very diverse compared to other rechargeable batteries; they make use of a 

range of electrodes and electrolyte materials which some will be reviewed in this chapter 

[29]. Some of these materials are already available in the market and are used in a vast range 

of applications, however others are still at their development stages [54]. 
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1.3.1. Electrolytes 

 

An electrolyte is generally referred to as a solution made up of a salt (s) dissolved in a solvent 

to impact ionic conductivity. Electrolytes play a crucial role of linking the negative and 

positive electrodes and also facilitate the transfer of charged ions between these electrodes 

[54]. For any material to qualify as an electrolyte it must show feasible stability against the 

electrodes and remain inert during operation. Other characteristics include: (i) a large 

electrochemical window to allow less electrolyte degradation within the working potential 

range of both the negative and positive electrodes; (ii) it must be an electronic insulator (σe 

<10
-10

 S cm
-1

) with good ionic conductivity (σLi >10
-4

 S cm
-1

) to prevent electron transport 

and allow facile ion (Li-ion in the case of Li-ion batteries) transport; (iii) be thermally stable, 

in the case of liquid electrolytes their melting and boiling points should be outside the 

operating temperatures; (iv) be of low toxicity and low cost; (v) preferably non-flammable 

and non-explosive if short-circuited and (vi) must be based on sustainable chemistries so that 

it is easy to produce and the production process in environmentally friendly [54]. 

 

There is a variety of electrolytes used in Li-ion battery research and industry. They include: 

(i) aqueous electrolytes - made up of lithium salts which are dissolved in water; (ii) non-

aqueous electrolytes - these consist of lithium salts dissolved in an organic (or mixture of 

organic and inorganic) solvent; (ii) ionic liquids - mainly organic salts with an added lithium 

salt; (iv) polymer electrolytes – is described as a thick gel or solid polymer electrolyte that is 

made-up of polymers and lithium salts and (v) hybrid electrolytes – are nanocomposites 

derived from organic and inorganic materials or ionic liquids combined with nanoparticles 

[54-56]. Each electrolyte offers a unit set of properties which allows them to function at 

different conditions (such as temperature) for different battery applications.  

 

Aqueous electrolytes have received a lot of attention since the development of aqueous Li-ion 

batteries by Li, McKinnon and Dahn [54, 57, 58]. The interest towards these materials is 

caused by their low cost and non-flammable nature which makes them safer than other 

electrolytes [57, 59]. In addition, they also offer high ionic conductivities (about two orders 

of magnitude higher than those of the organic electrolytes) which result to high power 

operation [60, 61]. The use of water to dissolve lithium salts for these electrolytes is essential 
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to reduce their cost. However, water has a narrow electrochemical stability window (1.23 V) 

which has a negative impact on the application of these electrolytes in aqueous Li-ion 

batteries [54, 59]. The simplicity and low cost of these electrolytes makes them a preferred 

choice for use in Li-ion battery research [62]. 

 

Lithium perchlorate (LiClO4) was the preferred electrolyte in this study because of its low 

cost and tendency to form highly conductive electrolyte solutions more especially when 

dissolved in alkyl carbonate solvents. This electrolyte has been one of widely used 

electrolytes in battery research due to its high solubility when dissolved in aprotic solvents, 

high ionic conductivity, and high thermal and electrochemical stabilities [62]. LiClO4 

electrolyte is not yet commercialized in Li-ion battery applications due to the formation of its 

highest oxidation state of Cl
VII

 which makes it a very strong oxidising agent and dangerous 

explosive [62, 63]. Even though that might be the case, this material remains one of the best 

and popularly used electrolytes for Li-ion battery research.  

 

1.3.2. Anodes 

 

Many Li-ion batteries feature graphitic carbon as their anode material. This in no surprise 

because this material has good electrical conductivity, large reversible Li-ion storage 

properties and is relatively easy to produce [64]. However, there are some challenges that the 

material is faced with such as its low specific capacity (372 mA h g
-1

) and a sluggish 

performance which affect the overall battery performance [64]. Li-ion batteries are 

anticipated to power high-power tools (such as electric and hybrid electric vehicles) and to 

support the use of renewable energy sources. This has triggered a search for alternative 

materials or additives to be incorporated into the existing graphite material. As such, 

materials like metal alloys (LixM, where M = In, Si, Pb or Sn) [65], metal oxides (SnO2, FeO, 

NiO and CoO) [66] and graphite derivatives have emerged as potential anode materials for 

Li-ion batteries [64].  

 

Metal alloys offer much higher specific capacity (> 1000 mA h g
-1

) compared to graphitic 

carbon, but the challenge with these anodes is that they undergo drastic volume changes 
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during the intercalation/de-intercalation processes of Li-ions. These changes results to 

cracking and total structural distraction of the material which is followed by severe capacity 

fade [65, 66]. Indeed these materials offer pleasant specific capacities, but their feasibility is 

limited by the weak structure. Therefore, controlling the morphology in these materials seems 

to address the issue of structural defects, but their cycling behaviour remains unsatisfactory. 

Furthermore, incorporating electrochemically active nanoparticles into these materials is a 

promising strategy to stabilise the cyclic behaviour [65].  

On the other hand, the introduction of metal oxides has also reduced some of the challenges 

encountered with metal alloys as they tend to be more stable during insertion/extraction of Li-

ions. When a metal oxide such as SnO2 is negatively polarised it undergoes an irreversible 

reaction (Equation 4) which results to the formation of metal Sn particles floating in the Li2O 

matrix [65]. The Li2O surrounding Sn particles form a favourable environment that facilitates 

the alloy formation-decomposition process leading to the formation of Li4.4Sn [65, 66], 

shown by Equation 5. Furthermore, the availability of Li2O around Sn particles creates 

enough space to reduce the mechanical stresses experienced by the metal during the alloy 

formation process, therefore improving the cycle performance of the material [65]. 

 

       (4) 

 

        (5) 

 

Graphite is a better anode material due to the high number of Li-ion insertion sites that it can 

offer [64]. But, there are other alternative carbon architectures that promise more active sites 

for Li-ion storage than this material [51, 64]. These include graphene, carbon nanofibers, and 

single-walled and multi-walled carbon nanotubes (SWCNTs and MWCNTs). These materials 

show high electronic conductivity and increased capacity which can be attributed to their 

unique structuring. Graphene is a two-dimensional layer of sp
2
-hybridised carbon that is one 

atom thick and is well known for its excellent electrical conductivity, large surface area and 

rapid electron mobility [64]. On the other hand, CNTs are made up of graphene nanosheets 

that have been rolled into single, double or multi layers. MWCNTs, amongst the different 

2 24 2SnO Li Sn Li O  

4.44.4Sn Li Li Sn 
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forms of CNTs offer the highest capacity (575 mA h g
-1

) which is associated with their long 

and stable cycle life, and are now the preferred anodes for Li-ion batteries [67]. 

 

1.3.3. Cathode Materials 

 

Cathode materials are the third most important component in Li-ion batteries. The majority of 

these materials are made up of transition metal oxides that have specific sites for hosting Li-

ions [68]. These materials are the main source of Li-ions and they initiate the de-intercalation 

and intercalation processes. Therefore, lithium transportation rates depend entirely on these 

materials and ultimately determine the efficiency, storage capability, cell voltage and 

capacities in Li-ion batteries [68, 69]. Cathode materials are the most active materials in Li-

ion batteries, but they offer very low capacities compared to the anode materials [69]. Hence, 

more emphasis is directed towards the improvement of these materials in order to enhance 

performance deliverables in these batteries. There are different types of cathode material 

which can be classified into various families such as the layered, spinel, olivine, silicate, 

tavorite and borate compounds [69]. The silicates, tavorites and borates are relatively new 

compared to the other class of cathode materials and they’ve gain tremendous interest due to 

their promising theoretical properties which are a perfect match for next generation of Li-ion 

batteries.  

 

For any material to qualify as a cathode for use in Li-ion batteries it must have the following 

features: (i) the material must not undergo any chemical reactions with the electrolyte to 

maintain long cycle life and safety. (ii) must have stable structural and chemical properties 

that can withstand repeated discharge and charge processes in order to produce high cycle 

life. (iii) the intercalated or de-intercalated Li-ions must have high diffusion coefficients in 

order to provide high rate capabilities. (iv) it must also have high energy density which needs 

to tally with its high free energy and finally (v) the precursors used to prepare these materials 

must be of low cost and easily available in order to help reduce the price for the final 

products [51]. 

 



http://etd.uwc.ac.za

 

18 

 

1.4. Types of Cathode materials 

1.4.1. Layered-based Compounds 

 

The most commonly used cathode materials in today’s Li-ion batteries is the layered lithium 

cobalt oxide (LiCoO2) material which was first introduced by Goodenough and co-workers in 

1980 and later commercialized in 1990 [44, 52, 65]. This material forms part of layered 

lithium transition metal oxides which have the formula, LiMO2 (M = Co, Mn and Ni) [70]. 

This material offers interesting properties such as low self-discharge, good cycling 

performance, relatively high theoretical specific capacity (274 mA h g
-1

), high working 

potential (3.6 – 4.0 V vs Li/Li
+
) and high ionic conductivity that can be associated with its 

layered structures [44, 71].  

However, the formation of unstable cobalt dioxide during charging, and low thermal stability 

and fast capacity fading during deep cycling (de-lithiation above 4.2 V) are the major 

obstacles hindering the exploitation/exploration of the material’s full capacity [44]. There are 

also irreversible phases that are formed when the battery is charged at large potential 

differences which may result to self-ignition, therefore questioning the safety of these 

materials [71]. The material’s high cost and threat to human health due to the use of Co metal 

are some of the reasons behind the search for alternative materials (with low cost, harmless 

and environmentally friendly properties) that can replace or dope the Co metal in these 

batteries.  

 

Different types of metals (Al, Ge, Fe, Mg, Mn, Ti and Cr) have been successfully used as 

dopants for Co metal to reduce some of the issues encountered with the layered LiCoO2 

cathode materials [44]. Several research groups have successfully synthesised doped-LiCoO2 

cathode nanomaterials such as Li[CrxCo1-x]O2, Li[CrxMn1-x]O2 and Li[LiyCrxMn1-x-y]O2 by 

Pan et al., [72] Li1−x(Ni1−y−zCoyMz)O2 (M = Al, Mg) by Albrecht et al., [73] and 

LiNi0.8Co0.2O2, LiNi0.8Co0.2O1.95F0.05 and LiNi0.75Co0.2Mg0.05O2 by Zhong, Zhao and Cao 

[74], and their performances are better than the parent material. Another strategy that has 

been adopted to improve the stability and performance of these cathode materials is the use of 

various metal oxides such as TiO2, Al2O3 and ZrO2 which serve as a coating layer on the 

surface of these materials. Metal oxides are well-known for high mechanical and chemical 
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stabilities which help reduce structural changes and undesired side reaction of LiCoO2 with 

the electrolyte [44].  

 

1.4.2. Spinels 

 

The spinel structured cathode materials demonstrate a robust structure which is suitable for 

hosting Li-ions. They are relatively cheap and environmentally friendly, therefore a perfect fit 

for use in high-rate Li-ion battery research and applications [69]. These materials have a 

cubic spinel-structure characterized by the formula LiMn2O4 in which the Li and Mn atoms 

are located at the 8a tetrahedral and 16d octahedral sites of the cubic closed-packed oxygen 

atoms, respectively [75]. Apart from the superior cycling capacity, high rate capability and 

high discharge plateau, they offer the lowest theoretical specific capacity (142 mA h g
-1

) and 

operates at relatively low potentials (3.0 V vs Li/Li
+
) [64, 76]. In addition, these materials 

also suffer from the Jahn-Teller distortion which causes the transformation in their cubic 

structure into a tetragonal phase. This transformation is associated with an estimated 6.5 % 

volume increase which causes fast capacity fade during the charge/discharge processes [75]. 

To solve this problem, many researchers have come up with various methods such as doping 

and coating of the material. Surface coating is usually performed using metal oxides and 

provides a protective layer which inhibits the material from reacting with the electrolyte, one 

of the factors that fasten the dissolution process of Mn to effect structural changes [77]. 

Another approach that has proven to be effective at reducing the Jahn-Teller distortion is the 

doping process. This is achieved by substituting Mn with Ni to produce LiMn2-xNixO4, which 

is more stable than the parent material [69]. The high oxidation states offered by Ni (Ni
2+

 to 

Ni
4+

) have contributed towards the increased operating voltage of these batteries from 3.0 to 

4.7 V. Even though that might be the case currently electrolyte materials cannot 

accommodate such high voltages [69]. 

 

1.4.3. Polyanion-based Compounds  

 

The exploration of new cathode materials has led to a development of a new class of 

compounds called polyanions [6, 44, 70, 78]. These materials are characterised by the 
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presence of a large polyanions of the form (XO4)
y-

 (X = P, Si, S, As, Mo or W) into the lattice 

structures of a metal resulting in a formation of intercalation compounds with increased redox 

potentials and structural stabilities [6, 44, 70]. In addition, these compounds demonstrate 

impressive thermal and oxidative stabilities which are not altered by high charging voltages. 

Such stabilities are associated with the presence of (XO4)
y-

 unit which forms a strong 

covalent bond between X-O. 

 

1.4.3.1. Phosphates 

 

The LiFePO4 cathode was developed by Goodenough and co-workers, and is now one of the 

leading cathode materials used in the Li-ion battery market [79]. The development of such 

iron-based cathodes has always been the desire for scientists because iron is one of the 

abundant metals on the earth’s crust, low cost and more environmentally friendly compared 

to Co, Ni and Mn [80, 81]. LiFePO4 has a relatively high theoretical capacity of 170 mA h g
-1

 

with a discharge potential of about 3.45 V vs Li/Li
+
. In addition, it has high thermal and 

mechanical stabilities which are desirable for large scale Li-ion battery applications [82]. 

 

 

Figure 3: The crystal structure of LiFePO4, showing the sites for Li, FeO6 octahedra, PO4 

tetrahedral (image taken from [80]) 
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The structural arrangement of atoms in LiFePO4 is significantly different compared to that of 

other cathodes. This material is defined by an olivine-structure with a Pmnb space group 

which has a distorted hexagonally close-packed backbone where the octahedral and 

tetrahedral sites of FeO6 and PO4, respectively share edges and faces [83, 84] as shown in 

Fig. 3. The shared faces and edges create a tunnel where the Li-ions can be located, but still 

remain mobile for insertion and de-intercalation in the framework [84]. Thorough studies on 

the electrochemical properties of this material have shown that it has an insulating behaviour 

which is caused by low electronic conductivity (ranging between 10
-9

 and 10
-11

 S cm
-1

), low 

chemical diffusion coefficient (10
-11

 to 10
-13

 cm
2
 s

-1
), poor rate capability and low capacity 

[18, 85]. 

 

The above mentioned challenges are also associated with the material’s structural 

arrangements. The observed low ionic conductivity is linked to the one-dimensional 

movement of Li-ions that are located in between the octahedral and tetrahedral sites. Another 

issue is the lack of mixed valency that is observed due to low solubility between lithiated 

LiFePO4 and de-lithiated FePO4 resulting in poor electronic conductivities [85]. These 

challenges make it difficult to achieve the required number of Li-ions that make it possible to 

exploit the full capacity of this material. As a result, a number of strategies have been adopted 

to help improve the electrochemical performance of olivine-structured LiFePO4 cathode 

materials. These include, but not limited to reducing their particle size or modifications in 

their structural and morphological properties [85].  

 

Higher electrochemical performance of LiFePO4 can be achieved by coating the 

nanoparticles with conductive carbon layers which contribute toward the increase in the 

chemical stability of the material [80]. Gao et.al., [86] prepared nano-sized LiFePO4 coated 

with 8.6 wt% of gelatin via a gelatin-based sol-gel method. Electrochemical studies of the 

nanocomposite exhibited good cycle stability with a steady capacity of 151.4 mA h g
-1

 after 

100 cycles, at 0.2 C. It has also been observed that carbon coating is essential in these 

materials because it formulates a stable solid electrolyte interphase which protects the 

material from reacting with the electrolyte [87].  
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Zhao et al., [88] prepared magnesium doped LiFePO4 (Li1-2xMgxFePO4 (x = 0.00 – 0.05)) 

nanoparticles via a sol-gel approach. Their findings showed that the doping process did not 

alter the material’s structural framework and there were no impurities observed in the final 

products. Electrochemical studies showed that the prepared Li0.94Mg0.03FePO4 nanocomposite 

(x = 0.03) performed better than the other nanocomposites having the highest capacity of 158 

mA h g
-1

. In an attempt to produce higher capacities, other authors performed studies on a 

combination of both coating and doping. Tian et al., [89] synthesized graphene coated 

LiFePO4 nanoparticles co-doped with Nb
5+

 and Ti
4+

 via a sol-gel approach. The prepared 

nanocomposite, Li0.99Nb0.001Fe0.97Ti0.003PO4/graphene maintained a high discharge capacity of 

163 mA h g
-1

 for 30 cycles, at 0.1C. The enhanced electrochemical performances were 

attributed to graphene coating and doping with Nb
5+

 and Ti
4+

. 

 

1.4.3.2. Silicates 

 

More recently, the silicates (Li2MSiO4 (M = Mn, Fe, Co)) have received a lot of attention as a 

new class of polyanion cathode materials for use in Li-ion batteries [28]. These compounds 

have the potential for reversible intercalation/de-intercalation of two Li-ions per formula unit 

[90]. In fact this results in high theoretical capacities of 333 mA h g
-1

 for Li2MnSiO4, 325 mA 

h g
-1

 for Li2CoSiO4 and 166 mA h g
-1

 for Li2FeSiO4 [91]. Similar to the olivine-structures 

compounds these materials show an insulating behaviour caused by very low electronic 

conductivities of 5 x 10
-16

 S cm
-1

 for Li2MnSiO4 and 6 x 10
-14

 S cm
-1

 for Li2FeSiO4 [18, 92, 

93]. 

 

One of the most attractive materials in this family is Li2MnSiO4 because of the availability of 

precursors (manganese and silicon) used during its synthesis and the safety of this material 

during its operation. The material also has the potential to deliver the highest capacity and 

energy densities compared to other cathodes within and/or outside the silicate family [94, 95]. 

In line with this, Li2MnSiO4 shows a potential to deliver a capacity of 333 mA h g
-1

 through 

the use of Mn
2+

/Mn
3+

 and Mn
3+

/Mn
4+

 electrochemical redox couples to yield an extraction of 

two Li-ions per formula unit [90, 94]. Theoretically speaking this should also be possible 

with Li2FeSiO4 and Li2CoSiO4, however they can only extract one Li-ion per formula unit. 

This is because the Fe
3+

/Fe
4+

 and Co
3+

/Co
4+

 redox couples that are responsible for the 
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extraction of the second Li-ion are outside the working potential of the commonly used 

electrolytes [90, 94]. Therefore, an electrolyte with a wide operation window is still required 

in order to tap into the high capacities of these materials. 

 

The silicates, including Li2MnSiO4 exhibit a variety of structural polymorphs grouped as 

orthorhombic (Pmn21 and Pmnb) or monoclinic (P21 and Pn) as shown in Fig. 4. The cations 

(Li, Mn and Si) in these polymorphs are arranged in a tetrahedral co-ordination in a distorted 

hexagonally closed-packed oxygen assemble [90, 96]. The most popular form is the 

orthorhombic structure and is characterized by two-dimensional pathways for Li-ion 

diffusion. On the other hand, the monoclinic form has a structural framework where the Li-

ion positions are interconnected in three dimensions [90, 96]. This is a clear indication that 

the various pathways for diffusion of Li-ions through the crystal lattice and the different 

linkages in Mn and Si tetrahedral will result in potentially different electrochemical 

performances of these structural forms [90]. 
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Figure 4: The crystal structures of Li2MnSiO4 cathode material (a) Pmn21, (b) Pmnb, (c) P21 

and (d) Pn, where the green, purple and blue tetrahedral shapes represent Li, Mn and Si, 

respectively. Finally, the red sphere represents the oxygen atoms (images taken from [94]) 

 

Several authors have reported on the synthesis of orthorhombic forms of Li2MnSiO4 having a 

few impurity phases of MnO and Li2SiO3 which seem not so easy to avoid [97, 98]. Another 

challenge is that the Pmn21 and Pmnb polymorphs have the same thermodynamic stabilities 

which make it difficult to prepare pure individual polymorphs of these materials [99]. The 

preparation of Li2MnSiO4 with monoclinic form was first prepared by Politaev et al., [99] by 

firing its precursor powder for two hours at 1150 ºC. The instabilities observed with the 

monoclinic structural form resulted in a transformation into the orthorhombic Pmn21 

polymorph which is proof that indeed it is difficult to isolate pure-phase Li2MnSiO4 [100]. A 

possible solution that has proved to be effective in improving the stability and maintenance of 

a single-phase of these materials is the substitution of Mn with Mg or Li with Na [94]. 
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Another setback with Li2MnSiO4 is that the extraction of more than one Li-ion per formula 

unit causes drastic volume changes which lead to amorphization and structural collapse [18]. 

Eventually a capacity fade is observed for the subsequent electrochemical charge/discharge 

processes [18, 95, 101]. This has opened a lot of research opportunities within the Li-ion 

battery research and strategies such as particle size reduction, doping and carbon coating have 

proven to be effective to counteract some of the challenges encountered with Li2MnSiO4 and 

other cathode materials in general. 

 

1.5. Avenues to Enhance Electrochemical Performance of Cathodes 

 

Li-ion batteries have become a battery of choice in many portable electronic devices and 

automotive applications, and are slowly immerging as a possible solution for energy storage 

purposes. These batteries offer impressive properties compared to other existing rechargeable 

batteries. The cathode material is an important component in these batteries and its optimum 

performance is affected by a number of issues such as structural changes (volume expansion, 

sometimes leading to structural collapse) during the intercalation and de-intercalation 

processes [75], low electronic conductivity [85, 93] and slow Li-ion diffusion within their 

structural framework [18]. These issues affect the performance of these batteries by reducing 

their capacity, especially when they are operated at high currents [102]. Avenues such as 

coating, doping, particle size reduction and blending have proven to be effective techniques 

for improving the performance of these materials.  

  

1.5.1. Reduction of Particle Size 

 

The influence of particle size reduction on the performance of cathode materials can be 

explained using the diffusion formula [103]: 

          (6) 

 

2

2

L
t

D
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where t is the diffusion time, L is the diffusion distance and D is the diffusion coefficient.  

Reduced particle size will result in a shorter diffusion time leading to accelerated kinetics for 

Li-ion transport [84]. At the same time this will also result in a decreased structural strain that 

is usually experienced by these materials during the intercalation/de-intercalation of Li-ions 

and an increased cycle life. In addition, nanosized particles have large surface-to-volume 

ratios which can help increase the rate capability of the material [66, 69]. There are several 

methods that are used to produce nanostructured cathode materials such as sol-gel, 

hydrothermal, solvothermal, co-precipitation, spray pyrolysis, combustion, 

mechanochemical, solid-state and emulsion-drying processes [104]. These methods can be 

modified by incorporating conductive carbon materials (such as carbon nanotubes, graphene 

and polymers) into the precursors of these materials which will help further reduce the size of 

the nanoparticles.  

 

Particles size reduction is an effective way of improving the diffusion kinetics of Li-ions in 

and out of the cathode materials, but it comes with its own challenges such as the increased 

number of side reactions between the electrode surface and the electrolyte material, resulting 

in lower thermodynamic stabilities, high self-discharge and poor cycle life [66]. 

Nanostructured cathode materials can be obtained using complex synthesis methods and fine 

tuning a number of parameters which could increase the manufacturing costs [66]. 

 

1.5.2. Carbon Coating 

 

Surface coating provides a conductive layer which extends the performance of cathode 

materials by preventing them from side reactions with the electrolyte, suppress structural 

changes and preserve the cations in their crystal sites thereby improving the structure and 

cycle stability in these cathode materials [105]. Carbon coating is the most economic and 

effective way compared to other coating techniques and materials [105]. This is no surprise 

because carbon materials have good electronic conductivities and are essential for enhancing 

electron and ion transfer kinetics. These improvements are needed to increase the charge 

mobility on the surface of these cathode materials [105, 106]. In addition, these materials are 

mostly focused on improving the conductivities of low conductive materials (semiconductors 

or insulators) such as phosphates and silicates in the case of Li-ion battery applications. 
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Graphene serves as a building block of most carbon forms. This material is a two-

dimensional one-atom-thick sheet made up of sp
2
 carbon atoms [107, 108]. In addition, the 

graphene nanosheets can be rolled to form single or multi-walled carbon nanotubes, can also 

be wrapped to form spherically shaped bulky balls or stacked into layers (more than ten 

layers) which form three-dimensional graphite structure [107]. The popularly used technique 

for the preparation of graphene is the exfoliation and reduction of graphite oxide. The 

synthesis is initiated by oxidising graphite to form graphite oxide, usually via the modified 

Hummer’s method [109]. Then the produced graphite oxide sheets are chemically or 

thermally reduced in order to remove oxygen-containing functional groups and further 

exfoliate the sheets to form graphene [33]. The chemical reduction method is usually 

preferred over thermal reduction because of the ease to control the degree of reduction and 

dispersibility by making use of different reducing agents or the same reducing agent but 

different concentrations [33]. 

 

Graphene is characterized by its high electronic and thermal conductivities, large surface area 

(2630 m
2
 g

-1
), chemical stability and sp

2
 carbon atoms that are organised in a hexagonal two-

dimensional structure [33, 110]. These properties make the material to be a suitable additive 

in Li-ion batteries to enhance the conductivity of cathode materials. The material’s large 

surface area, large number of active sites on its surface as well as the fast electron kinetics 

contributes greatly on the electrochemistry of graphenised cathode materials resulting into 

high energy and power dense Li-ion batteries [33].  

 

The main drawback with carbon coating is that it decomposes at high temperatures and this 

compromise the performance of the coated cathode material. The decomposition process 

generates strong reducing agents such as H2 and CO2. These facilitate the reduction of metal 

oxides to form undesired valence state of the metal and alters the crystal structure of the 

cathode material [105]. 
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1.5.3. Doping with Inorganics 

 

Doping was first introduced by Woodyard in his work with semiconductors and was later 

adopted into Li-ion batteries to improve the performance of cathode materials [111, 112]. 

There are two types of doping techniques, substitutional and interstitial doping illustrated by 

Equations 7 and 8, respectively: 

 

        (7) 

 

        (8) 

 

where LM2O4 represents a typical spinel cathode material used to demonstrate the doping 

process (LiMn2O4). Both techniques are used to improve the performance of cathode 

materials, however, as it can be seen from Equations 7 and 8 these may result in different 

structural changes or modifications. Interstitial doping may change the structural framework 

of the cathode material because the ions in the doped nanocomposite sit in the interstitial sites 

making it difficult to locate their precise positions. However, substitutional-doped 

nanocomposites maintain the structure of the pristine material because the added ions occupy 

the space of the substituted ions and can be precisely located within the structural framework 

of the material [112]. 

 

1.5.4. Blending of Cathode Materials 

 

Another strategy to improve the performance of Li-ion batteries is through the mixing of two 

or more lithium insertion compounds that complement each other’s properties with an 

expectation that they will compensate their disadvantages [113]. These compounds are called 

blended or hybrid cathode materials and their performances are better than the individual 

cathode materials [113]. These materials were developed because a single cathode material 

does not meet the requirements of a superior cathode material which includes, but not limited 

2 4 1.7 0.3 4LM O LM N O

2 4 1.1 2 4LM O L M O
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to high theoretical capacity, good rate performance, long cycle stability, high operating 

voltage and good electrochemical and thermal stabilities [39].  

 

Hybrid cathode materials have been successfully prepared by synthesising one cathode 

material and then modifying it with another cathode material via processes such as the sol-

gel, solid-state or mechanical milling methods. Sadeghi and co-workers [114] prepared 

LiMn2O4-LiFePO4 hybrid cathode material by taking already-prepared LiMn2O4 

nanoparticles and coated them with LiFePO4 via the sol-gel method. The hybrid cathode 

material showed better cyclic stability than the unmodified LiMn2O4. Qui et al., [115] used 

manufactured pristine LiMn2O4 and LiFePO4 cathode materials and mixed them together 

using both hand and ball milling methods to produce LiMn2O4-LiFePO4 hybrid cathode 

materials. They used different mass ratios of the pristine materials and tested the 

electrochemistry of the hybrid materials. Their results showed that the hybrid cathode with a 

1:1 mass ratio gave better performances than the other mass ratios. In addition, the hand 

milling technique gave uniform LiMn2O4-LiFePO4 hybrid cathode materials whereas the ball 

milling approach produced agglomerated nanoparticles with decreased electrochemical 

performance. 

 

Sadeghi et al. [114] and Yun et al. [116] have also prepared these hybrid cathodes in a 

slightly different manner where they used one cathode as the parent (main material) and the 

other as the coating or modifying material. Therefore, the parent is in higher ratio than the 

coating material. In some cases there is no parent cathode material, the pristine cathode 

materials are mixed in equal mass or equimolar ratios to form a hybrid cathode material with 

better performances than the two individual cathode materials [117-119]. As previously 

stated, most cathode materials have low electronic conductivities and blending them together 

does not really improve their conductivity. Therefore, these materials are further coated by 

another material which will improve their conductivities and overall battery performance. 
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1.6. Rationale of Study 

 

A typical Li-ion battery is made up of a negative electrode (anode) and a positive electrode 

(cathode) immersed in a Li-ion conducting material that is impermeable to electrons 

(electrolyte material). The performance of any Li-ion battery is largely influenced by its 

cathode material which is an essential component in these batteries [120]. Lithium iron 

phosphate (LiFePO4) cathode material is characterized by its high theoretical capacity (170 

mA h g
-1

), excellent thermal and structural stabilities, cycle stability and flat operating 

voltage (~3.5 V vs Li/Li
+
) through the Fe

2+
/Fe

3+
 redox couple [86, 121-123]. Similarly, 

lithium manganese orthosilicate (Li2MnSiO4) cathode material has attracted a lot of 

researchers due to its environmentally friendliness, safety, cost effectiveness, high cell 

voltage (4.2 V vs Li/Li
+
) and high theoretical capacity (333 mA h g

-1
) associated with the 

possibility to extract more than one electron per formula unit [96, 97, 101, 124, 125]. A 

mixture (or a blend) of the two cathode materials would result in a hybrid cathode material 

with much better properties than the individual materials  

 

The concept of blending cathode materials is a new strategy that is used to address some of 

the challenges that prevent the optimum performance of individual cathode materials [39, 

126]. The mixture of two or more cathode materials that complement each other’s properties 

will yield hybrid cathode materials with enhanced performances [127]. In line with this, a 

LiFePO4-Li2MnSiO4 hybrid cathode material can be obtained by blending pristine LiFePO4 

and Li2MnSiO4. The pristine cathode materials are polyanion compounds and are 

characterised by the presence of the (XO4)
n
 unit which is associated with their high stability 

and better performance compared to other transition metal oxides [81, 94, 128-130]. In 

addition, these stabilities are attributed to the presence of strong covalent bonds between P-O 

and Si-O in LiFePO4 and Li2MnSiO4, respectively [131-134].  

Furthermore, the olivine LiFePO4 offers its high theoretical capacity, stable charge/discharge 

curves, high voltage (3.4 V vs Li/Li
+
) and long cycle stability [131, 132]. Meanwhile, 

Li2MnSiO4 contributes its high voltage (4.2 V vs Li/Li
+
) and high theoretical capacity of 333 

mA h g
-1 

(almost double that of the LiFePO4) which is achieved by assuming reversible 

extraction of two moles of Li-ion per formula unit through the use of Mn
2+/

Mn
3+

 and 

Mn
3+

/Mn
4+

 redox couples [96, 99, 135]. The hybrid cathode material is further coated using 
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graphene because of its large surface area, chemical stability, superior electric and thermal 

stability which contribute towards improving its performance [33]. The raw materials (iron, 

manganese, silicon and phosphorous) are non-toxic and relatively cheap because they are 

produced here in South Africa [136, 137]. Additionally, the use of low cost, sustainable and 

easily available precursors is promoted for the research and development of Li-ion batteries 

in order to reduce the cost of these batteries [90, 138]. 

 

1.7. Problem Statement 

 

There are shortcomings that prevent these cathode materials from reaching their optimum 

performances. For instance, the full potential of LiFePO4 is affected by its low Li-ion 

diffusivity that takes place during charge/discharge processes and poor electronic 

conductivity (10
-9

 to 10
-10

 S cm
-1

) which result in low specific capacity and poor performance 

[86, 121]. Similarly, the performance of Li2MnSiO4 is affected by its low electronic 

conductivity (~10
-16

 S cm
-1

), low Li-ion diffusion, rapid capacity fade and poor cycling 

stability that is caused by the Jahn-Teller distortion experienced by Mn
3+

 [124]. 

 

1.8. Research Aim and Objectives 

 

The aim of this study is therefore to enhance the electrochemical and physical properties of 

li-ion batteries in order to provide sufficient energy and power density in modern batteries by 

synthesizing graphenised lithium iron phosphate-lithium manganese orthosilicate hybrid 

cathode materials. The outlined aim will be achieved by following these research objectives: 

 Preparation of graphene oxide followed by chemical reduction in order to obtain 

reduced graphene oxide nanosheets.  

 Functional group, morphology and structural characterization of the nanosheets to be 

performed with Fourier transform infrared spectroscopy (FTIR), Raman 

Spectroscopy, High Resolution Transmission and Scanning Electron Microscopy 

(HRTEM and HRSEM), X-ray diffraction (XRD) and Solid State Nuclear Magnetic 

Resonance Spectroscopy (SS NMR). 
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 Synthesis of both pristine lithium iron phosphate and lithium manganese orthosilicate 

and perform functional group, morphology and structural analysis using the above 

mentioned techniques. 

 Synthesis of LiFePO4-Li2MnSiO4 and graphenised LiFePO4-Li2MnSiO4 hybrid 

cathode materials via hand milling and in situ sol-gel methods. 

 Perform functional group, morphology and structural analysis using the above 

mentioned techniques. 

 Electrochemical characterization of the as-prepared graphene nanosheets, pristine 

cathode nanomaterials and the hybrid cathode materials using Cyclic Voltammetry, 

Square Wave Voltammetry and Electrochemical Impedance Spectroscopy (EIS). 
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CHAPTER 2 

Chapter Overview 

 

This chapter looks at the methodologies used to synthesise the pristine cathode materials, 

graphene nanosheets and blending of these materials to form graphenised hybrid cathode 

materials. The selected characterization techniques were used to study the structural, 

morphological and electrochemical properties of the prepared nanomaterials. The results 

obtained from these characterization techniques are discussed in the next chapter. 

 

2. Methodology 

2.1. Introduction 

 

The battery technology has developed into being a very essential part of our lives. It promotes 

the generation of clean energy supply, also featured/used in electric and hybrid-electric 

vehicles, and many electronic devices would not be viable without batteries [1]. Another 

interesting aspect about this technology is the integration of green and sustainable precursors 

that were not used before. The use of toxic elements such Ni and Cd is being replaced with 

more environmentally friendly materials such as Fe and Mn. 

 

Different synthetic methods have been developed and utilised to prepare various cathode 

materials such as sol-gel, hydrothermal, solvothermal, solid-state reaction, co-precipitation, 

spray pyrolysis, emulsion-drying and microwave method. These techniques produce unique 

nanoarchitectures with different physical and chemical properties [2]. The sol-gel approach 

offers better mixing of reagents which leads to homogeneous particle size distribution in the 

final product [3]. In addition, the technique allows the ease to control stoichiometry, produce 

nanoparticles with uniform size and morphology, and the obtained products show higher 

purity compared to those prepared by other methods [4-7]. This technique was adopted for 

the preparation of pristine LiFePO4, Li2MnSiO4, LiFePO4-Li2MnSiO4 and graphenised 

LiFePO4-Li2MnSiO4 hybrid cathode materials due to its simplicity, less energy consumption 
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and there is no expensive equipment required during synthesis. For comparative studies, the 

hybrid cathode materials were also prepared using a hand milling approach.  

 

Mechanical milling is a convenient way of blending, synthesising and reducing particle size 

of nanomaterials [8]. This technique enables mixing of powder samples using a high energy 

mill in a suitable medium such as a solvent or gas flow [9]. During the milling process, the 

balls roll or freely fall inside the chamber to impact the powder samples underneath. 

Optimum results are obtained by tuning reaction parameters such as milling speed, 

temperature, time, size distribution of the balls and the type of milling machine [8]. This is a 

time consuming process and high energy mills may alter the structure and morphology of the 

products. Alternatively, this study explores the use of a hand milling approach to prepare the 

hybrid cathode material. This technique is simpler and softer than mechanical milling. 

 

2.2. Chemical Reagents 

 

Graphite powder (<20 μm, synthetic), Sulfuric acid (H2SiO4, ACS reagent, 95.0 – 98.0 %), 

Potassium manganese oxide (KMnO4, ACS reagent, ≥99.0 %), Hydrogen peroxide (H2O2, 

contains inhibitor, 30 wt. % in H2O), Hydrochloric acid (HCl, 36.5 – 38 %) Sodium 

borohydride (NaBH4, granular, 10 – 40 mesh, 98 %), Lithium acetate (LiOOCH3, 99.95% 

trace metals basis), Iron (II) acetate (Fe(OOCH3)2, ≥99.99 % trace metal basis), Ammonium 

phosphate dibasic ((NH4)2HPO4, reagent grade, ≥98.0 %), Tetraethyl orthosilicate 

(Si(OC2H2CH3)4, ≥99.0 % (GC)), Manganese acetate tetrahydrate ((CH3COO)2Mn•4H2O, 

99.99 % trace metals basis), Ammonia solution (2.0 M in methanol), Lithium perchlorate 

(LiClO4, ≥98.0 %) and N-Methyl-2-pyrolidone (C5H9NO, anhydrous, 99.5 %) were all 

purchased from Sigma-Aldrich South Africa, except Alumina (0.05, 0.3 and 1.0 μm) which 

were purchased from Buehler and used as received.  
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2.3. Synthesis of Pristine LiFePO4 

 

The synthesis of pristine LiFePO4 (LFP) nanoparticles was carried out using the sol-gel 

method [6]. Three solutions of 0.005 mol Fe(OOCCH3)2, (NH4)2HPO4 and Li(OOCCH3) 

were prepared using a mixture of water and ethanol in a ratio of 3:1 (V/V). The iron (II) 

acetate solution was slowly added (over a period of 5 min) to that of ammonium phosphate 

dibasic and vigorously stirred for 30 min under N2 gas flow. This was followed by another 

slow addition of lithium acetate and continued stirring of the mixture for 2.5 h while 

maintaining N2 gas flow. A gel was formed by slow evaporation of the solvent at 70 ºC using 

an oil-bath over a period of 24 h. The formulated gel was then dried in a vacuum oven at 80 

ºC overnight. Pristine LiFePO4 nanoparticles were obtained by grounding the dried powder 

and calcining at 700 ºC for 7 h. 

 

2.4. Synthesis of Pristine Li2MnSiO4 

 

Pristine Li2MnSiO4 (LMS) nanoparticles were also prepared by following the sol-gel 

approach. Three solutions were prepared by dissolving 0.01 mol Li(OOCCH3), 0.005 mol 

(CH3COO)2Mn•4H2O and 0.005 mol Si(OC2H5)4 in 25 mL of a mixture of water and ethanol 

in a ratio of 3:1 (V/V). The lithium acetate solution was mixed with the one for manganese 

acetate tetrahydrate and stirred for 30 min under N2 gas flow. This was followed by slow 

addition of tetrataethyl orthosilicate and 1.0 mL of ammonia solution. A sol was formed by 

stirring the mixture for 2.5 h still maintaining the N2 gas flow. The sol was then evaporated at 

70 ºC overnight to form a thick gel. The desired product, pristine LMS was obtained by 

drying the gel in a vacuum oven at 80 ºC overnight, grounded the powder and then 

calcination at 700 ºC for 6 h. 

 

2.5. Synthesis of Graphene Nanosheets 

 

The graphene oxide nanosheets were synthesized from graphite powder by following a 

modified Hummer’s method [10]. The synthesis was initiated by adding 2.0 g of graphite 

powder into 40 mL of concentrated H2SO4 into a clean dry conical flask and stirred at room 
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temperature for 1 h. The flask was cooled to a temperature below 5 ºC in an ice bath and then 

followed by slow addition of 7.0 g of KMnO4. The mixture was allowed to warm-up to room 

temperature (without using heat) and then immersed in a warm water bath to raise the 

temperature to 35 ºC. Thereafter, the mixture was stirred for 2 h and returned back to the ice 

bath, followed by slow addition of 100 mL of de-ionised water and 10 mL of hydrogen 

peroxide until gas evolution ceased. The flask was removed from the ice bath and stirred for 

0.5 h at room temperature. The resultant suspension was washed thoroughly with de-ionised 

water to remove residues of un-exfoliated graphite. Finally, graphene oxide nanosheets were 

obtained by drying the resultant suspension at 65 ºC in an oven overnight.  

 

Reduced graphene oxide (graphene) was prepared by dispersing 200 mg of graphene oxide 

into 100 mL of deionised water using an ultrasonic bath for 1 h. This was followed by two 

successive slow additions of 200 mg of NaBH4 with a 30 min difference in between while the 

mixture was stirred at room temperature. The mixture was refluxed at 125 ºC for 4 h under 

stirring. The formulated black suspension was allowed to cool to room temperature and 

isolated using a centrifuge. Thereafter, properly washed with deionised water and dried 

overnight at 65 ºC in a vacuum oven.  

 

2.6. Synthesis of Hybrid Cathode Materials 

2.6.1. In situ Sol-Gel Method 

 

A 1:1 mass of LiFePO4-Li2MnSiO4 hybrid cathode material was synthesized by dissolving 

equimolar amounts (0.0025 mol) of Li(OOCCH3), (Fe(OOCCH3)2) and ((NH4)2HPO4) into 

25 mL of a mixture of water and ethanol in a ratio of 3:1 (V/V). A sol was formed as 

described before and into this, 200 mg of the already prepared LMS were added. The mixture 

was vigorously stirred at room temperature for 1 h and then the temperature was increased to 

70 ºC overnight in order to evaporate the solvent and form a thick gel. The gel was dried in a 

vacuum oven at 80 ºC for 24 h. Finally, the hybrid cathode material denoted as LFP-LMS SG 

was obtained by grinding the powder and calcining at 700 ºC for 7 h. Graphenised LiFePO4-

Li2MnSiO4 (LFP-LMS-G SG) was prepared the same way as LFP-LMS with an addition of 

25 mg of graphene. 



http://etd.uwc.ac.za

 

49 

 

2.6.2. Hand Hilling Method 

 

A 1:1 mass ratio of LiFePO4-Li2MnSiO4 (denoted as LFP-LMS HM) hybrid cathode material 

was obtained by grinding equal masses (200 mg) of pristine LiFePO4 and Li2MnSiO4 using a 

pestle and a mortar for 15 min. The finely grounded powder was calcined at 350 ºC for 4 h. 

The graphenised Li2MnSiO4-LiFePO4 (denoted as LFP-LMS-G HM) hybrid cathode material 

was prepared the same as LFP-LMS HM hybrid cathode, but with the addition of 25 mg of 

graphene.  

 

2.7.Material Characterization 

2.7.1. High Resolution Scanning Electron Microscopy 

 

Scanning electron microscopy (SEM) is an essential imaging technique used not only to 

investigate topographic and morphological properties, but also microstructural composition 

of a sample. The information is obtained by scanning the surface of a sample with a high 

beam of electrons. Unlike conventional microscopes, SEM creates 3D images using electrons 

rather than light waves [11, 12]. 

 

An electron gun is used to generate a beam of high energy electrons which are focused on the 

specimen using a series of magnification lenses. When the beam of electrons strikes the 

surface of the sample, they bounce back in the form of backscattered electrons, secondary 

electrons, x-rays, light and heat, and carry with them crucial information about the surface of 

the specimen undergoing analysis. The secondary and backscattered electrons are used for 

imaging and the created images appear black and white, because they are created using 

electrons rather than light waves. The scattered x-rays are used to identify elemental 

composition and are captured using a technique called energy dispersive x-ray spectroscopy, 

to be discussed in the sub-sessions (EDS) [11]. 

 

The samples were placed on carbon tapes supported by a specimen pins and sputter-coated 

using fine graphite pencil to improve their conductivity. These samples were analysed using 

Zess Geminin Auriga Field Emission Scanning Electron Microscopy. 
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2.7.2. High Resolution Transmission Electron Microscopy 

 

Transmission electron microscopy is another valuable imaging technique similar to SEM. 

However, this technique uses very high energized electrons that penetrate through an ultra-

thin specimen. The interaction of the sample and electrons produces vital information about 

the specimen being studied. The transmitted electrons carry information about the 

morphologic, crystallographic and compositional properties of the sample [11]. 

 

The operating principle in TEM is similar to that of an optical microscope, but uses electrons 

instead of a light source. The resolution of an optical microscope is very poor and this is 

imposed by high wavelengths of visible light (400 – 700 ɳm). Therefore, nanoparticles that 

are separated by a very short distance (nanometer scale) will not be resolved by these 

instruments [13]. These limitations were eliminated by introducing TEM, a technique which 

uses electrons to study the properties of a sample. The wavelength of electrons is much lower 

than that of light therefore making the resolution of TEM instrument to be thousand times 

better than that of a light microscope.  

Electrons are generated in a thermionic gun by a process called thermionic-discharge. They 

are then accelerated and focused on a sample by an electric field and magnetic field, 

respectively [13]. Some of these electrons are transmitted, while others are scattered 

depending on the thickness of the sample. The transmitted electrons are magnified and 

focused onto an imaging device such as a fluorescent screen or charge coupled device for 

viewing the image of the specimen. The screen will show dark and light regions which 

represent an image of the specimen. The dark areas represent a dense portion of the specimen 

and electrons are absorbed, and the lighter areas are regions where the specimen is less dense 

and electrons are able to penetrate through. 

 

The samples were dispersed in ethanol and drop-coated on a Cu-Ni grid and dried under a 

UV lamp for 5 min. Analysis were performed using a Tecnai G2 F20 X-Twin MAT 200 kV 

Field Emission TEM instrument. 
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2.7.3. Energy Dispersive X-ray Spectroscopy  

 

Energy dispersive X-ray spectroscopy (EDS) is an analytical tool used for elemental analysis 

for a material. It gives the relative proportions of each element in a sample undergoing 

investigation. The technique is used in conjugation with SEM and TEM, and utilises the X-

rays spattered by a sample when bombarded by a beam of electrons. The different elements 

are easily identified, because each element on the periodic table has a distinctive electronic 

structure and triggers a unique response to the electromagnetic waves [13]. 

 

Samples that are composed of elements with higher molecular weights are easily detected 

with most instruments as opposed to low molecular weight elements like Li. Elements with 

molecular weights lower than Beryllium (Be) are barely detected in most EDS techniques. In 

some cases elements with an atomic mass that is below that of sodium (Na) cannot be 

detected due to the use of Si-Li detectors covered by beryllium window [11]. As highlighted 

above; the technique is in conjugation with SEM and TEM, therefore the preparation 

technique is the same.  

 

2.7.4. X-ray Diffraction (XRD) 

 

X-ray diffraction (XRD) is a non-contact and non-destructive characterization technique that 

is commonly used for investigating the crystal structure, size and interplane distance between 

atoms of a material.  This technique is also a perfect fit for identification of impurity phases 

that could change the structure, thereby affecting performance deliverables of a material [12]. 
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Figure 5: Basic components of an X-ray diffractometer 

 

 A typical X-ray diffractometer consist of (i) an X-ray source, (ii) specimen stage (iii) 

receiving optics and (iv) X-ray detector as shown in Fig. 5. For XRD analysis, the X-ray 

source produces a beam of X-ray which is incident on the sample at different angles [14]. The 

atoms in a sample will cause scattering of the beams and if these (scattered beams) are in 

phase will interfere constructively. This leads to diffraction peaks which are characteristic to 

the structure of the material [15]. Precisely, XRD works on the principle of Bragg’s Law 

[16]: 

 

         (9) 

 

where,  is the interplanar spacing between two consecutive planes characterized by 

Miller indices (h k l), Ɵ is the diffraction angle, n is the order of diffraction and λ is the 

wavelength of the reflected X-ray. The crystallite size can also be calculated using the 

Scherrer equation [17]: 

 

         (10) 
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where  is the crystallite size, β is the full-width-at-half-maximum (FWHM) of the 

reflected XRD peak and k is Scherrer constant which is influenced by how the width is 

determined, crystal shape, and size distribution. 

 

The X-ray diffraction patterns of the synthesized samples were characterized using a D8 

Advanced diffractometer from Bruker AXS using an X-ray tube with copper K-alpha 

radiation operated at 40 kV and 40 mA and a position sensitive detector Vantec_1 used for 

fast acquisition of data.  

 

2.7.5. Fourier Transform Infrared (FTIR) Spectroscopy 

 

The structure and functional group analysis of the prepared samples were obtained by using 

Fourier Transform Infrared (FTIR) spectroscopy. This technique takes advantage of the 

covalent bonds of both organic and inorganic compounds which absorb different frequencies 

of radiation in the infrared (IR) region of the electromagnetic spectrum.  

For IR analysis, IR radiation is incident on the sample and some of this energy (in the form of 

frequency) will be transmitted and the remaining will be absorbed. The absorbed frequencies 

are quantised, therefore will differ for each molecule. Each molecule will absorb a unique set 

of frequencies (like a fingerprint, no two molecules, unless they are the same will have the 

same infrared spectrum) depending on their structure, which is the arrangement of atoms 

around the nucleus [18-20]. This makes IR spectroscopy a powerful technique for structural 

analysis. Furthermore, the bands that are observed in the IR spectrum represent the stretching 

and bending vibration modes which are attributed to covalent bonds and functional groups 

that are found in that compound or sample of interest [18-20]. 

 

The functional group analysis of the prepared nanomaterials was performed using Perkin 

Elmer spectrum 100 series attenuated total reflection (ATR) FTIR spectrometer. Potassium 

bromide (KBr) was finely grounded and pressed under high pressures to produce a KBr pellet 

(clear/glass-like flat pellet) which served as the background for all sample runs. Each powder 

vD
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sample were mixed with KBr, grounded and pressed under high pressures to produce pellets 

which were analysed. The data was extracted and plotted using Origin software. 

 

2.7.6. Raman Spectroscopy 

 

Raman spectroscopy is an essential analytical technique used for identification of vibrational 

(phonon) states of a material through inelastically scattered radiation. In Raman 

spectroscopy, a monochromatic light source (laser beam) is used to excite molecules of a 

sample from their ground vibrational state to the virtual (excited) state, as illustrated in Fig. 6. 

The molecules that instantly return back to their ground state represent Rayleigh scattering 

and their excitation energy is equal to the emitted energy. Sometimes the molecules are 

excited to the virtual state and when relaxation occurs they fall on the vibrational states 

(Stokes scattering) and are characterised by low emission energy compared to the incident 

photon. While majority of the molecules undergo Rayleigh scattering, a small fraction of 

them undergoes Raman/Anti-Stokes scattering (inelastic scattering) and are characterised by 

loss of energy (emission of higher energy than the incident photon) [11, 21].The inelastically 

scattered light carries information characteristic to the vibrational modes of a molecule. 

 

 

Figure 6: Principle of Raman spectroscopy 
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Raman spectroscopy studies are closely related to those of FTIR Spectroscopy because both 

techniques give information about the vibrational states of a molecule. Vibrations that 

produce strong signals in one technique will produce weak signals in the other. Raman 

spectroscopy works well with non-polar functional groups, however gives insignificant 

signals for molecules with a dipole moment. The opposite is true for FTIR spectroscopy [21].  

 

The powder samples were held on a glass slide using greece and left to dry for 1 hr before 

analysis with XploRA one Raman Microscope (Horiba Scientific) controlled using VisionPro 

software.  

 

2.7.7. Thermogravimetric Analysis 

 

Thermogravimetric Analysis (TGA) is used to measure the amount and rate of change in the 

mass of a material as a function of temperature or time while the sample is subjected to a 

controlled temperature program and atmospheric conditions. TGA measurements are used to 

determine the composition and thermal stabilities of a material [22].  

Thermogravimetric analysers are equipped with a sensitive analytical balance (thermo-

balance), temperature programmable furnace, gas purge system (for providing desired 

atmospheric conditions) and a microprocessor for controlling the instrument and data 

acquisition. The detection limits of a thermo-balance can be as high as 0.1 μg, and the 

instrument only requires a small amount of sample ranging between 1 to 100 mg [23]. 

Furthermore, the latest furnace is capable of heating the sample to temperatures up to 1600 ºC 

at a variety of heating rates with 1 to 20 ºC min
-1

 being the most commonly used. Finally, the 

environment inside the furnace is controlled by purging gas (usually N2 or Ar) at a flow rate 

of 50 - 100 mL min
-1

 to provide an atmospheric pressure of roughly 10
-3

 to 10
-4

 Pa [23]. 

 

TG measurements are conducted by adding a sample into the pan and placing it inside the 

furnace. The furnace is heated using a temperature programme and the various changes 

associated with mass loss or gain are monitored throughout the experiment. Majority of the 

samples will undergo mass loss because they are heated and processes such as dehydration, 

decomposition, sublimation and in some cases, reduction of metal oxides to metals are bound 
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to happen. Mass gain can also be observed even though a sample is heated. This is associated 

with chemical reactions between the material and the gas inside the testing environment [23]. 

The acquired data is obtained in the form of a thermogravimetric (TG) curve which is a plot 

of mass loss as a function of temperature or time. Thermogravimetric curves provide crucial 

information about a material’s reaction mechanism, reaction intermediates and final reaction 

products that are formed after the decomposition process. The power of this is enhanced by 

coupling it with other technique such as FTIR to confirm the functional groups of the 

compounds that have been ruptured during treatment with high temperatures.  

 

The thermal stabilities of the prepared powder samples were analysed using a TGA Analyser 

4000 (Perkin Elmer) controlled by Pyris software under N2 atmosphere in the temperature 

range of 30 to 900 ºC at a heating rate of 20 ºC min
-1

. 

 

2.7.8. Small Angle X-ray Scattering (SAXS) 

 

Small angle X-ray scattering (SAXS) is a non-intrusive technique used for investigating the 

structure, morphology and particle size of nanomaterials. This technique gives precise 

information (nanoparticle shape, size, size distribution and surface structure) of a material in 

their natural environment [24]. It is also complementary to direct imaging and structural 

characterization techniques such as scanning and transmission electron microscopy (SEM and 

TEM) [25]. SAXS is unique and more advantageous than these techniques. Sample analysis 

using SEM and TEM is only limited to a specific area where the image was taken. As a result 

the image is usually used to generalise the representation of the entire sample. The advantage 

of using SAXS is that it provides information about the entire sample rather than just 

focusing on a single spot which is usually a challenge for the above mentioned microscopic 

techniques [24].  

 

A SAXS instrument consists of an X-ray source, collimation system, sample holder, beam 

stop and a detector system, as shown in Fig. 7. During sample analysis a beam of X-ray is 

produced by the X-ray source and then narrowed by the collimator before reaching the 

sample [26]. When the beam of X-ray reaches the sample it gets scattered by nanoparticles in 
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the sample resulting to scattering patterns that are characteristic to the nanoparticle’s shape, 

size and internal structure [27]. Before the X-rays reach the detectors they are surfed by a 

“beam stop” to prevent the passage of high intensity X-rays which might damage these 

detectors. In addition, the high intensity X-rays may also overshadow weak scattering 

produced by a material, therefore leading to poor results [26]. 

 

 

Figure 7: Schematic diagram of SAXSpace instrument 

 

The finely grounded powders were prepared in between two layers of sticky tape, trimmed 

and fitted into the sample holder. SAXS measurements were obtained using a 1 mm diameter 

quartz capillary positioned at a distance of 317 mm from the SDD camera and temperature 

controlled at 20 ºC. Measurements were carried out using SAXSpace instrument (Anton Paar, 

GmbH, Australia) in line-collimation mode with an accessible q range of 0.0732 – 1.66 ɳm. 

For each measurement, there were six frames obtained at 100 s exposure time and averaged. 

Data analysis was performed using the generalized indirect Fourier transformation (GIFT) 

software in order to determine the particle size and size distribution of the dispersions.  
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2.7.9. Electrochemical Characterization  

2.7.9.1. Cyclic Voltammetry (CV) 

 

Cyclic voltammetry (CV) is one of the simple and popularly used electrochemical techniques 

in the fields of analytical, physical and inorganic electrochemistry [28]. The technique is used 

as a preliminary step to determine the redox processes in a given analyte. These include, but 

not limited to the redox potentials, kinetics of an electron transport process and the number of 

electrons transferred by a material immobilised on the surface of an electrode or in a solution 

during an electrochemical reaction [29].  

 

A typical CV experimental set-up consists of three electrodes; working, reference and counter 

electrode which are connected to a potentiostat. The potentiostat is used to control the 

potential on the counter electrode versus the working electrode so that the potential difference 

between the working and reference electrode is well defined and corresponds to the specified 

values [30]. During the experiment, a potential is applied on the working electrode and is 

varied from an initial value (Ei) to a final value Ef, (also known as a switching potential) at a 

constant scan rate leading to a single linear sweep. Once the Ef is reached, the potential can 

be reversed back to the Ei while maintaining the same scan rate to complete a cycle which 

consists of the forward and reverse sweeps [28], as indicated in Fig. 8.  

These cycles can be repeated several times depending on the type of information needed by 

the analyst. As the potential is cycled (scanned back and forth) within a selected potential 

window the material will undergo either oxidation or reduction depending on the direction of 

the potential. When the scan is initiated from the negative potential to the positive potential 

the analyte will undergo oxidation. This is the region where the analyte’s anodic peak current 

(Ipa) and potential (Epa) are observed. The reverse scan will lead to the reduction of the 

analyte which is defined by the cathodic peak current (Ipa) and potential (Epa) [29, 31]. 
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Figure 8: A typical cyclic voltammogram depicting oxidation and reduction peaks of an 

analyte between specified values of Ei and Ef (in this case -0.5 to 0.5 V) 

 

There are several parameters that can be used to determine the reversibility of a given system. 

Reversibility refers to how fast a reaction can maintain the concentration of oxidised and 

reduced species in equilibrium at the surface of the electrode [29]. One of these parameters is 

the formal reduction potential and is obtained by taking the average of the forward and 

reverse potentials from the cyclic voltammogramms as defined by Equation 11.  

 

         (11) 

 

Cyclic voltammograms can assume various shapes due to the nature of different redox 

processes of an analyte on the surface of the electrode. The shape of these curves (Fig. 9) is 

associated with the reversibility of the electrochemical process on the surface of an electrode.  
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Figure 9: Cyclic voltammetry profiles for (A) reversible, (B) irreversible and (C) quasi-

reversible processes 

 

A reversible process is characterized by the shape of the cyclic voltammogram represented in 

Fig. 9 A). The anodic peak is the mirror image of the cathodic peak. Such electrode processes 

are classified to be reversible because the rate of the electron transfer is greater than the rate 

of the mass transport when an electrode is placed inside an electrolyte solution [28]. In cases 

where the electron transfer is less than that of the mass transport, then that process is defined 

as irreversible as indicated by Fig. 9 B. In such processes the peak-to-peak separation is very 

large and only the reduction peak is detected [28]. In a quasi-reversible process (Fig. 9 C), the 

electrode processes show a reversible behaviour at low scan rates, however it becomes 

irreversible at high scan rates [28]. 

 

The prepared cathode materials were dispersed in N-Methyl-2-Pyrrolidon to form a 

concentration of 5.0 mg mL
-1

 and sonicated for 1 h. The electrodes were prepared by casting 

4 μL of the cathode materials on a glassy carbon electrode (GCE) and drying under a lamp 

for 48 h. A three electrode set-up was used and these electrodes were dipped into 3.0 mL of 

1.0 M LiClO4 electrolyte. The three electrodes were: (i) GCE modified with LFP, LMS, LFP-

LMS HM, LFP-LMS-G HM, LFP-LMS SG and LFP-LMS-G SG, (ii) reference electrode – 

Ag/AgCl and (iii) counter electrode – platinum wire. Cyclic voltammetric experiments were 

carried out using CH instruments workstation (CHI760E).  
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2.7.9.2. Electrochemical Impedance Spectroscopy (EIS) 

 

Electrochemical Impedance Spectroscopy (EIS) is an effective tool for studying and 

monitoring the functioning of batteries and fuel cells. It is also used in other application such 

as corrosion analysis and interfacial behaviour of different electrode systems [32]. 

Voltammetric techniques are used as a primary step to study the kinetics of an electrode 

process. However, their results are usually clouded by side effects such as the ohmic drop 

related to the experimental set-up or the charging currents of the double layer that occurs over 

a very short time-scale (order of millisecond) [33]. The problem with these side effects, more 

especially ohmic drop, is that the response of a reversible system becomes similar to that of a 

kinetically slow system. The best way to differentiate the kinetics of these reactions is to 

make use of an excitation function that will cover a large time domain [33]. In that way, EIS 

studies will be a complement to whatever that is obtained using voltammetric techniques and 

better explains the kinetics of an electrode process. 

 

EIS experiments are performed by applying a sinusoidal voltage using a potentiostat across a 

three electrode cell containing an electrolyte solution to retain the analyte of interest [32]. 

The amplitude and magnitude of the fixed sinusoidal voltage is varied depending on the 

needs of the user. For example, biological molecules are usually subjected to low voltages to 

avoid denaturing, whereas this is not the case for non-biological molecules. When the voltage 

is applied on the electrode in a particular frequency range, current flows through the 

electrochemical cell and this response is recorded by the potentiostat and converted into 

impedance data which contains both real and imaginary component [32]. The obtained data 

requires a complex process of analysing which can be achieved by using designated EIS 

analysis software. An electrochemical cell is represented using an equivalent circuit of 

resistors and capacitors before analysis with the software [34]. The analysed data is usually 

presented in the form of a Nyquist plot or Bode plot, as shown by Fig. 10.  

 

The Nyquist plot displays real impedance (Zꞌ) vs imaginary impedance (Zꞌꞌ) and is used to 

determine the solution resistance (Rs), charge transfer resistance (Rct) and the Warburg 

element (Wo) of an electrochemical reaction on the electrode surface [32]. This type of plot 

gives insights about the electrochemical reactions on the surface of the electrode and 
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describes whether they occur via a kinetic or mass transfer controlled processes. The 

determining feature between the two processes is Rct and will be large for an electrochemical 

system governed by kinetically controlled, whereas a significantly small Rct value will be 

obtained for mass transfer controlled systems [34]. In addition, there is also a Bode plot 

which can be used to determine the capacitative or inductive effect of an electrochemical 

system [32]. This is a plot of impedance and phase angle against frequency as shown in Fig. 

10 B. 

 

 

Figure 10: Electrochemical impedance depicted by (A) the Nyquist plot (taken from [34]) 

and (B) Bode plot (taken from [35]) 
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CHAPTER 3 

Chapter Overview 

 

This chapter discusses the results obtained from the various microscopic (HRTEM and 

HRSEM), spectroscopic (FTIR, XRD and EDS), thermogravimetric (TG) and 

electrochemical (CV, EIS) techniques used to characterise the prepared pristine cathodes, 

graphene oxide, graphene and hybrid cathodes.  

 

3. Results and Discussion 

3.1. Analysis of Pristine LiFePO4 and Li2MnSiO4 Cathode Materials 

3.1.1. High Resolution Scanning Electron Microscopy 

 

The morphological features of the prepared pristine LiFePO4 (LFP) and Li2MnSiO4 (LMS) 

cathode materials were studied using HRSEM as shown in Fig. 11. Both pristine materials 

show slightly agglomerated spherical nanoparticles having uniform sizes. These 

morphologies could affect the electrochemical behaviour of the materials as they are most 

likely to cause slow intercalation/de-intercalation of Li-ions during charge/discharge 

processes [1].  

 

The EDS data of these materials is summarised in Table 2. The presence of lithium could not 

be confirmed because of its low atomic mass which cannot be detected by the instrument [1]. 

Other elements (such as O, P and Fe for LFP and O, Si and Mn for LMS) were detected from 

these materials. Trace sulphur elements were detected in LMS which could have been due to 

impurities from precursors. Pure LiFePO4 was obtained without any impurities from 

precursors or cross contamination.   
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Table 2: Elemental mapping of LFP and LMS using HRSEM 

LFP LMS 

Element Weight % Element Weight % 

O 41.86 O 46.89 

P 22.08 Si 14.92 

Fe 36.06 S 0.77 

  Mn 37.42 

Total 100 Total 100 
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Figure 11: High resolution scanning electron microscopy images of (A) LiFePO4 and (B) 

Li2MnSiO4 nanoparticles with a magnification = 20.00 K X 

 

3.1.2. High Resolution Transmission Electron Microscopy 

 

High resolution electron microscopy (HRTEM) is a powerful analytical technique used to 

study the morphology and microstructural features of nanomaterials. Figure 12 shows 

HRTEM images of the pristine materials at different scale views of 20 and 2 ɳm for thorough 
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interrogation of the morphology and internal structures of these materials. The HRTEM 

image of LFP (Fig. 12 A) shows spherical nanoparticles that are slightly agglomerated and 

this is consistent with the results obtained from HRSEM. The nanoparticles have an average 

particle size of 35 ɳm. Figure 12 C shows tiny spherical and highly agglomerated LMS 

nanoparticles. These nanoparticles have an average particle size of 5 ɳm. However, they 

coalesce to form larger spherical nanoparticles having an average size of 40 ɳm as show in 

Fig. 12. C (inset).  

 

The presence of lattice fringes observed at low scale view (Fig. 12 B and D) is a clear 

indication that the nanoparticles are polycrystalline. This is further confirmed by the weak 

diffraction spots in the selected area electron diffraction (SAED) patterns making up 

concentric rings in the corresponding inset images [2]. Figure 13 shows elemental mapping of 

these materials and confirmed the presence of Fe, P and O in LFP and Mn, Si and O in LMS, 

with Cu and Ni impurities coming from the grid. 
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Figure 12: HRTEM images (A) and (B) for LiFePO4 (at 20 and 2 ɳm) and (C) and (D) for 

Li2MnSiO4 (same scale as in LiFePO4). Inset: corresponding SAED pattern of (B) LiFePO4 

and (D) Li2MnSiO4 
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Figure 13: EDS spectra of (A) LiFePO4 and (B) Li2MnSiO4 

 

3.1.3. Small-Angle X-ray Scattering (SAXS) Analysis 

 

SAXS was used to further study the morphology of the pristine cathode materials as shown 

by the pair-distance distribution function (PDDF) and particle size distribution curves in Fig. 

14. The advantage of using SAXS is that the nanomaterials are analysed in their natural 

environment, therefore giving accurate results about their properties. According to the 

particle size distribution curve by the number of particles (SDN), the pristine LFP is 

composed of nanoparticles with different sizes of 5, 14 and 25 ɳm. Similarly, the pristine 

LMS material has nanoparticles of different sizes of 5, 12, 22, 28 and 35 ɳm. These findings 

are an indication that the synthesized cathode materials have a distribution of small and 

bigger particles. The presence of small nanoparticles will provide reduced diffusion lengths 

therefore fast electron and Li-ion transport kinetics during the charge/di-charge processes [3].  

 



http://etd.uwc.ac.za

 

72 

 

The shape of the PDDF curve in Fig. 14 (inset) was used to get more information about the 

morphology of the nanomaterials [4]. The materials have a flat disc-like shape with diameters 

of 20 and 25 ɳm for LFP and LMS, respectively. These findings are in contrast with those 

obtained from HRTEM. HRTEM images are only limited to a small region of the sample 

which is not ideal for making conclusions about the entire sample. However, in SAXS the 

samples are analysed in their natural environment and the obtained results are representative 

of the entire sample [5].  

 

 

Figure 14: SAXS analysis: particle size distribution curve (by number of particles) for LFP 

and LMS, and corresponding PDDF curves (inset) 

 

3.1.4. Fourier Transform Infrared (FTIR) Spectroscopy 

 

FTIR spectroscopy is a useful analytical tool used for identification of functional groups 

found on the surface of nanomaterials [6]. The lower region of the spectrum (bellow 1500 

cm
-1

) is used to confirm the presence of bonds formed by inorganic molecules [7]. For this 
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reason, the FTIR spectra of the prepared pristine LFP and LMS cathode materials was only 

focused between 400 and 1400 cm
-1

 as it is shown in Fig. 15.  

 

The FTIR spectrum of LFP (Fig. 15 A) shows two broad characteristic absorption bands. The 

first absorption band in the upper region of the spectrum, from 930 to 1220 cm
-1

 is assigned 

to the intermolecular stretching vibration modes of [PO4]
3-

 group [7, 8]. The second band in 

the lower region of the spectrum (550 to 660 cm
-1

) is assigned to the intermolecular bending 

vibrations of [PO4]
3-

 group [7, 8]. There is also a set of two small absorption bands appearing 

at 457 and 502 cm
-1

 which can be attributed to the Li-ion motion [7]. Finally, the vibrational 

band observed at 430 cm
-1

 suggests that the pristine LFP contains traces of Li3PO4 impurity 

which is also confirmed by the X-ray diffraction patterns of the material.  

 

Figure 15 B shows the FTIR spectrum of LMS also in the same region as LFP. The material 

is characterised by a series of absorption bands at 948, 884, 612 and 520 cm
-1

, which can be 

attributed to the frame work of [SiO4] unit in LMS cathode material [9]. These bands are 

further divided into four different modes of [SiO4] denoted with ν and numbers from one to 

four. The absorption band at 948 cm
-1

 is assigned to the ν3 mode. The ν1 and ν4 modes are 

assigned to the bands at 884 and 520 cm
-1

, and 612 cm
-1

, respectively [10]. In addition, the ν1 

and ν3 modes represent the symmetric and asymmetric stretching mode of the Si-O bonds 

whereas the ν4 mode involves the symmetric and asymmetric bending vibrations of O-Si-O in 

[SiO4] unit [11]. The low frequency absorption band at 435 cm
-1

 is attributed to the Li-ion 

motion of this material [9, 10]. The material contained an impurity phase of the [SiO3] unit of 

Li2SiO3 which is assigned to the two bands appearing at 739 and 1067 cm
-1

 [9, 12]. 
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Figure 15: FTIR spectra of pristine (A) LFP and (B) LMS cathode materials in the frequency 

range between 400 and 1400 cm
-1

 

 

3.1.5. X-ray Diffraction  

 

The crystal structure of pristine LFP and LMS cathode materials was identified using XRD. 

As illustrated in Fig. 16 A, the X-ray diffraction patterns of LFP were indexed to the 

orthorhombic olivine-type structure with Pmna space group [13]. In addition, the diffraction 

peaks are quite narrow and this is an indication of a well-crystallized phase observed with 

this material. However, sample contained impurities (FeP, Fe2P and Li3PO4) suggesting that 

not all the Fe
3+

 were successfully reduced to F
2+

 during the preparation of this cathode 

material [14]. These findings are in agreement with those obtained from FTIR spectrum of 

this material (Fig. 15, Section 3.1.4). Gao and co-authors [15] also obtained the same 

impurities from their studies and suggested that they can be avoided by incorporating a 
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chelating agent, in their case gelatin. Other authors [16, 17] suggest that the preparation of 

this material in the presence of carbon source inhibits the formation of impurities. The 

obtained lattice parameters for the material are listed in Table 3. These results are comparable 

with those obtained by Tian and co-authors [18]. 

 

The X-ray diffraction patterns of LMS (Fig. 16 B) were indexed to the orthorhombic unit cell 

of Pmn21 group with a few impurity phases of MnO and Li2SiO3 [19-21]. The formation of 

these impurities is illustrated by Equation (12) [22-24]:  

 

2 4 2 3Li MnSiO Li SO MnO         (12) 

 

The presence of these impurities in LMS is undesirable, but they are electrochemically 

inactive [21]. The lattice parameters of LMS are listed in Table 3 and are closely related to 

those obtained by Arroyo-deDompablo [25] and Hwang [26].  

 

Table 3: The lattice parameters for pristine LFP and LMS cathode materials 

Sample a (Ǻ) b (Ǻ) c (Ǻ) 

LiFePO4 8.566 12.053 8.596 

Li2MnSiO4 9.392 5.397 4.660 
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Figure 16: X-ray diffraction patterns of (A) LFP and (B) LMS cathode materials in the 2Ɵ 

range between 15 and 80 º 

 

3.1.6. Thermogravimetric (TG) Analysis 

 

The thermal stability of pristine LFP and LMS cathode materials was studied by TG analysis 

from room temperature to 900 ºC with a heating rate of 20 ºC min
-1

 and the obtained results 

are shown in Fig. 17. There is no significant weight loss in the LFP powder which confirms 

the stability of the material in this temperature range. The observed 8 % weight loss can 

attributed to the crystallization of the material [15]. The TG curve for LMS powder showed a 

single weight loss process at 710 to 790 ºC which can be attributed to oxidation or 

crystallization of the material. During this test this material lost 18 % of its weight. The 

results clearly show that LFP has better thermal stabilities than LMS which is associated with 

the presence of the strong covalent bond between P-O in the [PO4]
n
 unit [27, 28]. 
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Figure 17: TG curves of the prepared pristine LiFePO4 and Li2MnSiO4 cathode materials 

using a temperature programme with a heating rate of 20 ºC min
-1

 from room temperature to 

900 ºC 

 

3.1.7. Electrochemical Characterization 

3.1.7.1. Cyclic Voltammetry (CV) 

 

The redox activity of the prepared pristine LFP cathode materials was investigated using CV 

in 1.0 M LiClO4 electrolyte. Figure 18 shows cyclic voltammograms for bare GCE and GCE 

electrode modified with LFP in the potential range from -1000 to 0.0 mV, at a scan rate of 05 

mV s
-1

. There is no redox activity observed for the bare GCE because there is no active 

material on its surface. However, the GCE modified with LFP showed only a reduction peak 

without its oxidation pair. The absence of the oxidation peak is associated with the used 

electrolyte, because this peak is observed in other electrolytes such as 1 M LiPF6 in a 1:1 

mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) [18]. The reduction peak 

is characterised by a peak potential of - 725 mV (-1.45 μA) corresponding to Fe
3+

/F
2+

 as 

indicated by the reaction below: 
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Reduction:  

 

+ -

4 4Li e FePO LiFePO         (13) 

 

 

Figure 18: Cyclic voltammograms of bare GCE and GCE modified with pristine LFP 

cathode material in 1.0 M LiClO4 at a scan rate of 05 mV s
-1

 

 

The pristine LFP material shows an irreversible electrochemistry, characterized by the 

presence of the reduction peak without its oxidation pair. The specific capacity of the 

material was calculated by integrating the area of the reduction peak using Origin software 

[29-31]. The calculation steps were as follows: 

 

Integrated area = 7.3429 x10−7A V  

Active mass = 2.2 x10−5g 
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Specific Capacity (mA h g
-1

) =   (14) 

 

Charge (Q)    = 
Integrated area

Scan rate
     (15) 

 

    =  

 

    = 1.4686 x10−4A s 

 

 Specific Capacity  = 

-4

-5

1.4686x10 A s

2.2x10 g
 

 

    = 6.675 A s g−1 

 

However, the capacity of a battery is expressed in mA h g
-1

 and we know that 3600 A s = 1 A 

h, and 1 g = 1000 mg. 

 Specific Capacity  =  

 

    = 1.85 mA h g−1 

 

Figure 19 shows the electrochemical cycling behaviour of pristine LFP cathode material at 

different scan rates, from 01 – 09 mV s
-1

.  

Charge

Active mass of the electrode material

-7

-1

7.3429x10 AV

0.005Vs

-1 -11000g
6.675Asg x mA h g

3600As
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It can be observed that there is a linear relationship between scan rate and peak current. In 

addition, an increase in scan rate triggers a small shift in the reduction peak potential towards 

more negative potential values. 

 

 

Figure 19: The effect of scan rate on the cyclic voltammogramms of pristine LFP cathode 

material in 1.0 M LiClO4, in the potential range between -1000 – 0 mV 

 

Figure 20 shows cyclic voltammograms of bare GCE and GCE modified with LMS recorded 

at a scan rate of 05 mV s
-1

, in 1.0 M LiClO4 electrolyte. The bare GCE does not show any 

electrochemistry (no peaks in the CV curves) because there is nothing coated on the electrode 

surface. However, the appearance of redox peaks signified that the electrode modified with 

LMS is electrochemically active. These redox peaks are characterised by the peak potentials 

at 340 mV and 114 mV corresponding to the oxidation (Mn
2+

/Mn
3+

) and reduction 

(Mn
3+

/Mn
2+

) of Mn in LMS, respectively. The redox reactions are illustrated by Equations 16 

and 17 below: 

 

 



http://etd.uwc.ac.za

 

81 

 

Oxidation:  

 

+ -

2 4 4Li MnSiO LiMnSiO Li e         (16) 

 

Reduction:  

 

+ -

4 2 4LiMnSiO Li e Li MnSiO         (17) 

 

 

Figure 20: Cyclic voltammograms of bare GCE and GCE modified with LMS in 1.0 M 

LiClO4 in the potential range from -1000 to 800 mV, at a scan rate of 05 mV s
-1

 

 

The peak separation and the current ratio Ipa/Ipc were calculated to diagnose the reversibility 

of the redox reaction for this material as show by the calculation bellow: 
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Eº = 
pa pc

2

E E
         (18) 

 

=  

  

= 227 mV 

 

∆Ep = pa pcE E  

 

 = 340 mV - 114 mV 

 

 = 226 mV 

 

pa

cp

I

I
 = 

|0.39 μA|

|-0.28 μA|
         (19) 

 

 = 1.39 

 

There is a large separation between the anodic and the cathodic peak potentials characterised 

by the Eº value of 227 mV. The ∆Ep value of 226 mV is higher than 59 mV and the Ipa/Ipc 

ratio is 1.39, which suggests that the redox reactions of LMS are quasi-reversible. The 

specific capacity of pristine LMS was also calculated the same way as LFP as indicated 

below: 

 

Integrated area   = 3.906 x 10
-7

 A V 

340 mV + 114 mV

2
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Active mass    = 2.0 x 10
-5

 g 

 

Specific Capacity (mA h g
-1

) =    

 

Charge (Q)    = 
Integrated area

Scan rate
   

    

    =  

   

= 7.812 x 10
-5

 A s 

 

 Specific Capacity  =  

 

    = 3.906 A s g−1 

 

 Specific Capacity  =  

 

    = 1.09 mA h g−1 

 

Charge

Active mass of the electrode material

-7

-1

3.906x10 AV

0.005Vs

-5

-5

7.812x10 As

2.0x10 g

-1 -11000g
3.906Asg x mA h g

3600As
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The calculated specific capacities of 1.85 and 1.09 mA h g
-1

 for LFP and LMS, respectively 

are lower than their theoretical values of 170 and 330 mA h g
-1

. However, these values are 

expected to be higher for the hybrid cathode material. 

 

Table 4: Redox parameters for pristine LFP and LMS cathode materials obtained from CV 

Electrode 

material 

Epa (mV) Ipa (μA) Epc (mV) Ipc (μA) ∆Ep (mV) Eº (mV) Ipa/Ipc 

LFP - - 725 -1.45 - - - 

LMS 340 0.39 114 -0.28   1.39 

 

The electrochemical cycling behaviour of the pristine LMS cathode material was studied 

using cyclic voltammograms at different scan rates as shown in Fig. 21. There is a linear 

relationship observed between the scan rates and peak currents of the material. An increase in 

scan rate results to an increase in the peak current. There are no significant changes/shifts in 

the peak potentials for both anodic and cathodic peaks. The difference between the peak 

potentials, ∆Ep was calculated to be 218 mV and this value is larger than 59 mV which is an 

ideal Nernstian process. This is attributed to kinetic limitations that occur during 

electrochemical processes of the material.  

Furthermore, the intensity of the peak currents was used to calculate the ratio of peak currents 

(Ipa/Ipc) to further diagnose the reversibility of the LMS system. The calculated Ipa/Ipc = 1.29, 

thus higher than the ideal value of 1 observed for reversible systems. Therefore, the LMS 

cathode material follows a quasi-reversible behaviour which is supported by higher values of 

∆Ep (218 mV) and Ipa/Ipc (1.29) compared to those of an ideal reversible behaviour.  
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Figure 21: The effect of scan rate on the cyclic voltammogramms of pristine LMS cathode 

material in 1.0 M LiClO4, in the potential range between -1000 – 800 mV 

 

3.1.7.2. Electrochemical Impedance Spectroscopy (EIS) 

 

EIS studies were carried out to further interrogate the electrochemistry of the synthesised 

pristine cathode materials, as shown by the Nyquist and Bode plots in Fig. 22 and 23, 

respectively. The Nyquist plots for both pristine materials only showed an inclined line 

without a semi-circle as shown by Fig. 22 A (inset). This is an indication that these materials 

have a capacitive behaviour [32]. The obtained Nyquist plots were simulated using Zview 

software according to the modified Randles equivalent circuit as shown by Fig. 22 B. In this 

model, Rs was the solution resistance, C - the capacitor, Rct - the charge transfer resistance 

and Ws - the Warburg diffusion. The obtained values for these parameters were tabulated in 

Table 5. The LFP exhibited a smaller (4.68 Ω) Rs value compared to LMS (17.85 Ω). 

However, its Rct value (2813 Ω) is higher than that of LMS (2008 Ω) which shows a slow 

transfer of electrons at the surface of the electrode. Furthermore, the capacitance and 

Warburg diffusion are almost the same for both materials. However, pristine LMS material 
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has a slightly higher capacitance (7.41 x 10
-6

 F) and Warburg diffusion (1.75 x 10
5
 Ωs

-1/2
) 

which is an indication of a more capacitive behaviour of the material compared to LFP. 

  

 

Figure 22: (A) Nyquist plot and (B) equivalent circuit used for fitting the EIS data for the 

pristine cathode materials 

 

The Bode plots (Fig. 23) further describes the electrochemistry of these materials. The 

impedance and phase angle values generated at low frequency region from these plots 

suggests that the pristine LFP material (4.39 Ω and 87.8 º) has better conductivity and fast 

kinetics than LMS (4.27 Ω and 74.3 º). Therefore, the low impedance observed for LFP 

signifies that the material has a greater electron flow as opposed to LMS and this in good 

agreement with the Nyquist plot results.  
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Table 5: Fitted parameters for the pristine LFP and LMS cathode materials 

Material Rs/Ω C/F Rct/Ω Ws/Ω s
-1/2

 

LFP 4.68 1.17 x 10
-6

 2813 1.65 x 10
5
 

LMS 17.85 7.41 x 10
-6

 2008 1.75 x 10
5
 

 

 

 

Figure 23: Bode plots for pristine (A) LFP and (B) LMS cathode materials 
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The diffusion of Li-ions is of particular interest in electrochemical studies of Li-ion battery 

materials because it is a rate determining step. The Warburg domain at low frequency region 

of the Nyquist plot were used to determine the kinetics for the rate determining step by 

calculating the diffusion coefficient form the following Equation [31]. 

 

        (20) 

 

where Zꞌ is the real impedance, σ is the Warburg coefficient, ω is the angular frequency and 

the other parameters have their usual meaning. A plot of Zꞌ vs ω
-1/2

 was generated from 

Equation (20) which gave a slope = σ and intercept = (Rs + Rct) as shown in Fig. 24 for both 

pristine materials. The obtained values of σ were 73526.28 and 65908.11 Ω s
-1/2

 

corresponding to the pristine LFP and LMS cathode materials, respectively. 

 

-1/2

s ct'Z R R   
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Figure 24: Zꞌ vs ω
-1/2

 plots of (A) LFP and (B) LMS cathode materials 

 

The diffusion coefficients were then calculated from the obtained σ values and other 

parameters using the following Equations [31]: 

 

      (21) 

 

1/2 1/22 2
o o r r

1 1

2

RT

D C D Cn F A
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It can be assumed that Do = Dr = Dapp and Co = Cr = C from Equation (21) which is further 

simplified to get D [31]. 

 

       (22) 

 

        (23) 

 

where R is the gas constant = 8.314 J mol
-1

, T is the temperature = 298.15 K, n in the number 

of electrons transferred, F is the Faraday’s constant = 96485 C mol
-1

, A is the area of the 

GCE = 0.071 cm
2
, C is the concentration of Li-ions = 3.486 x 10

-5
 and 6.215 x 10

-5
 mol cm

-3
 

for LFP and LMS, respectively and the other parameters still have the same meanings. The 

calculated diffusion coefficients were 4.282 x 10
-12

 and 1.677 x 10
-12

 cm
2
 s

-1
 for LFP and 

LMS, respectively. It can be observed that the pristine LFP cathode has a higher diffusion 

coefficient compared to LMS which is an indication of better kinetics exhibited by this 

material. Electrochemical studies have revealed that indeed the two pristine cathode materials 

complement each other’s properties and are expected to produce a hybrid which offers better 

performances than these materials. 
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2
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3.2.  Analysis of Graphene Nanosheets 

3.2.1. High Resolution Scanning Electron Microscopy 

 

Morphological studies of graphene oxide and graphene nanosheets were performed using 

HRSEM and HRTEM as indicated by the images in Fig. 25 and 26, respectively. Figure 25 A 

shows that graphene oxide has many layers that are uniformly stacked on top of each other 

and resemble an accordion-like structure. The nanosheets had a few wrinkles on its edges and 

this made it easy to distinguish between the individual nanosheets. After reduction with 

NaBH4 to form graphene, the number of layers was significantly reduced as it can be seen in 

Fig. 25 B. The reduced number of layers is evidence that the graphene oxide nanosheets were 

exfoliated by the reduction process to successfully form graphene nanosheets with wrinkles 

on its edges.  
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Figure 25: HRSEM images of (A) graphene oxide and (B) graphene 

 

3.2.2. High Resolution Transmission Electron Microscopy 

 

Figure 26 shows the HRTEM images of graphene oxide and graphene nanosheets. The dark 

region observed in Fig. 26 A represents densely populated layers of graphene oxide, whereas 

the clear-grey region represents less number of layers at the edges of these nanosheets. 

Graphene, Fig. 26 B has fewer layers than graphene oxide which is indeed proof that the 
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reduction process was successfully carried out. These results are in good agreement with 

those obtained from HRSEM (Fig. 25 A and B). Figure 26 B and C shows HRTEM images of 

graphene oxide and graphene at low scale view (2 ɳm), respectively. The absence of lattice 

fringes from these images is a clear indication that the surface of the nanosheets is 

amorphous. Furthermore, the images also show a highly disordered microstructure without 

any crystallinity on the structure of these carbon based materials. The inset images in Fig. 26 

B and D are the SAED images of the graphene oxide and graphene, respectively. The few 

concentric rings further confirm the amorphous nature of these samples. 

 

 

Figure 26: HRTEM images taken at different scales for graphene oxide (A) 50 ɳm and (B) 2 

ɳm, and graphene (C) 50 ɳm and (D) 2 ɳm. The inserts in (B) and (D) are the SEAD images 

of graphene oxide and graphene, respectively 

 

EDS analysis of the prepared nanosheets (Fig. 27) was performed using HRTEM in order to 

determine their chemical composition. It can be observed that both samples consisted of the 

expected C and O elements. The presence of Cu and Ni are caused by the copper-nickel grid 

used during sample analysis. The Cl and K impurities that were picked up in the graphene 
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oxide sample are residues of the precursors in the sample. The presence of Si impurity in 

graphene is caused by cross contamination during sample preparation. 

 

 

Figure 27: EDS analysis of (A) graphene oxide and (B) graphene using HRTEM 

 

3.2.3. Fourier Transform Infrared Spectroscopy 

 

The molecular structure of commercial graphite, synthesised graphene oxide and graphene 

samples were investigated using FTIR spectroscopy as shown in Fig. 28. Graphene oxide was 

synthesized via a modified Hummer’s method by oxidizing the graphite powder with KMnO4 

as stipulated in Chapter 2, Section 2.5 [33]. The appearance of prominent bands in the FTIR 

spectrum of graphene oxide signifies that the oxidation process was successful. The spectrum 

for graphene oxide is characterized by a broad O-H stretching vibration band at 3398 cm
-1

, 

small carboxyl C=O stretching band at 1728 cm
-1

, aromatic vibrational framework at 1635 

cm
-1

, epoxy C-O stretching vibrations at 1177 cm
-1

 and alkoxy C-O stretching vibrations at 

1059 cm
-1

. The presence of O-H groups on the edges on the nanosheets provides good 
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dispersibility of the nanosheets in water as opposed to graphene nanosheets which are not 

easily dispersed in water due to the absence of this group [34, 35].  

The structural framework of graphene oxide and graphene are comparable. The successful 

reduction of graphene oxide to form graphene is indicated by the decrease in the intensity and 

shifting of absorption bands which resemble the absence of most oxygen-containing groups 

in graphene [36, 37]. Graphene is characterised by a weak hydroxyl (-O-H) stretching 

vibration band at 3363 cm
-1

, carbonyl (-C=O) stretching band at 1678 cm
-1

, intense carboxyl 

(-COOH) stretching vibration band at 1473 cm
-1

 and the sharp band at 999 cm
-1

 which is 

attributed to accumulation of oxygen atoms on the edges on the sheets [38, 39].  

 

 

Figure 28: FTIR spectra of graphite, graphene oxide and graphene 

 

3.2.4. Raman Spectroscopy 

 

Raman spectroscopy is an essential analytical tool used for investigating the order and 

disorder in the structure of carbonaceous materials [40]. The main feature in the Raman 



http://etd.uwc.ac.za

 

96 

 

spectra of these materials are the D and G band which appear around 1300 and 1600 cm
-1

, 

respectively. The D band is assigned to the breathing mode of k-point phonons of A1g 

symmetry from the aromatic rings which show the defects in these materials, whereas the G 

band is assigned to the E2g phonons from the stretching of C sp
2
 atoms in both the rings and 

chains [34, 40].  

 

Figure 29 shows the Raman spectra of graphene oxide and its transformation to graphene. 

The Raman spectrum for graphene oxide (Fig. 29 A) shows a broad D band at 1352 cm
-1

 and 

G band at 1597 cm
-1

. The two bands are slightly shifted to lower frequency regions for 

graphene (Fig. 29 B), as a result the D and G bands appear at 1335 and 1560 cm
-1

, 

respectively. The shift in the two bands is attributed to the decrease in the number of layers in 

the graphene structure which is a clear indication that the reduction process was a success [6, 

41]. These results confirm the fewer number of nanosheets that were observed for graphene 

in both HRSEM and HRTEM techniques. The intensity ratio of the D and the G bands (ID/IG) 

were calculated to further study the transformation from graphene oxide to graphene. The 

ID/IG for graphene was calculated to be 1.23 which is higher than 1.01 for graphene oxide. 

The large ID/IG for graphene indicates that most oxygen-containing groups were removed 

during reduction with NaBH4 [6].  
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Figure 29: Raman spectra of (A) graphene oxide and (B) graphene 

 

3.2.5. X-ray Diffraction 

 

Figure 30 shows structural studies of graphene oxide and graphene nanosheets using XRD. 

The XRD pattern of graphene oxide has two sharp peaks at 6 º and 42 º 2Ɵ values, where the 

first peak is indexed to the (001) and the latter (100) planes. The broad peak between 15 and 

40 º can be indexed to the (002) plane and indicates the amorphous nature of the graphene 

oxide nanosheets. The broad peak also shows that there is no order in the arrangement carbon 

atoms in the graphene oxide nanosheets. The decrease in the intensity of the (001) and the 

sharpening of the (002) planes is related to the ordered carbon structure of graphene which 

indicates the successful reduction of graphene oxide. 
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Figure 30: XRD patterns of graphene oxide and graphene nanosheets 

 

3.2.6. Thermogravimetric (TG) Analysis 

 

The thermal stability of graphene oxide and graphene nanosheets were directly determined 

using TG analysis from room temperature to 900 ºC as shown in Fig. 31. The TG curve for 

graphene oxide shows four weight loss processes: the first weight loss (~15 %) can be 

observed from room temperature to 120 ºC and is attributed to evaporation of adsorbed water 

molecules on edges on these nanosheets. The second and the third weight loss appeared 

between 150 and 300 ºC, and can be ascribed to the decomposition of labile oxygen-

containing functional groups such as carboxylic and anhydride [39, 42]. The last degradation 

step above 300 ºC can be attributed to the removal of stable oxygen-containing functional 

groups such as phenol, quinone and carbonyl [42].  

 

The TG curve of graphene shows three degradation steps: from room temperature to 120 ºC 

and 240 to 450 ºC (indicated by the inset) can be ascribed to the removal of adsorbed water 

molecules and a few oxygen-containing groups found on the edges of the nanosheets. The 
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last step above 450 ºC can be attributed to the removal of stable oxygen-containing groups. 

The TG curve clearly shows that graphene has the smallest weight loss (38 %) compared to 

graphene oxide (69 %), therefore the material shows higher thermal stabilities in the given 

temperature range.  

 

 

Figure 31: TG curves of graphene oxide and graphene (inset shows the second degradation 

step for graphene) 
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3.3. Characterisation of LiFePO4-Li2MnSiO4 and graphenised LiFePO4-Li2MnSiO4 

hybrid cathode materials 

3.3.1. High Resolution Scanning Electron Microscopy 

 

HRSEM was used to study the morphology of the synthesised hybrid cathode materials as 

shown in Fig. 32. The hybrid materials prepared via the hand milling method (Fig. 32 A and 

B) shows agglomerated spherical nanoparticles. These materials were prepared in an open-air 

environment and the presence of moisture and oxygen contributed towards agglomeration of 

these nanoparticles. The in situ sol-gel-prepared hybrid cathode materials show evenly 

distributed spherical nanoparticles with minimal agglomeration. These nanoparticles were 

uniformly distributed because of better mixing offered by the sol-gel approach and the use of 

a moisture-free environment. 

  

 

Figure 32: HRSEM image for (A) LFP-LMS HM, (B) LFP-LMS-G HM, (C) LFP-LMS SG 

and (D) LFP-LMS-G SG at a magnification of 100.00 KX 
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Table 6 shows elemental mapping of the synthesised cathode materials and there were no 

impurities observed in all the samples.  

 

Table 6: Elemental mapping of the synthesised hybrid cathode materials 

 LFP-LMS HM LFP-LMS-G HM LFP-LMS SG LFP-LMS-G SG 

Element Weight % 

O 40.0 40.42 40.39 35.85 

Si 2.04 1.58 2.51 0.84 

P 10.34 13.04 17.9 16.59 

Mn 31.12 25.4 11.35 18.09 

Fe 16.5 19.56 27.86 28.64 

Total 100 100 100 100 

 

3.3.2. High Resolution Transmission Electron Microscopy 

 

The HRTEM images in Fig. 33 confirmed similar results obtained from HRSEM. The LFP-

LMS HM and LFP-LMS-G HM hybrid materials were highly agglomerated which made it 

difficult to measure their particle size. The LFP-LMS SG and LFP-LMS-G SG hybrid 

materials revealed spherical nanoparticles with particle sizes of 45 and 25 ɳm, respectively. 

The presence of graphene nanosheets contributed towards the dispersion and particle size 

reduction in LFP-LMS-G SG. As it is shown by Fig. 33 D, the graphene nanosheets are not 

clearly observed at high scale view because of their low content (6 % weight) and good 

mixing offered by the sol-gel technique. However, the hand milling technique showed poor 

mixing between graphene nanosheets and LFP-LMS nanoparticles as evidenced by regions 

where the nanosheets are folded in one place whereas the nanoparticles are clustered in 

another as shown by Fig. 33 B. 
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Figure 33: HRTEM images of (A) LFP-LMS HM, (B) LFP-LMS-G HM, (C) LFP-LMS SG 

and (D) LFP-LMS-G SG at a scale view of 50 ɳm 

 

The microstructural properties of the hybrid cathode materials were interrogated using 

HRTEM at low scale view (2 ɳm) as indicated by Fig 34. All the hybrid cathode materials 

showed lattice fringes which are associated with the crystallinity of these materials. 

Furthermore, the graphenised hybrid cathode materials (Fig. 34 B and D) revealed that the 

nanoparticles were coated with graphene nanosheets.  
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Figure 34: HRTEM images of (A) LFP-LMS HM, (B) LFP-LMS-G HM, (C) LFP-LMS SG 

and (D) LFP-LMS-G SG at low scale view of 2 ɳm. The inserts are the SAED images 

corresponding to these hybrid cathode materials 

 

Elemental mapping of the hybrid materials was confirmed again using EDS from HRTEM as 

indicated in Fig. 35. These finding are in agreement with the theory that there is better mixing 

with the in situ sol-get method compared to hand milling method. There is an almost even 

distribution of Fe and Mn in all the in situ sol-gel-prepared materials (Fig. 35 C and D) which 

is not the case in the materials prepared using the hand milling approach (Fig. 35 A and B. 

Again, the high content of O is attributed to oxygen in the PO4 and SiO4 groups.  
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The presence of Cu and Ni is caused by the copper-nickel grid used for analysis of the 

samples. There were also a few impurities of S and Ca in LFP-LMS HM and LFP-LMS SG, 

respectively. 

 

 

Figure 35: EDS spectra of all the synthesised hybrid cathode materials: where (A) and (B) 

represents the hand milling method and (C) and (D) the in situ sol-gel method 

 

3.3.3. Small Angle Scattering X-Ray (SAXS) 

 

The morphology and particle size distribution of the synthesised hybrid materials were 

further confirmed using SAXS as shown in Fig. 36. The slightly bell shaped peak of the pair-

distance distribution function (PDDF) curves (Fig. 36 A) confirmed that these materials have 

an oblate/lamellar shape (described as spherical in HRSEM and TEM) having diameters of 

36, 30, 37 and 23 ɳm for LFP-LMS HM, LFP-LMS-G HM, LFP-LMS SG and LFP-LMS-G 

SG, respectively. Indeed, the presence of graphene in both hybrid materials played a 
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significant role in particle size reduction, more especially in the LFP-LMS-G SG. The 

particle size distribution curves (Fig. 36 B) show that the hybrid cathode materials had a 

distribution in their particle sizes from 5 to 65 ɳm. 

 

Figure 36: SAXS data: (A) PDDF (insert: the shape of the seemingly broad curves without 

the influence of LFP-LMS-G HM) and (B) particle size distribution curves (inset: zoomed 

area of the curves) of the prepared hybrid cathode materials 

 

3.3.4. Fourier Transform Infrared Spectroscopy (FTIR) 

 

Figure 37 shows the FTIR spectra of the LFP-LMS HM, LFP-LMS-G HM, LFP-LMS SG 

and LFP-LMS-G SG hybrid cathode materials. The hybrid cathode materials show a set of 

three bands in the region between 400 and 1600 cm
-1

. In the low wavenumber region, the 

band at 455 cm
-1

 is attributed to the local Li-ion environment or rather Li-ion motion form 

LiFePO4 and Li2MnSiO4 in the hybrid materials [9, 43]. The second band appearing between 

535 and 665 cm
-1

 is ascribed to the bending vibrations of the [PO4]
3-

 unit of LiFePO4 as well 

as the ν1 and ν4 modes of [SiO4] in Li2MnSiO4 [10]. In the high wavenumber region, the band 

between 940 and 1240 cm
-1

 was observed and is due to the stretching vibrations of [PO4]
3-

 

and the ν1, and ν4 modes of [SiO4] [8, 9]. The LFP-LMS HM and LFP-LMS-G HM hybrid 

cathode materials contained Li2SiO3 impurity observed at 862 cm
-1

. However, this impurity 

was not observed in LFP-LMS SG and LFP-LMS-G SG hybrid cathodes.  
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Figure 37: FTIR spectra of (a) LFP-LMS HM, (b) LFP-LMS-G HM, (c) LFP-LMS SG and 

(d) LFP-LMS-G SG 

 

3.3.5. X-Ray Diffraction  

 

The structure of the hybrid cathode materials was studied using X-ray diffraction in the 2Ɵ 

range from 10 to 80 º as shown in Fig. 38. The sharp diffraction peaks are a clear indication 

that the powder samples have a crystalline structure. There are no obvious changes in the 

diffraction peak positions of the LFP-LMS HM and LFP-LMS-G HM (Fig. 38 A and B) with 

respect to those of the pristine materials (Fig. 16, Section 3.1.5). However, there are changes 

observed in the diffraction patterns of LFP-LMS SG and LFP-LMS-G SG shown by the 

disappearance of two intense peaks at 2Ɵ = 19 and 44 º. An explanation for the disappearance 

of these diffraction peaks in the hybrid material is that the pristine LMS was calcined 

separately before being incorporated into the hybrid cathodes. Therefore, calcining the 

material again at high temperatures during the preparation of the hybrid might have caused 

structural changes; hence the disappearance of the two peaks. These results suggest that the 

hybrid cathode materials prepared using the in situ sol-gel method had diffraction patterns 



http://etd.uwc.ac.za

 

107 

 

similar to those of LFP more than LMS. The hybrid cathodes prepared using the hand milling 

approach on the other hand showed a pattern that resembles the presence of both pristine 

cathode materials.  

 

 

Figure 38: X-Ray diffraction patterns of (a) LFP-LMS HM, (b) LFP-LMS-G HM, (c) LFP-

LMS SG and (d) LFP-LMS-G SG 

 

3.3.6. Thermogravimetric (TG) Analysis 

 

Figure 39 shows the TG analysis of the different hybrid cathode materials under N2 

atmosphere from room temperature to 900 ºC. As can be seen from this Figure, the total 

weight loss of LFP-LMS HM, LFP-LMS-G HM, LFP-LMS SG and LFP-LMS-G SG were 

5.9 %, 9.9%, 4.5 % and 3.4 %, respectively. The LFP-LMS-G SG has the highest thermal 

stability with only just 3.4 % weight loss which is ascribed to the crystallization of this 

material [15]. In contrast, LFP-LMS-G HM showed inferior thermal stabilities compared to 

other materials with a weight loss of 9.9 %. It can be observed that both hand-mill-prepared 

hybrid cathode materials showed weight gain from room temperature to approximately 450 

ºC compared to those prepared via the in situ sol-gel approach which only showed a weight 
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decrease with an increase in temperature. The hand-mill-prepared hybrid cathodes were 

prepared in open-air environment therefore the weight gain could be caused by the reaction of 

absorbed moisture and the N2 atmosphere inside the furnace. 

 

 

Figure 39: TG curves of the synthesised (a) LFP-LMS-G HM, (b) LFP-LMS HM, (c) LFP-

LMS SG and (d) LFP-LMS-G SG hybrid cathode materials 

 

3.3.7. Electrochemistry 

3.3.7.1. Cyclic Voltammetry 

 

The electrochemical behaviour of the synthesised hybrid cathode materials; LFP-LMS HM, 

LFP-LMS-G HM, LFP-LMS SG and LFP-LMS-G SG were studied using cyclic voltammetry 

and the results are shown in Fig. 40. Figure 40 A shows three redox peaks observed for 

during the oxidation and reduction scans of LFP-LMS HM and LFP-LMS-G HM in the given 

potential window between -1000 and 800 mV. The absence of the oxidation peak in iron is 

associated with the used electrolyte. The peak potentials corresponding to these peaks are 

shown in Table 7. It is clear that the graphenised hybrid cathode material has a high current 

compared to LFP-LMS hybrid cathode. The high current of this material is associated with an 
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improved capacity attributed to the presence of graphene. The capacity values for these 

materials were calculated the same way as the pristine materials and are tabulated in Table 8. 

  

 

Figure 40: Cyclic voltammograms of (A) hybrid cathodes prepared via the hand milling and 

(B) in situ sol-gel methods in 1.0 M LiClO4 in the potential window between -1000 and 800 

mV, at a scan rate of 05 mV s
-1
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Table 7: The observed peaks characterised by these peak potentials and currents for the 

prepared hybrid cathode materials 

Materials Epa/mV Ipa/μA Epc1/mV Ipc1/μA Epc2/mV Ipc2/μA 

LFP-LMS HM 285 0.64 108 -0.36 -800 -2.09 

LFP-LMS-G HM 331 1.20 78 -0.96 -646 -2.40 

LFP-LMS SG 348 0.61 35 -0.42 -702 -1.49 

LFP-LMS-G SG 295 0.82 89 -0.31 -840 -3.76 

 

 

Figure 40 B shows cyclic voltamogramms for LFP-LMS and LFP-LMS-G hybrid cathode 

materials prepared using the in situ sol-gel approach. These materials show the same shape 

and number of peaks as those prepared via the hand milling method. The corresponding peak 

potentials and calculated capacities for these materials are also presented in Tables 7 and 8, 

respectively. The results clearly show that both graphenised LFP-LMS hybrid cathode 

materials offer higher capacities than those of LFP-LMS hybrid cathodes and this is 

associated with the presence of graphene nanosheets in these samples. The LFP-LMS-G SG 

hybrid cathode showed the highest specific capacity of 4.056 mA h g
-1

 compared to LFP-

LMS-G HM with 3.408 mA h g
-1

. These results clearly show that the in situ sol-gel method 

yielded better performing hybrid cathodes than the hand milling method. 

 

Table 8: Calculated capacities for the hybrid cathode materials 

Materials Specific capacity/mA h g
-1

 

LFP-LMS HM  2.804 

LFP-LMS-G HM  3.408 

LFP-LMS SG  2.524 

LFP-LMS-G SG  4.056 
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The cyclic voltammograms of LFP-LMS-G HM and LFP-LMS-G SG at different scan rates 

(01 to 09 mV s
-1

) are shown in Fig. 41. Both graphenised hybrid cathodes exhibit an 

irreversible behaviour supported by the differences between peak potentials which increases 

with an increase in scan rates. On the contrary, the reduction peak of iron in LFP-LMS-G HM 

(Fig 41 A) is less pronounced compared to that of LFP-LMS-G SG (Fig 41 B) which is 

associated with the different methods used for preparation of these hybrid cathodes. As a 

result, the more pronounced reduction peak of iron in LFP-LMS-G SG overshadows the 

redox pair of manganese in this hybrid cathode.  

  



http://etd.uwc.ac.za

 

112 

 

 

Figure 41: Cyclic voltammograms for (A) LFP-LMS-G HM and (B) LFP-LMS-G SG hybrid 

cathodes in 1.0 M LiClO4 at different scan rates between 01 - 09 mV s
-1
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3.3.7.2. Electrochemical Impedance Spectroscopy 

 

EIS studies for the hybrid cathode materials were discussed using the Nyquist plots (Fig. 42) 

and Bode plots (Fig. 43). The Nyquist plots for these materials are represented in Fig. 42 A 

and B and it can be clearly observed that these plots only show an inclined line without any 

semi-circle (see inset graphs), which is characteristic of a capacitive behaviour. This line is 

attributed to the Warburg impedance associated with Li-ion diffusion in the bulk electrode, 

which suggests that the kinetics of the intercalation/de-intercalation process is controlled by 

the diffusion process [31]. These plots were best fitted using the modified Randles equivalent 

circuits shown in Fig. 42 C and D, which corresponds to the unmodified and graphenised 

hybrid cathodes, respectively. The obtained values for the fitted parameters are shown in 

Table 9. It can be observed that both graphenised hybrid cathodes show a low solution 

resistance and low charge transfer resistance which is an indication that these materials have 

fast kinetics compared to the unmodified hybrid cathodes. Further comparison between the 

two graphenised cathodes shows that the one prepared via the in situ sol-gel method has the 

fastest kinetics, which can be attributed to small particle size and coating with graphene 

nanosheets.  
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Figure 42: Nyquist plots for hybrid cathode materials prepared via (A) the hand milling 

method and (B) in situ sol-gel method and the corresponding Randles equivalent circuits (C) 

and (D) for the LFP-LMS and LFP-LMS-G hybrid cathode materials, respectively 
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Table 9: The fitted parameters of the Randles equivalent circuit for the hybrid cathode 

materials 

Material Rs/Ω CPE/F Rct/Ω Ws/Ω s
-1/2

 

LFP-LMS HM  28.01 5.09 x 10
-6

 54589 0.147 

LFP-LMS-G HM 5.42 4.98 x 10
-8

 586.3 0.857 

LFP-LMS SG 31.56 5.11 x 10
-6

 3954 0.913 

LFP-LMS-G SG 2.73 2.24 x 10
-9

 389.5 0.632 

 

 

The high performance of the graphenised hybrid cathodes is further highlighted using the 

Bode plots as shown in Fig. 43. The LFP-LMS-G HM exhibited a higher phase angle max. at 

96.6 º and low impedance of 3.97 Ω compared to the phase angle max. at 69.4 º and 

impedance of 4.24 Ω for LFP-LMS HM. In addition, the LFP-LMS-G SG had the highest 

phase angle max. at 113.9 º with a slightly high impedance of 4.44 Ω compared to LFP-LMS 

SG with a phase angle max at 66.4 º and impedance of 4.11 Ω. The LFP-LMS-G HM hybrid 

shows fast kinetics while the LFP-LMS-G SG has conducting properties attributed to low 

impedance and higher phase angle max., respectively. 
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Figure 43: Bode plots for (A) LFP-LMS HM, (B) LFP-LMS-G HM, (C) LFP-LMS SG and 

(D) LFP-LMS-G SG hybrid cathode materials 

 

The kinetics of these hybrid cathodes were determined using the plots of Zꞌ vs ω
-1/2

 as shown 

by Fig. 44. The slope of these plots gave the Warburg coefficients (σ) which were used to 

calculate the apparent diffusion coefficients ( ) using the following Equation: 

 

        (24) 

 

where A is the area of the GCE = 0.071 cm
2
, C is the concentration of Li-ions = 4.943 x 10

-5
, 

4.943 x 10
-5

, 4.472 x 10
-5

 and 4.707 x 10
-5

 mol cm
-3

 for LFP-LMS HM, LFP-LMS-G HM, 

LFP-LMS SG and LFP-LMS-G SG, respectively.  The obtained σ values from Zꞌ vs ω
-1/2

 are 

shown in Fig. 44 and Table 10. The  for the graphenised LFP-LMS is higher than that of 

LFP-LMS hybrid cathode prepared via the hand milling method. However, graphenised LFP-

LMS has a slightly lower Dapp compared to LFP-LMS prepared via the in situ sol-gel method. 
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The slow diffusion of Li-ions in graphenised LFP-LMS might be caused by 1-D paths in the 

structure of LFP in the hybrid.  

 

Table 10: Kinetic parameters of LFP-LMS HM, LFP-LMS-G HM, LFP-LMS SG and LFP-

LMS-G SG obtained from EIS plots of these electrodes at 298.15 K 

Cathode Material σ/Ω s
-1/2

 Dapp/cm
2
 s

-1
 

LFP-LMS HM 54196.24 2.450 x 10
-13

 

LFP-LMS-G HM 21380.71 1.574 x 10
-12

 

LFP-LMS SG 34129.80 7.547 x 10
-13

 

LFP-LMS-G SG 72038.91 1.529 x 10
-13

 

 

 

 

Figure 44: Zꞌ vs ω
-1/2

 curves for (A) LFP-LMS HM, (B) LFP-LMS-G HM, (C) LFP-LMS 

SG and LFP-LMS-G SG 
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CHAPTER 4 

4. Conclusion and Recommendations 

4.1. Conclusion 

 

Blending of individual cathode materials has unique advantages over the use of a single 

cathode material in Li-ion battery applications. This study focused on the preparation and 

characterisation of graphenised lithium iron phosphate-lithium manganese silicate (LFP-

LMS-G), and lithium iron phosphate-lithium manganese silicate (LFP-LMS) which were 

prepared using two different methods; hand milling and in situ sol-gel. The precursors for the 

hybrid cathodes; LiFePO4 (LFP), Li2MnSiO4 (LMS) and graphene nanosheets were prepared 

and characterized using various analytical techniques in order to probe their chemical, 

electrochemical and physical properties.  

Both pristine LFP and LMS cathode materials were prepared using the sol-gel approach and 

the obtained nanoparticles were spherical in shape with minimal agglomeration. These 

nanoparticles had an average size of 35 and 40 ɳm corresponding to LFP and LMS, 

respectively. The LFP had an orthorhombic structure with Pmna space group and also 

showed impurity phases of FeP, Fe2P and Li3PO4. Similarly, the LMS also had an 

orthorhombic structure with Pmn21 space group and a few impurities of Li2SiO3 and MnO 

which were confirmed using both XRD and FTIR. Furthermore, graphene nanosheets were 

successfully prepared using the modified Hummer’s method. This was evidenced by the 

fewer number of layers observed in HRSEM and HRTEM images of graphene in comparison 

to those of graphene oxide. In addition, Raman studies revealed that most oxygen-containing 

group were removed during the reduction of graphene oxide, therefore successfully forming 

graphene. Thermal stabilities of these materials were also investigated using 

thermogravimetric analysis from room temperature to 900 ºC under N2 atmosphere. It was 

found that graphene showed higher thermal stabilities attributed to only 38 % weight loss 

compared to 69 % weight loss for graphene oxide. These precursors were blended together 

using the two different methods to form LFP-LMS-G and LFP-LMS hybrid cathode 

materials. 

Morphological studies revealed that the LFP-LMS-G had smaller particle sizes compared to 

LFP-LMS in both preparation methods, which is attributed to the presence of graphene 
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nanosheets during the preparation of these hybrid cathodes. However, LFP-LMS-G prepared 

via the hand milling approach showed bigger particles (30 ɳm) than those prepared using the 

in situ sol-gel approach (23 ɳm). This is because the in situ sol-gel approach offered better 

mixing and reaction conditions compared to the hand milling method where the precursors 

were mixed using a pestle and mortar in an open air environment. Thermogravimetric 

analysis of the prepared hybrid cathode materials revealed that both hybrid cathodes prepared 

via the in situ sol-gel method were more stable than those prepared using the hand milling 

method. Again, this further confirms the better mixing offered by this technique. 

 

Electrochemical studies showed successful blending of the pristine cathode materials as 

evidenced by the presence of iron and manganese redox peaks in the cyclic voltammograms 

of the hybrid cathode materials. Even though the small contents of graphene were not picked 

up with XRD, FTIR and Raman spectroscopy the graphenised hybrid cathodes showed better 

electrochemical properties compared to those without graphene from both approaches. The 

calculated specific capacities were 4.056, 2.524, 3.408 and 2.804 mA h g
-1

 for LFP-LMS-G 

SG, LFP-LMS SG, LFP-LMS-G HM and LFP-LMS HM, respectively. These results confirm 

that the graphenised lithium iron phosphate-lithium manganese silicate hybrid cathode 

material prepared via in situ sol-gel method performed better than that those of the hand 

milling method. In conclusion, even though these hybrid cathode materials were developed 

for Li-ion battery applications electrochemical impedance spectroscopy studies revealed that 

they have a capacitive behaviour. This behaviour is shown by the presence of an inclined line 

without a semi-circle in the Nyquist plots of these hybrid cathodes.  

 

4.2. Recommendations 

 

This study looked at two different methods that can be used to prepare graphenised lithium 

iron phosphate-lithium manganese silicate and future works in this research could look at 

other preparation methods and check the properties and performance of the developed hybrid 

cathode materials. Furthermore, these studies can also focus on studying the different ratios 

of the LiFePO4, Li2MnSiO4 and graphene that are used to prepare the hybrid cathode 

materials. Thereafter, the prepared hybrid cathode materials would be used to fabricate coin 

cells for further electrochemical interrogations.  
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