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SYNTHESIS AND CHARACTERIZATION OF FORSTERITES FOR 

POTENTIAL USE AS CATHODE MATERIALS IN MAGNESIUM BATTERY  

ABSTRACT 

Following the achievements in the field of lithium battery, there have been more and 

more attempts over the years to develop magnesium rechargeable batteries. However, 

the development of magnesium rechargeable batteries was hindered because of the 

difficulty to realize fast Mg2+ transport in the host cathode material. Recently, 

orthosilicate cathode materials have gained considerable attention because of their 

structural stability and high reversible capacity. This type of materials have been widely 

investigated and successfully applied in lithium rechargeable batteries. Herein, 

orthosilicate Mg2SiO4 have been proposed as potential cathode material in rechargeable 

magnesium batteries. Doping approach has been employed in this work to improve the 

structural and morphological properties of Mg2SiO4 materials hence enhancing the 

performance of cathode materials. Sol-gel method has been employed to synthesize 

Mg2SiO4 and Mg2SiO4 doped materials. Mg2SiO4 compound was chosen as the parent 

compound in this work and was addressed as System I. The X-ray diffraction result 

shows the formation of pure orthorhombic Mg2SiO4 crystal structure with a = 10.1693 

Å, b = 5.9685 Å and c = 4.6886 Å. Sample sintered at 1100 °C has the largest unit cell 

volume V = 284.5759 Å3 which provide more space for magnesium ion transfer and 

owned the smallest Rct = 7.01 × 108 Ω. CV results show that the electrochemical process 

consists of two pairs of redox peaks.. System II has been prepared based on 

stoichiometric Mg2-xMnxSiO4. Effect of Mn doping on the structural, morphological and 

electrochemical properties were investigated. X-ray diffraction results show that Mn 

doping does not destruct the lattice structure of the compound for x ≤ 0.6. The 

introduction of Mn2+ considerably improves the structural and morphological properties 
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of the parent compound hence enhancing the electrochemical properties of the 

compound. Sample with x = 0.6 has the largest unit cell volume V = 296.0189 Å3 and 

smallest Rct = 2.15 × 108 Ω. CV result show that Mg2-xMnxSiO4 could be a good host for 

Mg2+ intercalation, and a potential cathode material for magnesium batteries. Zr4+ doped 

Mg1.8Mn0.2SiO4 (Mg1.8Mn0.2Si1yO4Zry, 0.0 ≤ y ≤ 0.4) samples were prepared and 

assigned as System III. X-ray diffraction patterns of the materials exhibited no extra 

peak for y ≤ 0.3 indicated that Zr entered the structure rather than forming impurities. Zr 

doping contributed to the enhancement of the electrochemical performance of 

Mg1.8Mn0.2SiO4. For this work, Mg1.8Mn0.2Si0.7O4Zr0.3 which possessed the largest unit 

cell volume, V = 297.5823 Å3 have the smallest Rct, suggesting that the electrode 

possesses an easier charge transfer process than the other. A pair of anodic and cathodic 

peak can be distinguished from voltammogram of Mg1.8Mn0.2Si0.7O4Zr0.3 indicates that 

intercalation and deintercalation process proceed via one stage. Results show that Zr 

doping improved the electrochemical performance of Mg1.8Mn0.2SiO4 and this material 

can be used as cathode in magnesium batteries. Results show that Mg2SiO4 and 

Mg2SiO4 doped materials could be a potential cathode material for magnesium batteries 

and this works could be extended to obtain promising cathode materials. 

Keywords: forsterite, cathode, magnesium battery, cyclic voltammetry 
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SINTESIS DAN PENCIRIAN FORSTERITE YANG BERPOTENSI UNTUK 

DIGUNAKAN DALAM BATERI MAGNESIUM  

ABSTRAK 

Pencapaian yang memberangsangkan dalam bidang bateri litium telah menjadi 

pemangkin untuk membangunkan bateri magnesium boleh cas. Walau bagaimanapun, 

perkembangan bateri magnesium boleh cas terhalang kerana kesukaran untuk 

menghasilkan hos bahan katod yang mempunyai kadar mobiliti Mg2+ ion yang tinggi. 

Baru-baru ini, bahan katod ortosilikat telah mendapat perhatian kerana kestabilan 

struktur dan keupayaan berbalik yang tinggi. Jenis bahan ini telah banyak digunakan 

dalam bateri litium boleh cas. Orthosilicate Mg2SiO4 telah dicadangkan sebagai bahan 

katod yang berpotensi untuk digunakan dalam bateri magnesium boleh cas. Pendekatan 

pendopan telah digunakan dalam kerja ini untuk memperbaiki sifat-sifat struktur dan 

morfologi bahan Mg2SiO4 seterusnya dapat meningkatkan prestasi bahan katod. Kaedah 

sol-gel telah digunakan untuk mensintesis bahan Mg2SiO4 dan Mg2SiO4 yang didop. 

Bahan Mg2SiO4 telah dipilih sebagai sebatian induk dalam kerja ini dan dinamakan 

sebagai Sistem I. Keputusan belauan sinar-X menunjukkan pembentukan struktur kristal 

Mg2SiO4 ortorombik dengan a = 10.1693 Å, b = 5.9685 Å dan c = 4.6886 Å. Sampel 

yang disinter pada 1100 ° C mempunyai isipadu unit sel yang paling besar, V = 

284.5759 Å3 memberikan lebih banyak ruang untuk pemindahan ion magnesium dan 

memiliki Rct = 7.01 × 108 Ω yang paling kecil. Hasil keputusan CV menunjukkan 

bahawa proses elektrokimia terdiri daripada dua pasang puncak redoks. Sistem II telah 

disediakan berdasarkan stoikiometri Mg2-xMnxSiO4 . Kesan penambahan Mn terhadap 

struktur, morfologi dan elektrokimia disiasat. Keputusan difraksi sinar-X menunjukkan 

bahawa pendopan terhadap Mn tidak merosakkan struktur asal untuk x ≤ 0.6. 

Penambahan Mn2+ kepada struktur asal telah  meningkatkan struktur dan morfologi 

induknya dengan itu meningkatkan sifat elektrokimia dari sebatian tersebut. Sampel 
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dengan x = 0.6 mempunyai isipadu unit sel yang terbesar, V = 296.0189 Å3 dan nilai Rct 

= 2.15 × 108 Ω yang paling kecil. Keputusan CV menunjukkan bahawa Mg2-xMnxSiO4 

berpotensi untuk menjadi perumah untuk interaksi Mg2+ , dan bahan katod untuk bateri 

magnesium. Zr4+ telah di tambah kedalam Mg1.8Mn0.2SiO4  dengan stoikiometri Mg2-

xMnxSi1-yO4Zry  untuk 0.0 ≤ y ≤ 0.4). Sampel yang disediakan telah dikelaskan sebagai 

Sistem III dalam kerja ini. Corak difraksi sinar-X yang diperolehi tidak menunjukkan 

puncak tambahan untuk bendasing bagi nilai y ≤ 0.3. Ini membuktikan bahawa Zr 

memasuki struktur dan bukannya membentuk bendasing dalam struktur. Penambahan Zr 

menyumbang kepada peningkatan prestasi elektrokimia Mg1.8Mn0.2SiO4. Dalam kerja 

ini, Mg1.8Mn0.2Si0.7O4Zr0.3 yang mempunyai isipadu unit sel yang paling besar, V = 

297.5823 Å3 mempunyai Rct yang paling kecil, menunjukkan bahawa elektrod daripada 

bahan ini mempunyai proses pemindahan caj yang lebih mudah daripada yang lain. 

Sepasang puncak anodik dan katodik dengan arus puncak anodik dan katod boleh dilihat 

dari voltammetrik lengkung Mg1.8Mn0.2Si0.7O4Zr0.3 dan ini menunjukkan bahawa proses 

interkalasi dan deinterkondisi diteruskan melalui satu peringkat. Keputusan 

menunjukkan bahawa penambahan Zr telah meningkatkan prestasi elektrokimia 

Mg1.8Mn0.2SiO4  dan bahan ini boleh digunakan sebagai bahan katod untuk bateri 

magnesium. Keseluruhannya, keputusan menunjukkan bahan Mg2SiO4 dan bahan 

Mg2SiO4 yang telah didop berpotensi untuk menjadi bahan katod untuk bateri 

magnesium dan kerja ini berpotensi untuk diteruskan bagi menghasilkan bahan katod 

yang bagus. 

Kata kunci: forsterite, katok, bateri magnesium, kitaran voltametri 
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CHAPTER 1: INTRODUCTION 

1.1  Research Background 

Energy can be considered as an essential need in the history of mankind and the 

energy needs of mankind are forever growing. The search for energy sources has been 

an important activity throughout the ages. Environmental concerns have created 

enormous interest in the development of clean energy sources. Electrochemical power 

sources are attractive in this regard as they provide clean energy. Over centuries, 

different types of energy sources: (i) batteries, (ii) fuel cell (Dyer, 2002; Kim et al., 

2007; Paladini et al., 2007; Ross, 2006) and (iii) supercapacitors (Barak, 1980; 

Frackowiak, 2007; Simon et al., 2008) have been developed to power the machines that 

men have invented. For small, portable and electrical machines, the most common 

energy sources in use today are known as batteries (Van Mierlo et al., 2006). Batteries 

are devices that convert electrical energy from chemical energy via electrochemical 

reduction and oxidation (redox) reaction of their active materials (Huggins, 2008; 

Linden, 1984). 

Basically, chemical batteries storage can be divided into two main categories which 

are primary and secondary battery (Barak, 1980). These two types of batteries owned 

similar properties in term of discharging energy or storing electricity. The only 

difference is whether the chemical process inside the battery involved single or multiple 

charging/discharging process (Winter et al., 2004). A primary battery is the one that 

cannot be recharged for reuse. It is also called single-use, or “throw-away” since the 

original idea of this battery was it will be disposed once used. Portable devices with 

small current drain such as communication circuit and alarm commonly used this type 

of battery. This kind of devices is not fully dependent on a single power supply. Battery 

inside the devices is only used intermittently when the devices are away from electrical 
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power source. On the other hand, the second type of battery is the rechargeable 

(secondary) battery. The two electrodes inside the battery made up of active materials 

that can be reconstituted structurally and chemically by applying electrical potential 

between them. The electrochemical reaction inside this battery is reversible when 

reverse current is applied. These secondary batteries can be discharged and recharged 

repeatedly (Edison, 1907). 

The development of batteries started 25 years before century. The Baghdad Battery, 

developed by Wilhelm Konig in 1938, is believed to have belonged to the Parthian 

Empire and was used for electroplating (Palacin, 2009). After Luigi Galvani’s discovery 

that frog legs would twitch when connected by two different metals, Alessandro Volta 

developed the first modern battery known as “voltaic pile” by stacking zinc and copper 

disks (Dibner, 1964).The first rechargeable battery, lead acid battery was invented  by 

Gaston Plante and the Lechlanche cell was modified by Carl Gassner to develop the first 

dry cell (Alvarez et al., 1981). Next, alkaline manganese and nickel-cadmium batteries 

were invented by Lewis Urry and Waldemar Jungner respectively. Wilson Greatbatch 

implanted the first totally implantable cardiac pacemaker and later improved the battery 

with lithium-iodine technology. In 1979, making used of lithium cobalt oxide, John 

Goodenough assembled the first working rechargeable lithium-ion battery (Goodenough 

et al., 2009).  

In 1859, the first secondary battery, lead/acid battery was invented (Colin et al., 

1984; Linden et al., 2001). An active material of the electrodes was obtained by passing 

a current between soft lead plates in the original version of Plante cell. It was then 

improved by Faure in 1881 (Dell, 2000). The contribution of this type of battery to the 

society is undeniable. This lead/acid battery has been around for almost 100 years and it 

is still in use today but with better design and much improved technology. Popular at 
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the end of the 19th century, rechargeable alkaline battery was introduced by Edison in 

the USA and Junger in Sweden (Dell, 2000). Commonly known as ‘nickel/cadmium, 

and ‘nickel/iron’ batteries since this battery are based on either cadmium or iron for the 

negative electrode and nickel oxide as it positive electrode.   

Lithium ion batteries (LIB) presently stand as a market leader and forerunner in the 

portable secondary battery market. The technology offered by LIB was pioneered by 

Sony as early as 1991 (Nishi, 2001). The motivation for using Li based relied initially 

on the fact that Li is the lightest metal with equivalent weight, M = 6.94 gmol-1 (J. S. 

Lee et al., 2011) and ρ = 0.53 gcm-3 in such a way ease the design of storage with high 

energy density (Tarascon et al., 2001). These rocking chair batteries provide two way 

movements of lithium ions during charge and discharge processes between electrodes 

through the electrolyte (Scrosati, 1992). Figure 1.1 shows the summary of battery 

technology development. Nowadays, the LIB has been acclaimed as advanced power 

sources, slowly replacing several versions of conventional system such as nickel 

cadmium and lead acid batteries. However, cost, safety and environmental concerns 

have become trust areas for the 21st century. In this regard, the magnesium based battery 

offer to provide environmental and safety solutions.  

The majority of relevant research interest focuses on the development of insertion 

reaction of lithium batteries. However, very limited attention has been paid to the 

divalent magnesium. Realizing the great potential of metallic magnesium, especially in 

term of safety and cost, research into the technology has accelerated in recent years.  

Magnesium based technology is promising for several reasons. First, magnesium can be 

obtain easily as it is abundant in nature (13.9 % in earth’s crust as compared to 

  10-4 % for Li) (Levi et al., 2009), its incorporation into electrode materials is 

inexpensive. Due to the fact that magnesium has higher melting point compared to 
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lithium, therefore magnesium is the best choice in term of safety and higher stability at 

ambient temperature makes the handling and electrode preparation easier for 

magnesium. In addition, the divalent nature of magnesium ions also offers higher 

volumetric capacity (3833 mAhcm-1), higher than that for lithium (2046 mAhcm-1). The 

comparison of the natural magnesium and lithium is simplified in Table 1.1. 

 

Figure  1.1: Chart shows development of battery technology 
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                Table 1.1: Comparison of lithium and magnesium characteristics 

Characteristics Lithium 
(Li) 

Magnesium 
(Mg) References 

Elemental abundance 
(ppm in earth’s crust) 0.20 ×102 0.23 × 105 Haynes, 2014 

Price (US$/ton) 21000 3000 
Fritts et al., 1993 

 

Volumetric capacity 
(mA h cm-3) 2046 3833 Saha et al., 2014 

Gravimetric capacity 
(mA h g-1) 3862 2205 Yoo et al., 2013 

Voltage vs S.H.E -3.04 -2.07 Press, 2003 

Pauling ionic radius 60 65 Huheey et al., 2006 

Melting point (K) 453 923 Yoo et al., 2013 

 

1.2 Problem statement 

In the field of electrochemical application, magnesium has the potential to replace 

lithium ion battery especially when it comes to the inherent safety aspect and cost 

barrier. Lithium ion batteries are relatively expensive and lacks safety limitations which 

hinders it to be applied widely in the industry (Aurbach et al., 2001). Magnesium based 

batteries should be explored as an interesting alternative to the lithium ion batteries 

because of its advantages such as low price, large theoretical specific capacity, very low 

potential vs normal hydrogen electrode (NHE) and high safety (Novák et al., 1999). 

New rechargeable battery systems which are made of cheap environmental friendly 

materials and suitable for upscaling to large size are urgently needed. Synthesis route 

plays a vital role in determining chemical and physical properties of materials. 

Normally, the most common method used to prepare Mg2SiO4 is the conventional 

method of solid state method. However, materials prepared by solid state method have 
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certain drawbacks such as the use of high heating temperature, long heating time, 

volatilization, lack of control of microstructure and contamination. In addition, the 

synthesis of orthosilicate compound of a pure phase without any impurities is very 

difficult, especially when performed by solid state reaction method. Adnan et al. (2011) 

has succeeded in obtaining orthosilicate containing compound LiSiO4 via citric acid 

assisted sol-gel method. This method is suitable for small and large scale application 

and can produce high purity materials. Therefore, in this study, this method is 

considered in order to synthesis high purity and homogenous Mg2SiO4 materials. 

Another problem regarding the rechargability of Mg batteries is the difficulty for the 

divalent Mg-ion to diffuse in solid-state electrode compared to the monovalent Li-ion. 

The choice of cathode materials has been limited because of the difficulty of 

intercalating Mg ion in many hosts (Levi et al., 2009). The slow Mg diffusion was 

generally assigned to strong Mg interactions with anions and the cations of the host 

(Amatucci et al., 2001) or to the polarized effect on Mg2+ cation with a high 

charge/radius ratio (Novák et al., 1999). Therefore, in order to overcome this problem, 

partial substitution of ions may be done which is expected to enlarge the migration 

channel of the Mg-ion (Fergus, 2010). Besides, the reduction of the particle size can 

also be done in order to shorten the diffusion path for the Mg-ion (NuLi et al., 2010). 

There are number of studies conducted on forsterite Mg2SiO4 (Nuli et al., 2011; 

Kharaziha et al., 2009; Morin et al., 1977). However, the study is only focus on 

structural characterization and applied in different field. Very few work reported on the 

electrochemical studies of Mg2SiO4. Realize the potential of this forsterite material, 

therefore in this work forsterite based materials have been synthesized and the materials 

were tested electrochemically. 
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1.3 Objectives of study 

The main purpose of the proposed research work is to develop new electrode Mg-based 

material with properties suitable for application in solid state electrochemical devices 

using cheap, easy and low temperature method. Studies were carried out with the 

objectives as follows:  

i. To obtain pure magnesium based compound (Mg2SiO4) as a potential parent 

electrode material for rechargeable magnesium batteries using sol gel method. 

ii. To produce Mg2SiO4 based compounds with improved properties by doping with 

divalent cation Mn2+ and Zr4+ 

iii. To identify the electrochemical performance of the obtained materials 

 

1.4 Thesis organization 

This thesis is divided into 7 chapters. Chapter 2 of this thesis provides literature 

review related to magnesium rechargeable battery and cathode materials of magnesium 

battery. Chapter 3 reveals the details of the experimental techniques used for 

synthesizing and characterizations of the materials. The materials were subjected to 

various characterizations to study thermal, structural, morphological, elemental as well 

as it electrochemical properties. Techniques involved include Scanning Calorimetry 

(DSC), thermogravimetric analysis (TGA), X-Ray Diffraction (XRD), Fourier 

Transform Infrared Spectroscopy (FTIR), particle size analysis, Scanning Electron 

Microscopy (SEM), Energy Dispersive X-ray (EDX), Electrochemical Impedance 

Spectroscopy, transference number and cyclic voltammetry (CV). Each technique is 

briefly reviewed and the significant of each analysis is explained technically. In 

addition, the method used to prepare the electrolyte and cathode preparation for CV cell 

fabrication is also disclosed in this chapter. Results obtained were discussed in detail in 
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chapter 4, 5 and 6. Chapter 4 focuses on the analysis of the first system, Mg2SiO4 while 

results and analysis of the second system, Mg2-xMnxSiO4 are elaborated in chapter 5 

followed by results and discussion of the third system, Mg2-xMnxZrySi1-yO4 in chapter 6. 

The conclusions of the whole works are reported in the last chapter, which is chapter 7. 

Suggestions for future work are also included in chapter 7. 
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CHAPTER 2:  LITERATURE REVIEW                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

2.1 Rechargeable Battery 

An electrochemical cell is a device, which is capable of converting chemical reaction 

into electrical energy. Generally, an electrochemical cell build up from two electrodes 

separated by at least one electrolyte phase (Bard, 1980). The three major components of 

the electrochemical cells (Figure 2.1) are described as follows: 

1. The positive electrode (cathode), which responsible to accepts electrons from 

the external circuit and experienced reduction during the 

intercalation/deintercalation process. 

2. The negative electrode (anode), which responsible to gives up electrons to the 

external circuit and experienced oxidation during the 

intercalation/deintercalation process. 

3. The ionic conductor (electrolyte), which provides the medium for electronic 

charge transfer out of cell, as ions, inside the cell between the anode and 

cathode (Linden, 1984). Commonly, the electrolyte used is in liquid forms, 

which are made up of a mixture of solvent and salts, alkalis or acids.  

 

Figure 2.1: Schematic representation of electrochemical cell 
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There are many types of practical devices based on electrochemical cells. Batteries, 

fuel cells, electrochemical capacitors, electrochemical devices, and electrochemical 

sensors are some examples of practical electrochemical devices. Battery is a device that 

consists of few electrochemical cells assembled in parallel or series depending on the 

chosen output capacity and output voltage for specific applications. The electrochemical 

cells in the battery convert the electrical energy from chemical energy in the active 

materials through the electrochemical (oxidation–reduction) process.  

Generally, batteries can be divided into two main categories depending on the 

reversibility of the redox reactions involved in the energy conversion (Linden, 1984) If 

the electrochemical redox reactions cannot be reversed, then such a battery is called a 

primary battery. On the other hand, if the reactions can be reversed, then the battery is 

called a secondary (rechargeable) battery. There are several terms that are commonly 

used to define the characteristics of various types of batteries. However, cell potential of 

battery depending on the combination of electrode materials and the type of chemical 

reactions involved. An ideal battery has a specific cell potential, but a practical battery 

may show lower and varying potentials depending upon the service conditions. The 

difference between the ideal cell potential and actual potential is called polarization. 

The battery operation may involve several types of polarizations, which may lower the 

observed or operating potential. Polarizations can be divided into three large categories 

as illustrated in Figure 2.2 (Hossain et al., 1995). Univ
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a) Ohmic polarization (IR drop), which arises from the combined sum of the 

electronic resistances of the active mass, the contact resistance between the 

current collector and active mass, ionic resistance of the electrolyte, the 

current collectors and electrical tabs of both electrodes.  

b) Activation polarization, which arises from the resistance to transport the 

working ions across the electrolyte – electrode interfaces. 

c) Concentration polarization, which arises from the concentration differences 

of the bulk as a result of mass transfer and in the products and reactants at 

the electrode surface.  

 

Figure 2.2: Cell polarization associated with a typical discharge curve. (a) 
Ohmic polarization (IR drop), (b) activation polarization, and (c) concentration 

polarization 

Generally, the system of magnesium battery is also identical to any other standard 

electrochemical energy storage. Magnesium batteries made up of magnesium at the 

anode as the active element in an electrochemical cell. Rechargeable batteries are those, 

which can be reused by reversing (charging) the electrochemical reaction through the 

application of reverse current. Rechargeable batteries are in demand with the rapid 

development of electronic devices and automobiles, which needs reliable power 
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sources. Rechargeable magnesium batteries are poised to be capable candidates for large 

scale application in energy storage devices for smart grid communication and electric 

vehicle. However, due to the limitation that arises especially due to the cathode 

materials, magnesium batteries currently proposed offer low energy density. Therefore, 

there is an urgent need in finding promising cathode materials. 

 

2.2 Cathode materials for Mg batteries 

For the past few years, many efforts have been dedicated to the progress of cathodes 

for Mg batteries. Some cathode materials such as AgCl, CuCl, Cu2I2, PdCl2, MnO2 and 

CuSCN have been extensively explored for reverse type Mg battery system which 

normally requires high power output and energy density, very low temperature and long 

lifetime performance. All mentioned cathodes so far could be used in primary batteries, 

however recharging and operating them as secondary batteries is impossible due to the 

passivation layer formation on the anode surface. Due to the present of high resistive 

blocking layer, it is a must to apply a large potential to recharge the battery. Besides 

that, realization of practical rechargeable Mg batteries was hampered by the sluggish 

reaction kinetics, the absence of practical cathode and appropriate electrolytes (Levi et 

al., 2009). Realization of rechargeable magnesium system still far to be done. Further 

enhancement of the cathode performance and a proper understanding of the cathode 

reaction are needed to produce working rechargeable system. In order to develop the 

next generation of Mg battery cathode, the most important issues are monitoring Mg2+ 

ion’s mobility in the diffusion pathway and overcoming the negative impact arising 

from divalent Mg2+ ions. Most of inorganic hosts thus far explored proved to be good in 

Li cathodes but showed deficient electrochemical response when studied as potential 

intercalation cathodes, instable crystal structure and kinetically slow Mg2+ ion remain 

key obstacles in development of working cathodes with high voltage. 
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There have been few representative strategies for the realization of good Mg cathode. 

The first one is to shield the divalent Mg2+ ion with strong dipoles such as H2O in the 

solution or in layer (Novak et al., 1993). The second one is reducing the particle size of 

materials, which will reduce the transport distance for the ions and electrons. Enhanched 

Mg2+ ions during intercalation/deintercalation process is expected to improve the 

capacity retention and increase the reaction kinetics (Shao et al., 2014). This particle 

size reduction method has been tested in a number of Li rechargeable battery studies as 

an effective method to enhance cycling stability and rate capacity (Fey et al., 2009; 

Sides et al., 2005). Fast and efficient Mg2+ ions intercalation/deintercalation was 

reported for nano-sized crystallite materials (Amatucci et al., 2001), nano tubes (Tao et 

al., 2004) or thin films (Sian et al., 2004). In such system, sample in micron-sized would 

have better ion diffusion. 

Another aspect that influences the electrochemical performance of a material is 

through structural modification by doping. The promoting effect of doping process on 

the cycling stability and rate capacity has been demonstrated in Li rechargeable battery 

(Roberts et al., 2008; Wen et al., 2006; Ying et al., 2006; Zhang et al., 2006). The 

positive effect of doping was used to the improved ion diffusion coefficient and the 

increase intrinsic electronic conductivity in doped materials (Liao et al., 2007; Shin et 

al., 2008;  Sun et al., 2009; Zhang et al., 2006). On the other hand, researchers made 

efforts to boost the electronic contact between the electronic conductor and active 

powders by adding conductive carbon. Mixing procedure used and the amount of 

conductive carbon loaded in the prepared cell notably contribute in the electrochemical 

performance. However, it is reported that loading large amount of conductive carbon 

effectively improves the cell’s rate capacity but poor energy density (Chen et al., 2002; 

Dominko et al., 2003; Zhang, 2010). 
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Good cathode materials for rechargeable battery should satisfy several criteria as 

listed below: 

1. Large work function compared to that for anode to maximize the cell voltage 

2. Large degree of magnesium insertion /extraction to maximize the cell 

capacity 

3. Good structural stability after continuous intercalation/deintercalation process 

(magnesium ion intercalation) 

4. Good chemical stability in electrolyte that is based on organic solvents. 

5. Ease of synthesis 

6. High density to provide high volumetric capacity  

7. Light weight to provide higher gravimetric energy density. 

8. Easy diffusivity pathways for magnesium ions in the crystal to provide high 

rate capability. 

9. Good electrical conductivity to provide high rate capability  

10. Low cost 

11. Environmentally benign 

 

2.3 Types of cathode materials 

 

2.3.1 Chevral Phase 

In the last few decades, Chevrel phases (CPs) have been extensively explored as 

cathode in Li batteries.  CPs are considered a unique class of host materials that have 

the ability to exchange ions during redox process. Besides their ability to transport 

monovalent (Cu+, Li+, Na+), CPs allows fast insertion of divalent cations, such as Zn2+, 

Fe2+, Co2+ Ni2+, Mn2+, and Cd2+ (Takeda et al., 1985; Wakihara et al., 1989). The crystal 
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structure of Mo6T8 (T = S, Se and Te) consists stacking of Mo6T8 blocks composed of 

the octahedral molybdenum atoms cluster inside the anion cube of selenium /sulphur 

/tellurium atoms. Figure 2.3 shows a basic CPs crystal structure. There are three cavities 

formed between Mo6T8 blocks but only two of them are available for cation insertion 

(cavity 1 and cavity 2). Occupation of cavity 3 is prohibited because of the strong 

repulsion between inserting cation and Mo atoms (Levi et al., 2006). 

 

Figure 2.3: Basic CPs crystal structure with Mo6 clusters  

In 2000, Aurbach et al discovered that this CP Mo6S8 can be an excellent cathode 

material in magnesium rechargeable batteries using magnesium organo-haloaluminate 

complex electrolyte solutions. It was reported that the performance of this cathode over 

> 1800 cycles was very stable with small percent of capacity fade (Aurbach et al., 

2000). However, Mg2+ ions only were fully extracted at elevated temperature, unless 

about 20 - 25 % of them were trapped in CP lattice in early electrochemical process. 

Introduced Se to the CP crystal structure was reported resulting in higher capacity at 

higher rate and at lower temperature (Levi et al., 2006). Se-substituted CP cathode point 

out an outstanding accessibility of Mg2+ ions even at lower temperature. The only 
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disadvantage of CPs is the low voltage for Mg intercalation/deintercalation, ~1.0 V vs. 

Mg2+/Mg at relatively small capacities which invariably yields Mg battery system with 

very small energy density (Levi et al., 2009). 

 

2.3.2 NASICON Type Materials as Cathode 

NASICON type materials with a general formula of AnM2(XO4)3 where (A= Na or 

Li; M = transition metal; X = P, As, or S) have been extensively explored mainly in Li 

batteries. This type of well-known NASICON compounds (Wang et al., 1995) have 

high structural stability  and large enough interstitial vacancies to uptake guest species 

based on three-dimensional frame-work. Figure 2.4 show basic NASICON structure. 

Both sodium ions and lithium ions can be extracted/inserted reversibly from/into a 

series of NASICON compounds. 

 

  Figure 2.4: Basic NASICON structure 

Likewise, this NASICON structure seems to have a great potential as a promising 

host for Mg2+. Mg2+ ion is expected to transport in such lattice structure. Makino et.al 

(Makino et al., 2001) reported that in Mg(ClO4)2/propylene carbonate (PC) electrolyte 
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solution, Mg2+ ion can be electrochemically inserted into Mg0.5 Ti2(PO4)3 NASICON 

structure. Nevertheless, the diffusion rate of Mg-ion was indeed slow and kinetically 

limited. Later, modifications have been done on the structure by adding transition metal 

Fe. Mg0.5+y(FeyTi1-y)2(PO4)3 (MCTP), (0 ≤ y ≤ 0.5) have been synthesized by employing 

sol-gel method. However, the cycling behavior of the system is still not much improve 

(Makino et al., 2001). 

 

2.3.3 Mg-ion Insertion Type Cathode V2O5 

In addition to NASICON type cathode materials for Mg battery, V2O5 was also 

reported as one of the possible host for chemical insertion of magnesium ions. 

Crystalline Vanadium oxide, V2O5 consists of layers of a weak O-V interaction with the 

6th oxygen and square-pyramidal V5+ co-ordinated to 5-oxygen which provide pathways 

for ion insertion and removal. 

However, (Shklover et al., 1996) suggested that the electrochemical insertion of 

Mg2+ into bulk V2O5 at room temperature is very slow and most of Mg2+ are absorbed 

on the surface electrode material. Reversible electrochemical reduction of Mg2+ into 

V2O5 is only practical in the Mg(CF3SO3)2 sulfolane and Mg(ClO4)2/molten 

dlmethylsulfone and based electrolytes at elevated temperature (T = 150 ºC)  (Pereira-

Ramos et al., 1987). According to Novak and Desilvestro (Novak et al., 1993) reversible 

magnesium insertion is only possible with the present of water molecules in the 

electrolytes. The best discharge capacity reported was ~170 mA h g-1 in acetonitrile 

solution containing H2O. The presence of bonded lattice water in the crystal structure of 

the MgxV2O5 also enhanced the insertion reaction of the Mg2+. However, it is noted that 

the presence of traces of water will affect the performance of non-aqueous Mg battery 

and should be completely avoided for any non-aqueous Mg battery system as it will 
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extremely compromise the battery performance. In conclusion, for this time being, Mg-

ion insertion into a V2O5 lattice was found to be very slow. The Mg ions only get 

solvated and can only be inserted easily into the host structure that consists of water 

molecules. 

 

2.3.4 Magnesium-sulphur Conversion Cathode 

Magnesium–sulfur (Mg-S) is a potential system with the present of Sulphur element 

that undergoes conversion reaction with metallic Mg cathode (the potential of 

electrochemical reaction, E = 1.70 V). In addition, Mg-S cathode offer reasonable 

theoretical capacity around ~1670 mA h g-1, magnesium-sulfur is considered as a 

promising system. The combination of a magnesium anode and sulfur cathode can in 

turn deliver higher theoretical energy density which is way higher than the current used 

Li-ion system of ~4000Wh l-1. However, the development of Mg-S cell was hindered by 

main challenge which is limited number of compatible electrolyte for the system. Kim 

et al. (2011) exploring rignard based organochloro electrolytes but they found no way to 

continue of using this electrolyte in Mg based battery system. These electrolytes are 

nucleophilic in nature and readily react with electrophilic sulfur to form polysulfide 

compounds. This reaction will end up causing sulfur dissolution due to the loss of 

Sulphur which is similar to the Li–S system.  

Charge-discharge curve for the 1st two cycles of Mg-S cell is displayed in Figure 2.5. 

The 1st discharge capacity was observed around ~1000 mA h g-1 due to breaking of the 

resistive surface layer on metallic magnesium followed by a small increase in the 

voltage plateau from ~0.50 V to 0.90 V. The next cycle discharge capacity was 

dramatically decreased to ~390 mA h g-1 (Kim et al., 2011). It was reported that the 

separator used in the cell changes in color due to the formation of Sulphur dissolution or 
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polysulphide anions. The capacity of the cell reduced due to the present od the 

dissolution & anions.  Nonetheless, Toyota was the first to assemble Mg-S battery with 

a promising energy density. Toyota come out with one working Mg-S battery which 

consist of a non-nucleophilic base namely hexamethyldisilazide magnesium chloride 

(HMDSMgCl) salt in tetrahydrofuran as electrolyte, elemental sulfur as conversion 

cathode and magnesium anode. The choice of this electrolyte was reported to overcome 

sulfur dissolution in the system. Reaction of non-nucleophilic potassium 

hexamethyldisilazide KN(SiMe3)2 salt and ethyl magnesium chloride (EtMgCl) was 

done in the present of tetrahydrofuran (as the solvent) to obtained desired non-

nucleophilic magnesium electrolyte of HMDSMgCl. This finding gives a huge 

contribution toward the development of Mg-S technology which the put Mg-S battery in 

the same vein as lithium ion battery and Li-S battery. Effort have been dedicated to 

mitigate the capacity fade including replacing tetrahydrofuran solvent with ionic liquid, 

glymes and block copolymer gel electrolyte (Muldoon et al., 2012). There are also a 

number of researchers used Sulphur composite instead of mesophorous carbon to 

enhance the cell capacity. 

 

Figure 2.5: Charge and discharge of a Mg-S coin cell  
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2.3.5  Transition Metal Dichalcogenides Intercalation Cathode 

Another type of cathode which was widely investigated in rechargeable battery 

especially Li is Transition metal dichalcogenides (XY2, X = transition metal and Y = S, 

Te and Se) such as VS2 and TiS2. This type of cathodes was among the earliest cathode 

in Li rechargeable battery dated back to late 1971s. There are a number of researchers 

works on rechargeable Mg based battery were electrochemically investigated the 

capability of this type of compound in different forms including the fullerene-like 

hollow-cage nanoparticles, spherical nano vesicles and fibrous flocculated structures. 

The performance of graphene-like MoS2 composed of single and several layers of 

highly exfoliated MoS2 was studied using CR2032 coin-type cell (Liang et al., 2011). It 

was reported that the electrochemical performance of the cell with Mg(AlCl3Bu)2 in 

THF as the electrolyte exhibited average operating voltage around 1.8 V.  From a first 

principles density function theory (DFT) study conducted by (Chen et al.,2011) they 

found out that MoS2 can be treated as zigzag nanocarbons. In zigzag MoS2 nanoribbon, 

Mg was identified interested on the top sites of Mo at the edge of nanoribbons surface 

(T-sites). These sites offer up to ~ 223 mA h g-1 theoretical capacity. Besides that, as 

observed in Figure 2.6, Mg atom also tends to occupy in between two adjacent T-sites 

centred by nearest neighboring H-site (hollow at the center of the hexagon).  

 

Figure 2.6: Structure of MoS2  
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Another type of transition metal dichalcogenides for Mg cell which are famous 

among researchers is WSe2 and the electrochemical performance was documented (Liu 

et al., 2013). Coin cells were used to test the electrochemical performances of ~100 nm 

WSe2 nanowires. Results obtained supported that this WSe2 nanowire electrodes have a 

promising structural stability. The discharge capacity was about 1.6 V accompanied by 

a very small decay meanwhile the reversible specific capacity was around 203 mA h g-1.  

 

2.3.6 Transition Metal Oxide Type Intercalation Cathode 

Transition metal oxide (TMO) systems demonstrating ability to intercalate Mg2+ has 

been reported (Liebenow, 1997). In this regard,  Gummow et al. (2010) employed co-

precipitation route to synthesize Mg0.67Ni1.33O2. This material owned reasonable 

electrical conductivity with an open circuit voltage ~3.5 V vs. Mg2+/Mg at ambient 

temperature. However, due to the limited number of stable electrolytes beyond ~3.5 V, 

the actual potential of these cathode materials is yet remain uncertain. We also 

synthesized similar transition metal containing oxides. Inadequate crystal structural 

stability as well as the electrolyte voltage stability combined with the electronic 

conductivity of the material hindered the Mg2+ response, hence failed to demonstrate 

any distinct reversible cycling of Mg2+.  Additionally, a report of Mg2+ ions insertion of 

a strained MgxMnO4 cathode in a 0.1 mol Mg(ClO4)2     0.5 mol H2O tetrahydrofuran 

electrolyte was also documented (Brenner, 1971). They claimed that Mg2+ ions can be 

chemically inserted in this materials at voltage potential of ~0.7 V vs. Mg/Mg2+. an 

aspect that needs further investigation. 
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2.3.7 Olivine Compound MgMSiO4 (M = Co, Mn, Fe) Cathode 

Another type of cathode materials that catch the attention of researchers is olivine 

compound, which is very well-known cathode compound in Li-ion battery. This type of 

compound has been extensively explored in Li ion battery and said offer some good 

properties, which is suitable for cathode materials. LiFePO4 was reported to be the most 

encouraging olivine compound which owned very stable due to the present of polyanion 

in the structure (Padhi et al., 1997).  Huge success of olivine compound in Li-ion 

batteries was a great motivation to explore olivine type compound for Mg based 

batteries. The potential of olivine compound MgMSiO4 which belong to orthorhombic 

crystal structure was reported in a number of studies (Nuli et al, 2008; Zheng et al, 

2012; Sun et al, 2013). Lattice parameter of MgMSiO4 compound is a = 4.79, b = 10.49 

and c = 6.12 Å with a space group of Pbnm (62). The crystal structure of olivine reveals 

the typical tetrahedral and octahedral coordinations for the different metal cations 

wherein the alternate sites of Mg1Mn1 and Mg2Mn2 are within the octahedral and Si 

occupies the tetrahedral sites, while oxygen atoms are located in the corners as shown in 

Figure 2.7.  

 

Figure 2.7: Olivine crystal structure 
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Table 2.1 summarized olivine MgXSiO4 (X = Fe, Co, Ni, Mn) structure cathode 

materials that has been explored. Li et. al (2011) synthesized micro sized MgFeSiO4 

cathode material by using molten salt route. This type of cathode materials has been 

proposed as an intercalation cathode for Mg batteries which exhibit discharge capacity 

of ~121 mA h g-1. MgCoSiO4 has been explored by (Zheng et al, 2012). Electrochemical 

testing was done and it’s demonstrated of ~121 mA h g-1 discharge capacity. In addition 

to that, Ni also has been used by (Sun et. al (2013) to improve the performance of 

olivine structured cathode material. MgNiSiO4 has been synthesized by using sol-gel 

method and molten salt method.                  
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Table 2.1: Olivine structure cathode materials for magnesium battery 

Compound Method used (Starting 
materials) 

Final firing 
temperature, 

time 
References 

Mg2-xMnxSiO4 

 

Sol Gel 
(Mg Acetate tetrahydrate, 

Manganese acetate 
tetrahydrate and 

tetraethylorthosilicate) 

700°C, 24 hours NuLi et al., 
2008 

Modified Sol Gel method 
(Mg acetate tetrahydrate, Mn 

acetate tetrahydrate and 
nanoscale silicon dioxide) 

900°C, 24 hours NuLi et al., 
2010 

High Temp Solid State 
reaction 

(Mg oxide, manganese (II) 
carbonate, silicon dioxide) 

1250°C, 10 
hours 

Feng et al., 
2008 

Molten Salt Synthesis 
(Magnesium oxide (MgO), 
manganese(II) carbonate 

(MnCO3) and SiO2) 

1000°C, 10 
hours 

NuLi et al., 
2009 

Mg2-x FexSi O4 
Molten Salt 

KCl, MgO, Iron Oxalate 
dehydrate and SiO2 

800°C, 900°C, 
1000°C Ni et al., 2007 

Mg2-x CoxSi O4 

Solid state reaction 
(MgO, Co3O4 and SiO2) 

1200°C, 32hours 
1300°C, 16 

hours 

Zheng, 2012 Molten salt method 
(KCl, MgO and CoCO3) 

1000°C, 6 hours 

Mixed solvothermal method 
(Mg acetate, cobalt acetate 

and urea) 

500°C, 4 hours 
900°C, 6 hours 

Mg2-x NixSi O4 

Sol-gel 
(Magnesium acetate and 

Nickel Acetate) 
800°C, 24 hours 

Sun et al, 
2013 Molten salt method 

(KCl, MgO, NiCO3 and 
SiO2) 

1000°C, 6 hours 
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2.4 Preparation method of cathode materials 

Cathode materials can be prepared by using various methods. Methods commonly 

used can be divided into two main categories which are solution chemistry method 

(method that use solution as the starting materials) and solid-state chemistry method 

(method that use solid phase as the starting materials). Example of solid state chemistry 

method is mechanochemical activation, microwave processing, carbothermal reduction 

and solid-state reaction meanwhile precipitation method, sol-gel processing, spray 

pyrolysis, emulsion-drying method and hydrothermal processing can be categorized 

under solution chemistry method. However, solution chemistry method is more popular 

among these two types of methods due to its ability of achieving better mixing and 

homogeneity of the starting materials on molecular level. Throughout the year, different 

types of method have been explored to synthesize Magnesium Silicate compound 

(which are reported in this study) such as solid-state reaction, sol-gel method and 

molten salt method. In the following subsections, method that are commonly used to 

synthesis Magnesium Silicate will be further explained. 

 

2.4.1 Solid State Reaction Method 

Solid-state method is considered as a familiar method used by researchers in 

synthesizing electrode materials. This method is also known as solventless reaction or 

dry media reaction. A solid state is a chemical reaction in which solvents are not used. 

In a normal reaction, the reacting agents, also called the reactants, are placed in a 

solvent before the reaction can take place. These reactants react to form a new 

substance. Figure 2.8 illustrates the general steps involved in material processing using 

solid state reaction. This method is very practical for preparing huge number of 

compounds. This method is suitable for a large-scale production such as for industrial 

purpose. However, high temperature is needed for this method because sometimes the 
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desired compound may decompose at high temperatures.  The reaction may proceed 

very slowly at low temperature, but increasing the temperature can speed up the 

reaction. The diffusion rate can be enhancing at high temperature environment. In this 

reaction, large amount of energy to overcome the lattice energy. Therefore over 500 °C 

generally required to perform this method so that cation or anion can diffuse into 

different site. Besides that, this technique also needs long reaction time and produced a 

large synthesized powder, which is not suitable for electrochemical devices application. 

Forsterite is widely synthesized via a solid-state reaction. However, the downsides 

mentioned above make the solution based techniques more advantageous for forsterite 

synthesis. 
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Figure 2.8: Steps involved in solid state reaction 

For example, Lee et al. (2011) used this method to synthesize bioceramics material 

with the starting precursor consists of talc (Mg3Si4O10(OH)2) and magnesium oxide, 

MgO. Mixture of MgO and talc powder in the weight ratio of 1: 1.88 was first prepared. 

The powders were subjected to high frequency vibrations to ensure homogeneous 

mixing for 2 minutes. The powders were milled for 10 hours using ball milling to 

further refine the powder particles. The powder was heated for 2 hours at 1200 ºC with 

ramp rate of > 9 ºC min-1. They reported that, forsterite materials were successfully 

synthesized by using solid state reaction method.  

Select appropriate starting materials 
                - Fine grain powders  
                - Reactive starting materials 
                - Well defined compositions 

Weigh out starting materials  

Mix starting materials 
     - Agate mortar 
     - Ball milled 

Pelletize 

Heat treatment 
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2.4.2 Molten Salt 

Molten salt synthesis (MSS) is a new class of synthesis method for preparing 

inorganic materials. Molten salt with low melting point was used as reaction aid or 

reaction media in this method. The reaction take place when selected molten salt were 

dissolved in any suitable solvents, then only the desired product would be successfully 

synthesized (Ni et al., 2007). MSS requires short time and low reaction temperature 

compared to other methods. It was mentioned in (Zhang et al., 2014) that the materials 

prepared via this molten-salt method showed faster kinetics which then led to better 

electrochemical performance and cycling stability. 

Stoichiometric amounts of manganese (ІІ) carbonate (MnCO3), magnesium oxide 

(MgO) and silicon dioxide were used by Nuli et al. as the starting materials to prepare 

Mg1.03 Mn0.97 SiO4 by this method (NuLi et al., 2011). In addition, Zhang et al also used 

molten salt method to synthesize magnesium silicate to study the influence of material’s 

particle size on the on properties of obtained materials. Starting materials used were 

natural forsterite and NaSo4 molten salt (Zhang et al., 2014).  

 

2.4.3 Sol-gel Method 

Sol-gel is one of solution chemical process method mention earlier. This method 

commonly used to prepare glass and ceramic materials in the form of powders, fibers 

and even thin films. This method has been established. The sol-gel is a very long known 

since the late 1800s. The word sol itself means a stable suspension of colloidal solid 

particles or polymer in a liquid while the word gel can be explained as porous, three-

dimensional and continuous network surrounding a continuous liquid phase. Sol-gel 

method is used for producing solid materials from small molecules. The processes 
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involved are hydrolysis, condensation, gelation, ageing, drying and densification. Figure 

2.9 presents basic steps in a sol-gel technique. 

Several chelating agents, which are commonly used in sol-gel method, include citric 

acid, polyacrylic acid and polyethylene glycol. The sol-gel method has some potential 

advantages over other method. By employing sol-gel method, the end product can be 

either in the form of powder, film and fiber. Besides that, it also allows homogenous 

mixing of the components at the atomic scale (Chen et al., 2002). In addition, sol gel 

method is considered as a practical and useful method as it presents various superiorities 

such as obtaining good particle size distribution, low sintering temperature, short 

calcination period and allowing a good stoichiometric control (Kakihana, 1996).  

Sol-gel was adopted as the reliable synthesis route in the current investigation. Sol-

gel method have been used by Ni et al. (2007) to prepare forsterite powder. Taking 

reagent-grade magnesium nitrate hexahydrate (Mg(NO3)2.6H2O) a colloidal SiO2 as the 

starting materials with initial molar ratio of 2. Forsterite powder about 5–50 µm were 

successfully obtained after calcination process for 3 hours. 
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Figure 2.9: Steps involved in sol gel method 
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2.5 Electrolyte in Mg Batteries 

Development of Mg based batteries also was hampered by limited suitable 

electrolyte with high ionic conductivity. Early works proved that simple Mg salts 

solution such as Mg(Cl4)2 in typical organic solvent (N,N-dimethylformamide, 

acetonitrile and propylene) formed a dense passivation layer on the electrode surface 

when used as electrolyte in Mg based rechargeable batteries (Brown et al., 1985; Lu et 

al., 1999; Peled et al., 1977). Mg could not be reversible in such electrolyte, but formed 

insoluble halides/salts instead when reacts with anion such as     
  and ClO4

-. The 

insoluble layer completely blocks the magnesium electrodes. As a result, Mg2+ ions 

mobility through the electrode is extremely poor due to the present of that insoluble 

layer. In addition, the capacity of the cell composes of electrolyte from simple Mg salts 

and typical organic solvent fades after some time of operation. 

Early works demonstrated that deposited of Mg using ethereal solvents and Grignard 

reagents gives a positive respond (Brenner, 1971; Genders et al., 1986). Hence the 

finding was extended by Liebenow et al.(Liebenow, 1997) found out that solution of 

tetrahydrofuron (THF) using amidomagnesium halide and Grignard’s reagent (MgX-R, 

where X = Cl, Br and R = alkyl) can be used to fabricate working Mg based 

electrochemical cell as Mg can be deposited reversibly. Nevertheless, it was considered 

incompatible for insertion cathode due to the limited oxidative stability (BuMgCl, 

EtMgBr) and strong reducing character of Grignard reagents. 

Motivated from above finding, a huge attention has been paid to the non-aqueous 

electrochemistry of magnesium. Only solutions containing amidomagnesium halides, 

and magnesium organoborates in ether (Brenner, 1971; Liebenow, 1997; Liebenow et 

al., 2000) and Grignard reagents (Gregory et al., 1990) solution give out a reversible 

electrochemical Mg deposition, which do not react with Mg. It was Gregory et al. 
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(1990) who initially demonstrated that the application of electrolytes consist of 

magnesium tetrabutyl borate, Mg(BBu4)2 in primary amines (N-methylaniline) of 

tetrahydrofuron (THF) at appropriate values of over-potentials. Gregory developed non-

aqueous electrolyte by reacting tri-n-butyl borane/THF (Lewis acid) with 

dibutylmagnesium/heptane (Lewis base) (Gregory et al., 1990). The electrolyte 

proposed showed a higher anodic stability compared to Grignard reagent but a bit low in 

coulombic efficiency. Gregory’s work was very useful and contributed to the 

knowledge of the vital of Lewis acid for deposition and dissolution in mg based 

electrochemical cell.   

Based on the finding reported by Gregory, in 2000 Aurbach et. al presented 

electrolytes solution of organohalualuminate salts in polyethers of the glyme family or 

THF (Aurbach et al., 2002). The proposed electrolytes were obtained when Lewis acid 

EtAlCl2Mg reacted with Lewis base Bu2Mg. Mg can be deposited reversibly in 

electrochemically stable etheral solution containing magnesium organoalumintae 

compounds, Mg(AlCl4-n Rn)2, where R = Bu (C4H9) and Et (C2H5); n = 1,2 and 

dissolved in THF at room temperature (Aurbach et al., 2000; Huggins, 2008).  

It has been reported that the electrochemical window depends on the Lewis acidity of 

the aluminum compounds involved, and some complex species formed in the electrolyte 

have been suggested based on the analysis of nuclear magnetic resonances and Raman 

spectroscopy (Nakayama et al., 2008). It is also revealed that the stability of the 

complex salt solution toward oxidation is higher for electrolyte with stronger Lewis 

acidity of the acid (organochloro aluminum anion). Besides that, it was reported that the 

R group involve in the reaction ruled the electrolytes anodic stability in the reaction. 

The variation of the anodic stability is change as follows: -C4H9 < -C2H5 < -CH3 
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Electrolyte with complex crystal structure of Mg(AlCl2BuEt)2/THF was proposed by 

(Nakayama et al., 2009). From X-ray absorption fine structure (XAFS) measurement, 

they found that four different kinds of aluminium complexes were present in the 

electrolyte which remains in equilibrium during deposition and dissolution. Further 

analysis was conducted and they proposed that the electrochemical characteristic of the 

electrolyte solution was mainly due to the equilibrium species. Besides that, it was a 

known fact that in the process of establishing an electrolyte solution with a reasonable 

ionic conductivity for mg batteries, the solvent used also plays a vital role as a polar 

medium. The electrolyte mentioned above demonstrated an ionic conductivity of few 

10-3 S cm-1 with an electrochemical window of ~2.2 V. The ionic conductivity of this 

electrolyte can be further enhanced by adding simple chloride based salt such as lithium 

chloride or tetrabutyl ammonium chloride (Gofer et al., 2006). However, due to the 

limited electrochemical anodic stability of this electrolyte, realization of working cell 

with high energy density is still far. 

Table 2.2 presents some electrolytes that have been used by previous reported works 

on rechargeable magnesium batteries. Endless efforts need to be put towards achieving 

compatible (allow Mg2+ intercalation and deintercalation) and high ionic conductivity 

for rechargeable magnesium battery. In this work, Mg(AlCl2EtBu)2/THF have been 

chosen as the electrolyte to be used for electrochemical analysis. 
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Table 2.2: Summary of promising electrolyte for Mg batteries in two and three-
electrode cell configuration 

Cathode/ 
working 
electrode 

Anode/ 
counter 

electrode 
Electrolyte Voltage 

(V) 

Initial 
capacity 
(mAh/g) 

References 

V2O5 thin film Activated 
carbon 

0.1 M 
MgTFSI/acetonitri

le 
2.3 180 Gershinsky 

et al., 2013 

V2O5 gel/carbon Mg 0.5 M Mg(ClO4)2 
in acetonitrile 1.5 450 Jiao et al., 

2005 

Layered MnO2 Mg 1.0 M Mg(ClO4)2 
in acetonitrile 1.5 109 Rasul et al., 

2012 

α-MnO2 Mg PhMgCl-
AlCl3/THF 1.5 208 Zhang et al., 

2012 

α-MnO2/Carbon 
black Mg 

1.5 M Mg(ClO4)2-
propylene 
carbonate 

1.5 310 Rasul et al., 
2012 

λMnO2 Mg 0.5 M Mg(ClO4)2 
in acetonitrile 1.5 330 Kim et al., 

2015 

Spinel MnO2 Pt 1.0 M Mg(NO3)2 ~ 2.6 190 Kim et al., 
2015 

RuO2 Graphite 1.0 M 
Mg/MMOITFSI 3.5 100 Sutto et al., 

2012 

O2 (Mg-air cell) Mg 
0.5 M 

Mg(ClO4)2/DMSO 
with I2 

1.2 2200 Shiga et al., 
2013 

NiHCF (aqueous) Pt 1 M 
Mg(NO2)2/H2O 2.9 ~ 50 Wang et al., 

2013 

MgFeSiO4 Mg 0.5 M TFSI in AN 2.2 55 Li et al., 
2011 

Mg1.03Mn0.97SiO4 Mg 
0.25 M 

Mg(AlCl2EtBu)2/T
HF 

1.6 300 Feng et al., 
2008 

Graphene-like 
MoS2 

Nano-
sized Mg 

metal 
Mg(AlCl2EtBu)2 1.7 170 Liang et al., 

2011 

MgCoSiO4 Mg 
0.25 M 

Mg(AlCl2EtBu)2/T
HF 

1.6 300 NuLi et al., 
2011 
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CHAPTER 3: RESEARCH METHODOLOGY 

In this work, the experimental part was divided into three main parts. The first part is 

the sample preparation, the second part is the materials characterization that includes 

thermal, morphological and structural characterizations and the last part is the test on 

electrochemical behavior. The preparation method employed for the samples plays an 

important role since the final materials are highly dependence on the preparation route 

which in turn affects the electrochemical performance. Therefore, the sol-gel method 

was chosen for this work since it is one of the promising techniques for preparation of 

forsterite and forsterite-doped samples. Compared to other methods, sol-gel method has 

its own advantage in terms of cost, simplicity, particle size distribution and high purity 

of the final product. The experimental methods used in this work are explained in detail 

in the following sections. 

3.1 Materials 

Listed below are the details of the starting materials used in this research work. 

Without further refinement, the entire chemicals were directly used as received.  

i. Magnesium acetate (CH3.COO)2 Mg 

 Molecular weight: 214.45 g mol-1 

ii. Manganese acetate (CH3.COO) Mn 

 Molecular weight: 245.09 g mol-1 

iii. Zirconium acetate (CH3.COO) Zr 

Molecular weight: 285.362 g mol-1 

iv. Tetraethyl orthosilicate (TEOS) 
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Molecular weight: 208.33 g mol-1   

Density: 0.934 g mL-1 

v. Citric acid (C6H8O7) 

Molecular weight: 192.124 g mol-1 

Density: 1.67 g cm-3 

 

3.2 Preparation of Samples 

Three systems of forsterite (Mg2SiO4) and modified forsterite were synthesized by 

using water based citrate sol-gel method. System I was with stoichiometric formula of 

Mg2SiO4 meanwhile system II and system III were based on (Mg2-xMnxSiO4) and (Mg2-x 

MnxZrySi1-yO4) stoichiometric formula respectively.  

For the preparation of system I (Mg2SiO4), starting materials used were 

(CH3COO)2Mg and SiC8H20O4. Citric acid was used as a chelating agent. The synthesis 

of the samples started with the dispersion of the starting materials in deionized water. 

100 mL of deionized water was used to dissolve each starting materials separately. All 

solutions of starting materials were mixed together. Citric acid was then mixed together 

with the previously prepared solution and transferred to reflux system. Under magnetic 

stirring, the reflux process was performed at 70 ºC throughout 24 hours. The solution 

was then evaporated for at least 4 hours at 75 ºC. In order to eliminate unwanted 

elements such as resistance organic group, solvent and water particles, the resulting 

viscous gel was dried in a vacuum oven at 150 ºC for 24 hours. The heating process led 

to the formation of metal-citrate complex due to the binding of metal ions to the citrate 

acid and chelating agent. Formation of citrate-metal complexes occurred when the citric 

acid and chelating agent with metal ions upon heating. Most of the unwanted elements 

were removed and polymerization occur by further heating (Behera et al., 2004). The 

Univ
ers

ity
 of

 M
ala

ya

https://www.google.com.my/search?biw=1920&bih=920&q=citric+acid+molar+mass&stick=H4sIAAAAAAAAAOPgE-LQz9U3SDNPT9PSyk620k_OSM3NLC4pqoSwkhNz4pPzcwvyS_NSrHLzcxKLFHITi4sBvlzSRDgAAAA&sa=X&sqi=2&ved=0ahUKEwil1ufoz_bJAhUGRI4KHQT9BhMQ6BMIgwEoADAS
https://www.google.com.my/search?biw=1920&bih=920&q=citric+acid+density&stick=H4sIAAAAAAAAAOPgE-LQz9U3SDNPT9NSz0620k_OSM3NLC4pqoSwkhNz4pPzcwvyS_NSrFJS84ozSyoB4ZEbMDUAAAA&sa=X&sqi=2&ved=0ahUKEwil1ufoz_bJAhUGRI4KHQT9BhMQ6BMIiQEoADAU


37 

gel formed was heated at 400 ºC in a furnace. The obtained precursor was then 

pulverized into powder by using a mortar. The sample was the ball milled using Fristsch 

Pulverisettle-7 planetary ball mill for 4 hours operated at 350 rpm to obtain a very fine 

powder. Balance chemical reactions of the precursor for system I can be described as 

below: 

Mg(CH3CO2)2 + 2H2O → Mg(OH)2 + 2CH3COOH 

Si(C2H5O)4 + 2H2O → SiO2 + 4C2H5OH 

In order to obtain a single-phase structure, sintering process was applied. The powder 

precursor was then heat treated with different sintering temperatures 400 °C, 600 °C, 

800 °C, 900 °C, 950 °C, 1000 °C, 1050 °C and 1100 °C for 4 hours so that the particle 

could bind without melting (Kolar, 2000). During sintering process, suggested chemical 

reaction for system I is: 

2Mg(OH)2 + SiO2 → Mg2SiO4 + 2H2O 

System II and system III were also obtained by employing the same route that was 

used to obtain system I. However, magnesium acetate ((CH3COO)2Mg), manganese 

acetate tetrahydrate ((CH3COO)2Mn) and ethyl orthosilicate (SiC8H20O4) were used as 

the starting materials for the system II. Meanwhile Mg2-xMnxZrySi1-yO4 magnesium 

acetate ((CH3COO)2Mg), manganese acetate ((CH3COO)2Mn.4H2O), zirconium acetate 

((CH3COO)2Zr) and ethyl orthosilicat (SiC8H20O4) were used as the starting materials. 

Chelating agent used remain the same as for system II and system III that was citric acid 

(C6H8O7). System II and system III have been sintered at 1100 °C for 4 hours. 

Suggested chemical reactions during the preparation of system II and system III 

precursor is as below: 
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System II 

Mg(CH3CO2)2 + 2H2O → Mg(OH)2 + 2CH3COOH 

Mn(CH3CO2)2 + 2H2O → Mn(OH)2 + 2CH3COOH 

Si(C2H5O)4 + 2H2O → SiO2 + 4C2H5OH 

During sintering process 

Mg(OH)2 + Mn(OH)2 + SiO2 → MgMnSiO4 + 2H2O 

System III 

Mg(CH3CO2)2 + 2H2O → Mg(OH)2 + 2CH3COOH 

Mn(CH3CO2)2 + 2H2O → Mn(OH)2 + 2CH3COOH 

Zr(CH3CO2)2 + 4H2O → Zr(OH)4 + 4CH3COOH 

Si(C2H5O)4 + 2H2O → SiO2 + 4C2H5OH 

During sintering process 

2Mg(OH)2 + 2Mn(OH)2 + Zr(OH)4 + SiO2 → 2MgMnZr0.5Si0.5O4 + 6H2O 

For system I, sample precursor subjected to thermal analysis TGA and DSC in order 

to confirm thermal behavior of the sample. Total of 8 samples have been synthesized 

initially in system I to study the effect of sintering temperature on the sample precursor. 

XRD analyses have been conducted on all 8 samples. XRD analysis shows that only 

samples sintered at temperature 900 and above can be indexed to desire stoichiometric. 

Therefore, sample 900°C, 1000 °C and 1100 °C have been selected for the next 

characterization including scanning electron microscopy (SEM), energy dispersive X-
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ray (EDX) analysis, particle size analysis, Fourier transform Infrared (FTIR), 

electrochemical impedance spectroscopy (EIS), transference number (TN) and cyclic 

voltammetry (CV). 

For system 2 with stoichiometric Mg2-xMnxSiO4, 5 different samples with deferent 

dopand (Mn) ratio have been synthesized initially. x was varied in the range of 0.2 – 1.0 

and samples were sintered at temperature 1100 °C for 4 hours. The temperature was 

selected based on results obtained in system I. XRD analyses have been done on all 5 

samples and found out that samples with x ≥ 0.6 contained impurities and cannot be 

indexed to desire stoichiometric. Samples with x = 0.2, 0.4 and 0.6 was selected for the 

next characterization such as FTIR, SEM, EDX, particle size analysis, EIS, TN and CV. 

For system III, samples synthesized based on stoichiometric Mg2-xMnxSi1-yO4Zry for 

every x = 0.2, 0.4 and 0.6 with y varied from 0.1 - 0.3. The range of x were selected 

based on results obtained in system II and the sintering temperature used for system III 

is 1100 °C for 4 hours. XRD analyses shows that only 4 samples out of 9 samples can 

be indexed to the desire stoichiometric. Meanwhile, the other 5 samples contained 

impurity. Therefore, for the purpose of this study, 3 sample with x = 0.2 have been 

proceed for FTIR, SEM, EDX, particle size analysis, EIS, TN and CV analysis.  

Table 3.1 summarized all samples synthesized in system I, system II and system III. 

Preparation of all 3 systems is illustrated in Figure 3.1. The end products of system I, II 

and III were in the form of powder. 
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Table 3.1: List of samples synthesized 

System 
Sample prepared initially Sample proceeded for 

characterization 

Name of 
sample Stoichiometric Name of 

sample Stoichiometric 

System I 

400 °C Mg2SiO4 - - 

600 °C Mg2SiO4 - - 

800 °C Mg2SiO4 - - 

900 °C Mg2SiO4 900 °C Mg2SiO4 

950 °C Mg2SiO4 - - 

1000 °C Mg2SiO4 1000 °C Mg2SiO4 

1050 °C Mg2SiO4 - - 

1100 °C Mg2SiO4 1100 °C Mg2SiO4 

System II 

x = 0.2 Mg1.8 Mn0.2 SiO4 x = 0.2 Mg1.8 Mn0.2 SiO4 

x = 0.4 Mg1.6 Mn0.4 SiO4 x = 0.4 Mg1.6 Mn0.4 SiO4 

x = 0.6 Mg1.4Mn0.6 SiO4 x = 0.6 Mg1.4 Mn0.6 SiO4 

x = 0.8 Mg1.4 Mn0.8 SiO4 - - 

x = 1.0 Mg1.0 Mn1.0 SiO4 - - 

System III 

x = 0.2 
y = 0.1 Mg1.8Mn0.2Zr0.1Si0.9O4.0 y = 0.1 Mg1.8Mn0.2Zr0.1Si0.9O4.0 

x = 0.2 
y = 0.2 Mg1.8Mn0.2Zr0.2Si0.8O4.0 y = 0.2 Mg1.8Mn0.2Zr0.2Si0.8O4.0 

x = 0.2  
y = 0.3 Mg1.8Mn0.2Zr0.3Si0.7O4.0 y = 0.3 Mg1.8Mn0.2Zr0.3Si0.7O4.0 

x = 0.4 
y = 0.1 Mg1.6Mn0.4Zr0.1Si0.9O4.0 - - 

x = 0.4 
y = 0.2 Mg1.6Mn0.4Zr0.2Si0.8O4.0 - - 

x = 0.4  
y = 0.3 Mg1.6Mn0.4Zr0.3Si0.7O4.0 - - 

x = 0.6 
y = 0.1 Mg1.4Mn0.6Zr0.1Si0.9O4.0 - - 

x = 0.6 
y = 0.2 Mg1.4Mn0.6Zr0.2Si0.8O4.0 - - 

x = 0.6 
y = 0.3 Mg1.4Mn0.6Zr0.3Si0.7O4.0 - - 
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Figure 3.1: Preparation steps for system I, system II and System III 
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3.3 Material Characterizations 

The prepared samples were subjected to various studies including TGA, DSC, XRD, 

FTIR, laser particle sizer, SEM, EDX, EIS, transference number measurement and CV. 

 

3.3.1 Thermogravimetric Analysis and Differential Scanning Calorimetry  

During heating, materials undergo phase transition, structural change or/and 

decomposition. TGA and DSC analysis are fundamental analyses that can be used to 

determine suitable sintering temperatures. In TGA analysis, mass loss during constant 

heating under synthetic air or nitrogen environment is measured. Change in mass 

indicates that the measured substance undergoes degradation. On the other hand, in 

DSC analysis, correlation between material’s transition with respect to temperature and 

heat flow in a controlled atmosphere can be obtained. Acquired DSC curve provide 

qualitative and quantitative information on the chemical and physical changes exit in the 

sample. Complimentary information acquired allows differentiation between exothermic 

and endothermic processes while heating the sample. Together with TGA, DSC analysis 

is very useful to identify transition temperature of a material such as its glass transition 

temperature Tg, crystallization temperature Tc, melting point Tm. Choosing Setaram 

Labsys Evo operate at a steady heating rate of 30 K min-1 in nitrogen atmosphere over a 

wide temperature range of 30 ºC to 1100 ºC, TGA and DSC analysis were conducted to 

examine the thermal behavior of the sample’s precursor.  

 

3.3.2 X-Ray Diffraction  

X-ray diffraction (XRD) is a rapid and non-destructive analytical technique primarily 

used to recognize various crystalline forms, known as ‘phases’ and for identification of 

the structural aspects, the degree of crystallinity and identification of materials. Since 
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XRD spectrum for every crystallite substance is different and unique, all the 

information can be attained by comparing the obtained XRD pattern of the studied 

sample with the library spectrum in the Inorganic Crystal Structure Database (ICSD). 

Basic principle used in XRD is diffraction phenomenon which occurs when X-rays hit a 

crystalline target.  Interference pattern of X-rays scattered by crystals was explained by 

applying Bragg's law. Bragg's law is the result of experiments derived by a physicist, Sir 

William Lawrence Bragg, in 1912 and first presented in the same year to the Cambridge 

Philosophical Society (Bragg, 1929). The incident beam of X-rays interferes with one 

another as they leave the crystals. This is caused by the atomic planes of crystal that are 

spaced a distance d apart. The phenomenon occurs if conditions stated by Bragg law or 

Laue equation are fulfilled. The Bragg equation is given by:  

      = 
λ

2 sin θhkl
 (3.1) 

where λ is the wavelength of the X-ray  

          is the crystal plane distance of (hkl)   

          is the crystal plane’s diffraction angle (hkl) 

     a, b and c are lattice parameters.  

In this experiment, PANanalytical-X’pert3 X-ray diffractrometer with 1.5406 Å 

wavelength of Cu-Kα radiation was used to analyse the studied samples’ structural 

properties. For XRD analysis, the sample was first prepared by depositing a small 

amount of powdery materials using a flat spatula on a glass slide. The sample was 

evenly smeared on the glass slide and then put on a sample holder. The sample was 

scanned with 0.026° in step size at 2θ range from 10° and 45°. Data obtained from this 

analysis were used to calculate important parameters such as the lattice parameters, 

crystallite size and phase composition of the tested sample. The following formula was 

employed to calculate the samples’s lattice parameters lattice parameters: 
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1

    
2 =

 2

 2  
 2

 2  
 2

 2 (3.1) 

The sample crystallite size was determined by applying Scherer equation: 

  (  )   
  

      
 (3.2) 

where    is the bragg angle 

λ is the wavelength 

  is the crystallite size 

  is a constant (0.9)  

 

3.3.3 Fourier Transform Infrared  

Fourier transform infrared (FTIR) spectroscopy can be used for identification of a 

wide range of compounds. This is because chemical compounds show distinctive 

absorption of certain infrared spectral line characteristics of the compounds. Infrared 

spectroscopy can also be used to shed some light on the purity of a compound. In 

addition, FTIR spectra can also provide information related to the number of 

components in a mixture and to determine the quality and the consistency of a sample. 

FTIR relies on the fact that most molecules absorb light in the infra-red region of the 

electromagnetic spectrum. This absorption corresponds specifically to the bonds present 

in the molecules (Moore, 2016; Smith, 1995). In this work, samples were characterized 

using Perkin-Elmer Frontier spectrometer. The sample powder was placed onto an ATR 

crystal and analyzed in the frequency range of 400 cm-1 to 4000 cm-1 with a scan 

resolution of 2 cm-1 at room temperature.  
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3.3.4 Particle Size Analyser 

FRITSCH-Analysette 22 NanoTec laser particle sizer was used throughout the 

experiment to attain the information on the samples’ particle size. This laser particle 

sizer is considered as the first established laser measuring device for the determination 

of particle size distributions and recognition of the particle shape collectively in a single 

process. The ANALYSETTE 22 NanoTec plus is widely applicable and excellent laser 

particle sizer for effective and safe determination of particle size distributions down into 

the nano range. According to laser diffraction method, particle diameter is identical to 

that of a sphere giving the same diffraction as the particles. A laser diffraction particle 

size analyser sees the particle as a two-dimensional object and gives its grain size as a 

function of the cross-sectional area of the particle (Di Stefano et al., 2010). The 

following assumptions are considered when using a laser particle analyser (Konert et al., 

1997). 

i. Based on matrices, diffraction pattern to grain sizes transformation is 

always assumed and calculated for spheres. Consequently, the diffraction 

along the particle’s cross-sectional area is set to diffraction of sphere. 

ii. If the laser measurements are accomplished in the condition where the 

particles may be oriented with respect to its shape (continuous 

suspension), the particle orientation is considered to be randomly 

distributed. 

In this experimental work, the particle sizes of samples obtained were examined. 

This characterization is important because the size of the particles affects the electrical 

performance of the samples. 
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3.3.5 Scanning Electron Microscopy  

Scanning electron Microscopy (SEM) was used to observe the samples morphology. 

SEM offers various advantages that make it one of the most beneficial instruments in 

many research areas. SEM has a large depth of field, which allows a large number of 

samples to be in focus at one time in high resolution so that even closely spaced samples 

can be magnified at much higher levels.  In this work, ZEISS EVO MA 10 scanning 

electron microscope with 10 kV incident electron beam was used. Samples first were 

mounted on the aluminum samples holder and coated with gold using sputter coating 

machine for 60 s before the analysis is conducted to avoid charging. During SEM 

analysis, coated surface is useful to discharge excess electrons to ground and thus 

improves the imaging of samples. 

 

3.3.6 Energy Dispersive X-Ray Analysis  

Energy Dispersive X-ray (EDX) analysis is a very powerful technique used in 

materials science. EDX can be used to check on the present of certain atomic in a 

material sample. As it is a quantitative method for determining the presence of 

elements, it can give an idea of the stoichiometry of the material. The method is very 

useful to confirm and support the results obtained from XRD analysis. In this work, 

EDX analysis was conducted in order to give the idea of magnesium element 

stoichiometry of magnesium, silicon and oxygen in the sample as well as that of 

manganese and zirconium element. The EDX was executed by using Oxford Aztec X-

Act EDX spectrometer which is attached to the Ziess-Evo MA10 scanning electron 

microscope used for SEM analysis. 

 

Univ
ers

ity
 of

 M
ala

ya



47 

3.3.7 Transference Number measurement  

Transference number (TN) was evaluated using Wagner’s polarizing technique in 

order determine the contribution of the ion and electron to the total conductivity of 

materials. The curve of polarized current versus time is then plotted and the ionic and 

electronic transference number can be calculated using the following equation: 

         
  
  

 (3.3) 

      
  
  

 (3.4) 

where       is the electronic transference number 

If is the final current 

Ii is the initial current 

 

3.3.8 Electrochemical Impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) was used in this work to further 

analyze the effect of doping on electrode reaction impedance. Solatron 1260 Impedance 

analyser over frequency range 1 to 106 Hz Impedance data obtained fit the equivalent 

circuit developed by Jamnik shown in Figure 3.2. The equivalent circuit developed was 

simplified as parallel combination of constant phase element (CPE) and electronic 

resistance, R1 which is in serial with the ionic resistance, R. Nyquist plot exhibit 

semicircle in the high frequency region and a line in low frequency region. According to 

the equivalent circuit, the diameter of the semicircle describes the value of charge 

transfer resistance (Rct). The linear plot in the low frequency region indicates to the 

diffusion of ion in the cathode material. 
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Figure  3.2: Equivalent circuit of the electrode system 

 

3.4 Fabrication of electrochemical cells  

The studied cathode materials were then used for fabrication of electrochemical cell 

for CV analysis. The Mg2SiO4 / Mg2-xMnxSiO4 / Mg2-x MnxZrySi1-yO4 was used as the 

active material, ethanol acted as a binder while acetylene black as the conducting agent. 

Conducting agent is one of important materials as without it, no magnesium 

deintercelation can occur. Firstly, the active material was heated at 120 ºC for 48 hours 

in a vacuum oven. Appropriate amounts of the active material and acetylene black were 

thoroughly ground in a mortar which was subjected to prior degreasing in acetone until 

homogenous slurry was obtained. Slurry formed then pasted on a current collector by 

using blade to form a piece of cathode with uniform thickness of composite materials 

was obtained. This piece of cathode was weighted and then allowed to dry under argon 

atmosphere at 100 ºC for 24 hours. Figure 3.3 shows the procedures of the cathode 

preparation. 
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                                Figure 3.3: Cathode preparation procedures 
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Electrolyte used in this work is 0.25 mol L-1 Mg(AlCl2BuEt)2/THF which was 

proposed by Aubach et. al as reported in (Aurbach et al., 2000). The electrolyte solution 

developed is based on Mg organohaloaluminate salts, Mg(AlCl2RR’)2 where R and R’ 

are alkyl groups in tetrahydrofuron (THF). In this solution, magnesium electrochemical 

deposition-dissolution is reversible at almost 100% efficiency. In addition, this solution 

exhibits an electrochemical window of more than 2.5 V, much wider than any other 

electrolyte solution tested previously in Mg batteries (Aurbach et al., 1998; Levi et al., 

2009; Liebenow, 1997) 

For the purpose of preparing this electrolyte, stoichiometric amounts of 

dibuthylmagnesium (MgBu2) in heptane and ethylaluminum dichloride (AlCl2Et) in 

hexane in 1:2 volume ratio were mixed in an argon-filled glove box. The mixture of 

these two starting materials was stirred continuously for 48 hours until the solvents 

(hexane and heptane) were completely evaporated. This resulted in the formation of 

white precipitate. The remaining white precipitate was dissolved in inhibitor-free 

purified anhydrous THF to form 0.25 mol L-1 Mg(AlCl2BuEt)2/THF. Steps involved in 

the preparation of electrolyte are illustrated in Figure 3.4. 

 

Figure 3.4: Step involve in electrolyte preparation 
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3.5 Electrochemical testing  

Cyclic voltammetry is the most frequently used technique to study electrochemical 

properties of materials. The information obtained from CV analysis is presented as an I-

E curve, called cyclic voltammogram. The earliest voltammetric technique is 

polarography which was developed in early 1920s. Jaroslav Heyrovsky was awarded the 

Nobel Prize in Chemistry in 1959 for this achievement. Figure 3.5 show the example of 

graph I-V from CV analysis. 

  

Figure 3.5: Typical cyclic voltammogram of simple reaction 

By convention, the positive current reflects oxidation, whereas the negative current 

represents reduction reaction. In Figure 3.5, the oxidation process occurs from (i) the 

initial potential to (iv) the switching potential. In this region, the potential scans 

positively from (i) to (iv). This results in anodic current (IpA) and oxidation to occur. 

The peak potential at (iii) is called the anodic peak potential (EpA), and is reached when 

all of the substrate at the surface of the electrode has been oxidized. After the switching 
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potential has been reached (iv), the potential is scanned negatively to cause a reduction. 

The resulting current is called cathodic current (IpC). The corresponding peak potential 

occurs at (vi), and is called the cathodic peak potential (EpC). The EpC is reached when 

all of the substrate at the surface of the electrode has been reduced. Direct and simple 

method called Cyclic Voltammetry is applied to measure the formal potential of a half 

reaction when both oxidized and reduction forms are stable during the time required to 

obtain the voltammogram (current-potential curve). During the potential scan, the 

current produced at working electrode was measured to acquire a cyclic voltammogram 

(Kissinger et al., 1983). Without much resource to detailed calculations, cyclic 

voltametry can be considered as a powerful tool that allows rapid information to be 

obtained (Pletcher, 1991).  

In this work, cyclic voltammetry measurement involves the following set up of CV 

cell.  Mg2-xMnxZrySi1-yO/Mg2-xMnxSiO4 /Mg2SiO4 were assigned as the working 

electrode. As mentioned ealier, the electrolyte used was 0.25 mol L-1 

MgAlCl2EtBu2/THF. Three-electrode configuration, as shown in Figure 3.6 consisting 

of the working electrode and magnesium foil as the reference and counter electrode was 

set up to perform the cyclic voltammetry. The cyclic voltammetry was performed using 

a Wonatech ZIVE MP2 multichannel electrochemical workstation with scan rate 0.5 

mV s-1 between -1.0 V and 3.0 V.   

 

Figure 3.6: Three electrode CV cell set up 
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CHAPTER 4:  Mg2SiO4 

4.1 Introduction 

In this work, olivine forsterite, Mg2SiO4 was chosen as the parent compound. The 

forsterite has been obtained by using sol-gel method with firing temperature of at least 

850 ºC. This chapter provides the results and discussion of thermal, structural, electrical 

and electrochemical investigations of the Mg2SiO4 material. TGA and DSC analysis of 

precursor were carried out to determine the suitable sintering temperature of the 

precursor. XRD was done to obtain the structural information of Mg2SiO4 samples and 

to monitor the growth of precursor. Based on thermal and structural information from 

XRD, three samples with sintering temperature 900 °C, 1000 °C and 1100 °C were 

characterized using FTIR, SEM, EDX, EIS, transference number and CV. FTIR study 

was conducted to confirm the present of the Mg2SiO4 characteristic peaks and reveal 

any transformation that occur in the samples. SEM and EDX were also done to look into 

the morphological and elemental properties of the samples. Furthermore, the prepared 

samples were also subjected to other characterizations including conductivity 

measurement by using EIS, transference number and CV.   

4.2 Thermal Gravimetric Analysis and Differential Scanning Calorimetry  

Thermal profiles of forsterite powder obtained from TGA and DSC are presented in 

Figure 4.1. There are three prominent stages of weight losses identified in the TGA 

trace upon heating treatment up to 1200 °C. The first weight loss observed is in the 

temperature range from 200 °C to 400 °C that represents the first mass change, Δm1 = 

28.15% of the total starting material’s weight. This weight loss accompanied by an 

exothermic peak observed in DSC trace at the temperature of 234 °C which is due to the 

dehydration of the sample precursor. DSC trace exhibits a distinguishable exothermic 
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peak at the temperatures of 438 °C and 463 °C accompanied with a weight loss, Δm2 = 

28.93% attributed to the formation of periclase (MgO) peak (Saberi et al., 2009). 

Further heating of the sample produced a small exothermic peak around 850 °C 

accounted for a weight loss, Δm3 = 11.57% from 550 °C to 900 °C. This small 

exothermic peak indicates the crystallization of forsterite (Mitchell et al., 1999; Saberi 

et al., 2007; Saberi et al., 2009). The plateau appeared at the temperature of 890 °C and 

above suggests that all chemical reactions for forsterite prepared by sol-gel method have 

completed and that the sample needs to be sintered at temperature at least 850 ºC in 

order to obtain forsterite powder. As such, we have chosen temperatures of 850, 900, 

1000 and 1100 ºC for sintering process. 

 

Figure 4.1 : Simultaneous TGA and DSC curves of Mg2SiO4 precursor 
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4.3 X-Ray Diffraction  

The structural properties of Mg2SiO4 samples sintered at different temperatures were 

determined from XRD analysis. Figure 4.2 presents the XRD spectra for the Mg2SiO4 

samples sintered at different temperatures. The XRD spectra obtained from the 

experiment were indexed based on XRD reference Inorganic Crystal Structure Database 

ICSD 98-000-9688. Sintering at temperature 400 °C, 600 °C and 800 °C did not 

successfully form Mg2SiO4. Nevertheless, two diffraction peaks observed at 2θ of 

42.49° and 61.94° assigned to periclase (MgO)(Saberi et al., 2007). These peaks 

indicate the presence of impurity in the samples. According to (Kazakos et al., 1990), it 

is very difficult to avoid the formation of periclase (MgO) and enstatite (MgSiO3) 

during the synthesis of forsterite. Thermal heat treatment at least 850 °C is necessary to 

obtain crystalline forsterite. However, as the sintering temperature increased to 900°C, 

950°C, 1000°C, 1050°C and 1100°C, it can be observed that the XRD spectra only 

attributed to forsterite peak. There is no impurity peaks detected when the samples were 

sintered at the temperature higher than 900 ºC. Besides that, Figure 4.2 shows that the 

intensity of the XRD spectra also increased as the sintering temperature increased 

implies that the different in crystal size. The production of forsterite via sol-gel method 

can provide molecular-level of mixing and high degree of homogeneity, which leads to 

reduce crystallization temperature and prevent from phase segregation during heating 

(Saberi et al., 2007). Therefore, in this work, pure forsterite was obtained at lower 

temperature compared to the forsterite obtained by employing solid state reaction (S. K. 

Lee et al., 2011). XRD data evidently demonstrate that heat treatment plays a vital role 

in governing the growth of forsterite peaks. So, to further study the effects of sintering 

temperature on the forsterite samples, the authors just focus on three sintering 

temperatures which are 900 °C, 1000 °C and 1100 °C. 
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Figure 4.2: XRD spectra of Mg2SiO4 sintered at (a) 400 ºC (b) 600 ºC, (c) 800 ºC 
(d) 900 ºC (e) 950 ºC (f) 1000 ºC (g) 1050 and (h)1100 ºC 
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Table 4.1: Lattice parameters, unit cell volume and crystallite size of Mg2SiO4 
sintered at 900 ºC, 1000 ºC and 1100 ºC 

Sintering 
temperature 

(◦C) 

Lattice parameter 
Volume of  
unit cell,  

V [Å3] 

Crystallite 
Size [Å] a [Å] b [Å] c [Å] 

900 10.1293 5.9591 4.6807 282.5324 32.54 

1000 10.1342 5.9617 4.6812 282.8226 36.42 

1100 10.1693 5.9685 4.6886 284.5759 39.57 

 

The variation of all lattice parameters for the samples sintered at 900 ºC, 1000 ºC and 

1100 ºC were calculated by selecting three miller planes (hkl), (200), (020), (400), (040) 

or (004).  From Table 4.1, it is clear that values of a, b, c and unit cell volume (V) are 

affected by the change in sintering temperature. Unit cell volume decreases as the 

sintering temperature increases. However, the crystallite size increases as the sintering 

temperature increases. The remarkable increase in crystallite size is owing to the grain 

growth by surface diffusion (Rao et al., 2002). Grain growth is the process in which 

average size of material’s crystallite increases continuously during heat treatment 

without a change in the grain’s shape (Lee et al., 1994). 
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4.4 Fourier Transform Infrared  

The formation of Mg2SiO4 was also monitored by FTIR spectrometer. Figure 4.3 

presents the FTIR spectra of pure Mg2SiO4 compound sintered at 900 ºC, 1000 ºC and 

1100 ºC in the region from 550 to 1350 cm1.  

 

 

Figure 4.3: FTIR spectra of Mg2SiO4 sintered at 900 ºC, 1000 ºC and 1100 ºC 

The peaks appeared in the range of 550 - 650 cm1 correspond to SiO4 bending 

vibration modes (Kharaziha et al., 2009; Saberi et al., 2007). The peaks centered at 835 

cm1 and 874 cm1   are assigned to symmetric stretching vibrations of Si-O-Si (Mazza 

et al., 1993; Tsai, 2002). Meanwhile, the characteristic peaks associated to SiO4 

stretching vibration modes are located in the range from 950 cm1 to 990 cm1 

(Kharaziha et al., 2009; Saberi et al., 2007). Lastly, the peaks appeared at 1105 cm1 are 

attributed to Si-O-Si asymmetric stretching vibration mode of Mg2SiO4 (Mazza et al., 
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1993; Saberi et al., 2007; Tsai, 2002). The characteristic bands are observed to be at the 

same wavenumbers in all samples. However, the intensity of the bands decreases with 

increasing sintering temperature. This effect is due to the coordination of cation Si4+ 

with the oxygen atom, which results in the weakening of the Si-O-Si bond when the 

sintering temperature increases. This leads to an increase the crystal size as the sintering 

temperature increase that is consistent with the result of XRD study discussed earlier. 

The existence of the Mg2SiO4 related peaks give an additional proof of the formation of 

Mg2SiO4 compound.  

 

4.5 Scanning Electron Microscopy and Particle Sizer  

The SEM micrographs and particle size distribution of Mg2SiO4 samples are 

presented in Figure 4.4 and Figure 4.5 respectively. SEM images for Mg2SiO4 sintered 

at temperatures 900 °C, 1000 and 1100 revealed that the obtained materials consist of 

agglomeration of fine particles. The result is perceived when the sol-gel method is used 

for sample preparation and acetate metal as the starting materials (Ni et al., 2007). The 

size of the powder agglomeration ranges from small to large. The agglomerations of 

powder were made up from a mixture of loosely packed fine particles.  

From the particle size distribution graph presented in Figure 4.5, it is found that the 

average particle size for the Mg2SiO4 sample increases from 21.3 µm to 36.7 µm as the 

sintering temperature increases from 900 °C to 1100 °C. 
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Figure 4.4: SEM micrographs of Mg2SiO4 sintered at (a) 900 ºC, (b) 1000 ºC and 
(c) 1100 ºC 
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Figure 4.5: Particle size distribution of Mg2SiO4 sintered at (a) 900 ºC, (b) 1000 
ºC and (c) 1100 º 
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4.6 Energy Dispersive X-Ray Analysis  

In order to confirm the stoichiometric proportions of the prepared Mg2SiO4, 

EDX analysis was done. EDX analysis was conducted on 3 different selected regions 

and the average stoichiometric weight percentage was calculated based on the three 

regions for each sample. Figure 4.6(a), Figure 4.6(b) and Figure 4.6(c) illustrate EDX 

spectra for Mg2SiO4 sintered at 900 oC, 1000 oC and 1100 oC respectively. EDX data 

obtained show that the samples consist of magnesium (Mg), silicon (Si) and oxygen (O) 

elements. Elemental compositions obtained from EDX were compared with that of the 

theoretical atomic ratio and data obtained are presented in Table 4.2. It was found that 

the ratios of the elements in all the samples are in good agreement with the 

stoichiometric ratio of the starting materials. This confirms that the Mg2SiO4 material 

was successfully synthesized. 

Table 4.2: EDX stoichiometric atomic ratios of Mg2SiO4 sintered at 900 oC, 1000 
oC and 1100 oC 

 
 

Sample, 
Sintering 

temperature (ºC) 

 
Average stoichiometric, 

Atomic ratio 

Calculated 
stoichiometric,  
Atomic ratio 

Mg 
2.00  

Si 
1.00  

O 
4.00 

Mg2SiO4 900 EDX atomic percent (%) 2.01 1.00 4.01 

Mg2SiO4 1000 EDX atomic percent (%) 2.03 1.00 4.09 

Mg2SiO4 1100 EDX atomic percent (%) 1.99 1.00 4.10 
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Figure 4.6 (a): EDX spectra for Mg2SiO4 sintered at 900 oC 
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Figure 4.6 (b): EDX spectra for Mg2SiO4 sintered at 1000 oC 
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Figure 4.6 (c): EDX spectra for Mg2SiO4 sintered at 1100 oC 
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4.7 Electrochemical Impedance Spectroscopy  

The details of ion migration were investigates by electrochemical impedance 

spectroscopy measurements that were carried out at room temperature. Typical Nyquist 

plots obtained are presented in Figure 4.7 (a - c). The high frequency semicircle is 

related to the charge transfer process and the diameter of the semicircle is 

approximately equal to the charge transfer resistance (Rct). The sloping line at low 

frequency is associated with the ion diffusion in the materials (Deng et al., 2010). 

Presented in Table 4.3 is the variation of Rct with different sintering temperature of 

Mg2SiO4. From Table 4.3, it can be observed that the Rct value decreases with the 

sintering temperature implying that the charge transfer process in materials depends on 

the sintering temperature. The semicircle is the smallest for the sample synthesized at 

1100 ºC, suggesting that the sample possessed the easiest charge transfer process 

compared to the other samples. This can be correlated with the unit cell volume of the 

material. Largest unit cell volume, V owned by the sample sintered at 1100 °C is 

expected to contribute to easy charge transfer process during intercalation and 

deintercalation. 

Table 4.3: Charge transfer resistance of Mg2SiO4 samples sintered at 900 ºC, 
1000 ºC and 1100 ºC 

Sintering temperature 
Charge transfer resistance  

Rct (Ω) 

900 ºC 1.05 × 109 

1000 ºC 8.09 × 108 

1100 ºC 7.01 × 108 
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Figure 4.7 (a): Impedance plot of Mg2SiO4 sample sintered at 900 ºC 
 

 

  
Figure 4.7 (b): Impedance plot of Mg2SiO4 sample sintered at 1000 ºC 
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Figure 4.7(c): Impedance plot of Mg2SiO4 sample sintered at 1100 ºC 
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4.8 Transference Number Measurement 

Transference number measurement was done on all three sample 900 °C, 1000 °C  and 1100 

°C. Direct current was recorded as a function of time upon application of constant DC 

voltage across the sample. The graph of normalized current versus time after polarization 

with highest transference number was displayed in Figure 4.8. From the graph, it can be 

seen that the current decreases exponentially with respect to time and saturates after about 

5000 s. 

 

Figure 4.8: I - t curve of Mg2SiO4 sample sintered at temperature 1100 ºC 
 

Table 4.4 summarized the value of transference number for sample 900 °C, 1000 °C 

and 1100°C. Sample 900 °C with the highest Rct value have the smallest transference 

number value and sample 1100 °C with the smallest Rct value have the smallest 

transference number value. The transference,      for sample 1100 °C is 0.38. This 

suggests that this type of materials is a mixed conductor and thus suitable for use as 

cathode material in electrochemical cells. 
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Table 4.4: Transference number for samples sintered at 900 ºC, 1000 ºC and 
1100 ºC 

Sintering temperature Transference number, t 

900 ºC 0.34 

1000 ºC 0.35 

1100 ºC 0.38 

4.9 Cyclic voltammetry 

The effect of various sintering temperatures on the electrochemical performance of 

the samples was investigated by cyclic voltammetry. Figure 4.9 shows cyclic 

voltammograms of the electrode comprising Mg2SiO4 sintered at 900°C, 1000°C and 

1100°C at scan rate 0.5 mV s-1 between -1.0 V and 3.0 V.   

 

Figure 4.9: Cyclic voltammograms of  Mg2SiO4 sintered at 900 ºC, 1000 ºC and 
1100 ºC 
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The voltammograms show a typical and expected feature of electrochemical 

magnesium deintercalation and intercalation reactions. Two steps of Mg2+ 

deintercalation/intercalation can be distinguished, corresponding to two pairs of 

anodic/cathodic peaks marked as a/c and a’/c’as shown in Figure 4.9. The trend is 

similar to that reported by cyclic voltammetry (NuLi et al., 2009). In Mg2SiO4 structure, 

there are two kinds of occupation sites for Mg atoms, Mg (1) and Mg (2). Since the 

Mg(1)-O bonds can be formed more easily, Mg atoms prefer to occupy Mg(1) sites at 

first in thermodynamics. Peaks a/c and a’/c’ can be attributed to the 

deintercalation/intercalation of Mg2+ from Mg(1) and Mg(2) respectively (NuLi et al., 

2009). It is well known that the potential separation between anodic and cathodic peaks 

is an important parameter to evaluate the reversibility of electrochemical reactions. The 

reversibility of material is characterized by potential interval ΔEp. The smaller this value 

and larger peak current density reveal much less polarization and the more facile 

electrochemical reaction of the material (Triwibowo et al., 2016). From Figure 4.9, it is 

noticed that the increase in sintering temperature caused anodic/cathodic peak changes. 

Table 4.5 summarizes the value of potential anodic/cathodic peaks, Ep, potential 

interval, ΔEp and current peak, Ip for peaks marked as a/c and a’/c’. The sample sintered 

at 1000 °C has the lowest potential interval which is ΔEp =1.26 for the first 

anodic/cathodic pair and ΔEp’ = 0.35 for the second anodic/cathodic, a’/c’.  For a 

reversible redox process, the ratio of cathodic peak current to anodic peak current equal 

to unity (IpC/IpA = 1). This value shows that the amount of current stored and delivered 

during intercalation and deintercalation process. Among all three samples, the value of 

cathodic to anodic peak current ratio for materials sintered at 900°C is close to unity IpC 

/ IpA  = 0.4 and IpC’ / IpA’ = 1.0. However, the sample sintered at 1000°C did not show the 

highest current intensity. Highest current intensity for sample sintered at 1000°C is 

about IpA = 6.90 mA which is considered small compared to other samples. Sample 
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sintered at 1100°C has a reasonable potential interval (ΔEp = 1.62 V and ΔEp’ = 0.50 V), 

IpC / IpA = 0.21 and IpC’ / IpA’ = 0.80) and performs the highest current peak, IpA = 8.7 mA. 

Thus, it can be concluded that this sample is the most reversible. This result shows that 

sintering temperature contributed in the electrochemical performance of materials.  

Table 4.5: Potential interval and redox peak currents of Mg2SiO4 

Parameter 
Sample Mg2SiO4 

900°C 1000°C 1100 °C 

IpA (mA) 2.80 6.90 8.70 

IpC (mA) 0.40 1.70 1.80 

IpC / IpA 0.4 0.25 0.21 

EpA (V) 1.30 1.36 1.92 

EpC (V) -0.24 0.10 0.30 

ΔEp (V) 1.54 1.26 1.62 

IpA’ (mA) 0.20 0.90 0.40 

IpC’ (mA) 0.20 1.50 0.50 

IpC’ / IpA’ 1.00 0.60 0.80 

EpA’ (V) 2.05 2.40 2.60 

EpC’ (V) 1.60 2.05 2.10 

ΔEp’ (V) 0.45 0.35 0.50 
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CHAPTER 5: Mg2-xMnxSiO4  

5.1 Introduction 

This chapter focuses on the Mg2-xMnxSiO4 (x = 0.2, 0.4 and 0.6) which was the 

second system investigated in this work. The investigation was done to study the effects 

of Mn (ionic radius 0.83 Å) (Zhang et al., 2010) partial substitution on Mg2+ (ionic 

radius 0.65 Å) (Wang et al., 2014) into Mg2SiO4 compound. The choice of manganese 

was made for two reasons; its size and charge are comparable to those of Mg2+ ions 

which is hope to facilitate doping process. Initially, Mg2-xMnxSiO4 (x = 0.2 – 1.0) 

samples were prepared using water based sol-gel followed by sintering process at 

temperature 1100°C for 4 hours. The prepared samples were characterized using XRD, 

FTIR, SEM, EDX, particle size and impedance spectroscopy in order to investigate 

structural, morphological and electrical properties. Transference number measurement 

was conducted to identify the actual type of charge carrier in the sample while the CV 

test was conducted to study their electrochemical properties. 
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5.2 X-Ray Diffraction  

The structure and crystallinity of the synthesized materials were characterized with 

XRD.  XRD patterns of Mg2-xMnxSiO4 system with 0.0 ≤ x ≤ 1.0 are shown in Figure 

5.1. As shown in Figure 5.1, Mg2-xMnxSiO4 materials prepared by the sol-gel technique 

for x ≤ 0.6 were well crystallized and indexed to orthorhombic forsterite based on ICSD 

98-000-9688. However, as the dopant amount increased to ≥ 0.6, most peaks indexed to 

orthorhombic forsterite disappeared and new peak ascribed to MgO appeared at 2θ = 

41.75º. The presence of the impurity peak suggests that Mn doping can be doped to the 

forsterite structure up to a certain ratio. Therefore, Mg1.2Mn0.8SiO4 and Mg1.0Mn1.0SiO4 

samples were not used for the other characterizations.  

The magnified patterns of Mg2-xMnxSiO4 (0.0 ≤ x ≤ 0.6) displayed in Figure 5.2 (a) 

and Figure 5.2 (b) reveal a continuous shift in the 2θ ranging from 31.5º – 34.5º and 

35.0º – 38.0º. The peaks were shifted to the lower 2θ indicating that an increase in 

lattice parameters. Figure 5.2(a) shows the peak (031) for x = 0.0 located at 2θ = 32.5º. 

When the value of x increases from 0.2 to 0.6, the peak is shifted to the lower 2θ 

ranging from 32.4º - 32.2º. Peaks which were originally at 2θ = 35.8º for (131) and 2θ = 

36.6º for (211) are also shifted to lower 2θ as shown in Figure 5.2(b). Peak (131) is 

shifted to 2θ = 35.5 for x = 0.2 and to 2θ = 35.  for x = 0.6. The observed changes also 

confirmed the formation of Mg2-xMnxSiO4 materials and suggest that Mn entered the 

structure rather than forming impurities for x ≤ 0.6.  
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Figure 5.1: XRD spectra of Mg2-xMnxSiO4 (x = 0.0 – 1.0)    

                      

Figure 5.2: Extracted XRD spectra of Mg2-xMnxSiO4 (x = 0.0 – 1.0) system in the 
range of (a) 2θ = 31.5º – 35.0º and (b) 2θ = 35.0º – 38.0º 
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Using XRD data obtained, lattice parameters (a, b and c) and unit cell volume, V of 

the samples Mg2-xMnxSiO4 ( 0.0 ≤ x ≤ 0.6)  were calculated according to the Bragg 

equation (Adnan et al., 2014). Results obtained are presented in Table 5.1 and compared 

with the parent x = 0.0. It can be seen that all lattice parameters significantly increase 

with the increase in doping amount. This corresponds to larger ionic radius of Mn 

compared to that of Mg (Kandhasamy et al., 2012). The increase in V of the doped 

samples not only proves the successful doping of Mn2+ in Mg2SiO4 crystal, but also 

favorable to enhance electrochemical properties due to larger diffusion pathways for Mg 

ion migration (Huang et al., 2007; Liu et al., 2008; Yang et al., 2010). 

Table 5.1: Lattice parameters for Mg2-xMnxSiO4 (x = 0.2 - 0.6) 

Sample 

Lattice parameter 
Volume of unit 

cell, V [Å3] 
Crystallite 

Size [Å] 
a [Å] b [Å] c [Å] 

Mg2.0SiO4 10.1693 5.9685 4.6886 284.5759 39.57 

Mg1.8Mn0.2SiO4 10.0256 6.1249 4.7496 291.6539 25.59 

Mg1.6Mn0.4SiO4 10.0636 6.1432 4.7624 294.4258 25.86 

Mg1.4Mn0.6SiO4 10.0989 6.1548 4.7624 296.0189 29.90 
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5.3 Fourier Transform Infrared  

FTIR spectra of Mg2-xMnxSiO4 (0.0 ≤ x ≤ 0.6) in the spectral region from 550 to 1350 

cm1 are illustrated in Figure 5.3. 

 

 

 
Figure 5.3: FTIR spectra of Mg2-xMnxSiO4 (x = 0.2 – 0.6) 
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1090 cm1 corresponds to the stretching vibration of SiO4. Absorption bands observed at 

the wavelength of 840 cm1, 874 cm1, 959 cm1 and 989 cm1 belong to the asymmetric 

and symmetric stretching vibrations of SiO4 which are consistent with previous works 
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reported by other researchers (Mazza et al., 1993; Paques-Ledent et al., 1973; Saberi et 

al., 2007; Tsai, 2002). The shoulder appeared around 989 – 1072 cm1 and bands 

observed in the range of 950 - 990 cm1 are related to the characteristic of Si-O-Si 

asymmetric stretching (Tsai, 2002). Meanwhile the band centered at 1110 cm1 

corresponds to Si-O-Si vibration (Saberi et al., 2007) which appeared as a very weak 

band after heating at 1100 ºC. The existence of the magnesium silicate bands gives an 

additional proof of the formation of Mg2-xMnxSiO4 compound. 

5.4 Scanning Electron Microscopy and Particle Sizer  

Figure 5.4 shows SEM images and particle size distribution graphs of Mg2xMnxSiO4 

(0.0 ≤ x ≤ 0.6). The materials composed of agglomerated small primary particles with a 

broad particle size distribution. However, the particles agglomeration and the average 

particle size are relatively reduced by Mn doping. The particle size distribution in SEM 

image dispalyed in Figure 5.4 (c) is smaller and uniformly distributed compared to 

others. The reduction of particle size can shorten the diffusion path of ions as well as 

increase the electrochemical activation area (Shu et al., 2013). This observation is 

consistent with the particle size distribution displayed in Figure 5.4. Particle size 

distribution decreases with increase the ratio of Mn dopant content. The average particle 

size decreases from 36.7 µm in Mg2SiO4 sample to 13.70 µm in Mg1.4Mn0.6SiO4 sample. 

Generally, smaller particle size and even homogenous distribution would provide better 

electrochemical performance as the smaller particle size facilitates ions 

insertion/deinsertion during electrochemical process (Shaju et al., 2002; Zou et al., 

2004) 
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Figure 5.4: SEM images and particle size distributions of Mg2-xMnxSiO4 with x 
of (a) 0.2, (b) 0.4 and (c) 0.6 systems 
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Figure 5.5: Particle size distributions of Mg2-xMnxSiO4 with x of (a) 0.2, (b) 0.4 
and (c) 0.6 systems 
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5.5 Energy Dispersive X-Ray Analysis  

Further analysis on the elemental composition was conducted using the EDX 

analysis on the doped system Mg2-xMnxSiO4 for x = 0.2, 0.4 and 0.6. The EDX spectra 

are presented in Figure 5.6. The average stoichiometric from three selected regions for 

each composition has been analyzed and data obtained are tabulated in Table 5.2. This 

analysis confirms that the compounds consisted of Mg, Mn, Si and O and followed the 

stoichiometric formula as designed in the preparation of samples. 

Table 5.2: The EDX stoichiometric atomic ratios of Mg2-xMnxSiO4  

Sample  

Average stoichiometric,  
atomic ratio 

Mg Mn Si O 

Mg1.8Mn0.2SiO4  

Calculated 
atomic ratio (%) 1.80 0.20 1.00 4.00 

EDX atomic ratio 
(%) 1.80 0.21 0.97 4.00 

Mg1.6Mn0.4SiO4 

Calculated 
atomic ratio (%) 1.60 0.40 1.00 4.00 

EDX atomic ratio 
(%) 1.60 0.40 0.95 4.00 

Mg1.4Mn0.6SiO4 

Calculated 
atomic ratio (%) 1.40 0.60 0.95 4.00 

EDX atomic ratio 
(%) 1.49 0.60 0.96 4.00 
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Figure 5.6 (a): EDX spectra of Mg2-xMnxSiO4 with x = 0.2 
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Figure 5.6 (b): EDX spectra of Mg2-xMnxSiO4 with x = 0.4 
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Figure 5.6 (c): EDX spectra of Mg2-xMnxSiO4 with x = 0.6 
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5.6 Electrochemical Impedance Spectroscopy  

The complex impedance plots of Mg2xMnxSiO4 (x = 0.2, 0.4 and 0.6) samples are 

presented in Figure 5.7 (a – c). As can be seen from the figure, all plots consist of a 

semicircle in the high frequency region which associated to the charge transfer process 

and a tilted spike at low frequency region which can be related to the ion diffusion in 

solid state phase (Shu et al., 2013). Rct obtained in this system is much smaller 

compared to the Rct of the undoped sample which is 7.01 × 108 Ω as revealed in Chapter 

4. This significant decrease in the charge transfer resistance, Rct value suggests that the 

doping reduced the charge transfer resistance hence improved the electrode charge 

transfer process. The Rct values for Mg2-xMnxSiO4 (x = 0.2 – 0.6) are presented in Table 

5.3. The table reveals that the charge transfer process was better in the doped samples 

compared to the undoped sample implying that doping gave favorable effect to the Rct  

(Yang et al., 2010).  

Table 5.3: Charge transfer resistance, Rct of Mg2-xMnxSiO4 samples. 

Name of sample 
Charge transfer resistance  

Rct (Ω) 

x = 0.2 5.83 × 108 

x = 0.4 3.68 × 108 

x = 0.6 2.15 × 108 
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Figure 5.7(a):  Impedance plot of Mg2-xMnxSiO4 (x = 0.2) 

 

 

Figure 5.7(b):  Impedance plot of Mg2-xMnxSiO4 (x = 0.4)  
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Figure 5.7(c):  Impedance plot of Mg2-xMnxSiO4 (x = 0.6)  
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5.7 Transference number 

Transference number measurement was done on the sample Mg1.4Mn0.2SiO4 for x = 

0.2, 0.4 and 0.6. Current time graph in Figure 5.8 discloses transference number for 

sample with the smallest Rct value.  

 

Figure 5.8: Current time curve of Mg1.4Mn0.6SiO4 sample 

Result of transference number value for Mg2-xMnxSiO4 (x = 0.2, 0.4 and 0.6) was 

listed in Table 5.4. Among all three sample, x = 0.6 with the smallest Rct owned the 

highest transference number value, tele = 0.40. The smallest transference number for 

system II is 0.38 which owned by sample x = 0.2. This proved that the material was a 

mixed conductor making it suitable for use as cathode active material in electrochemical 

cells. 

Table 5.4: Transference number value of Mg2-xMnxSiO4 

Sample 
Mg2-xMnxSiO4 

Transference number, t 

x = 0.2 0.38 

x = 0.4 0.38 

x = 0.6 0.40 
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5.8 Cyclic voltammetry 

The effect of Mn doping into Mg2-xMnxSiO4 on the electrochemical performance of 

the samples can be understood by cycliv voltammetry. Figure 5.9 show the CV curves 

of Mg2xMnxSiO4 (0.0 ≤ x ≤ 0.6) samples between 1.0 V to 3.0 V at a scan rate of 0.5 

mV s1. All samples show similar CV curves with 2 pairs of redox peaks respond (Yang 

et al., 2010). The first pair of anodic/cathodic was marked as a/c meanwhile the second 

pair of anodic/cathodic peak marked as a’/c’. The same trend is observed in the undoped 

Mg2SiO4 in Chapter 4. Table 5.4 summarizes the current intensity for anodic and 

cathodic (IpA) and (IpC), cathodic to anodic current ratio (IpC / IpA), cathodic and anodic 

peak potential and potential separation, ΔE for Mg2-xMnxSiO4 (x= 0.2 – 0.6) system. 

Table 5.4 shows the IpC / IpA ratio increases as the dopant amount increases. 

 

Figure 5.9: CV graph for Mg2-xMnxSiO4 
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undoped samples in system 1, but the value is still acceptable. However, the value IpC / 

IpA ratios for this system is much better for Mn doped samples. In addition, the cathodic 

peak area of doped samples in Figure 5.13 is larger than that of undoped sample as 

shown   in section 4.9. As such the Mn doped samples are expected to be able to 

intercalate and deintercalate more Mg ions (Yang et al., 2010). However, anodic (a’) 

and cathodic (c’) peak intensity for second pair of redox peak seem to be very low in the 

doped sample compared to the undoped sample. Similar to the undoped sample, this 

implies that occupation of Mg ions during intercalation and deintercalation process is 

dominant on Mg (1) site.   

What is more, the peak separation of Mn doped sample reduced as dopant amount 

increases. From Table 5.5, for the first pair of redox peak, sample with less dopant 

amount (x = 0.2), had the largest ΔEp meanwhile the smallest ΔEp is owned by the 

sample with x = 0.6 which is 1.44 V. It implies that the polarization was alleviated by 

Mn doping, so that the performance of the samples was improved (Yang et al., 2010) 

which are shown in Figure 5.13. This observation is in line with the Rct reported in 

section 5.6. Therefore, it can be understood that doping is one of beneficial techniques 

to enhance the performance of the Mg2SiO4 material.  
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Table 5.5: Potential interval and redox peak currents of Mg2-xMnxSiO4  

Parameter 
Sample Mg2-xMnxSiO4 

x = 0.2 x = 0.4 x = 0.6 

IpA (mA) 5.40 4.90 4.00 

IpC (mA) 1.10 2.20 2.30 

IpC / IpA 0.20 0.45 0.58 

EpA (V) 1.72 1.60 1.88 

EpC (V) 0.08 0.08 0.44 

ΔEp (V) 1.64 1.52 1.44 

IpA’ (mA) 0.12 0.12 0.12 

IpC’ (mA) 0.10 0.09 0.10 

IpC’ / IpA’ 0.83 0.75 0.83 

EpA’ (V) 2.30 2.26 2.50 

EpC’ (V) 1.92 1.74 1.92 

ΔEp’ (V) 0.38 0.52 0.58 
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CHAPTER 6: Mg2-xMnxSi1-yO4Zry  

6.1 Introduction 

To further improve the forsterite material studied in this work, partial substitution at 

both Mg and Si sites have been done based on the stoichiometric formula (Mg2-

xMnxZrySi1-yO4). The work reported in this chapter was carried out to investigated the 

effects of Zr4+ doping on Si4+ site in Mg2-xMnxSiO4 system’s properties especially the 

structural properties and the electrochemical properties. Larger size of Zr4+ (rZr+ = 0.80 

Å) compared to Si4+ (rSi+ = 0.41 Å) is expected to increase the lattice size of the parent 

compound’s structure and improve the migration channel for Mg2+ ion which may 

enhance the electrochemical properties of Mg2-xMnxZrySi1-yO4 samples.  In this system, 

samples synthesized based on stoichiometric Mg2-xMnxSi1-yO4Zry for every x = 0.2, 0.4 

and 0.6 with y varied from 0.1 - 0.3. The range of x were selected based on results 

obtained in system II and the sintering temperature used for this system is 1100 °C for 4 

hours. Physical and electrochemical properties of the samples were investigated by 

using XRD, FTIR, SEM, particle size analysis, EDX, electrochemical impedance EIS 

and transference number measurement and CV.  
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6.2 X-Ray Diffraction  

Based on the results obtained in chapter 5, a total of 9 samples have been prepared in 

this part initially and the structural information of the samples have been characterized 

by using XRD. Figure 6.1 shows the XRD spectra obtained for all 9 samples. From 

Figure 6.1, only 4 samples out of 9 were successfully synthesized. Impurity are detected 

in all samples with x = 0.6 and two samples with x = 0.4. Therefore, only three samples 

with x = 0.2 were used for further investigation and compared with the undoped sample. 

Figure 6.2 compares the X-ray diffraction patterns of undoped Mg1.8Mn0.2SiO4 and 

doped materials Mg1.8Mn0.2Si1yO4Zry (0.1 ≤ y ≤ 0.3). All the peaks for doped sample fit 

the peaks of undoped structure very well without any impurity detected. All materials 

can be indexed on the basis of olivine MgMnSiO4 and the sharp peaks in the pattern 

give an indication that the powders possess high degree of crystallinity. The diffraction 

peaks of the samples correspond to a single phase and indexed based on Inorganic 

Chemistry Structure Database (ICSD) 98-008-8024 with orthorhombic crystal system of 

space group Pmna (62). Compared with the XRD pattern of undoped Mg1.8Mn0.2SiO4, 

all Zr doped samples have no extra reflection peaks detected in the XRD patterns for y ≤ 

0.3. This indicates that Zr entered the structure of Mg1.8Mn0.2SiO4 rather than forming 

impurities. However, the increase in the dopant Zr4+ amount to 0.4 into 

Mg1.8Mn0.2Si1yO4Zry resulted in the growth of impurity phase. Therefore, we decided 

not to do further characterizations on the Mg1.8Mn0.2Si0.6O4Zr0.4 sample.  
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Figure 6.1: XRD spectra of Mg2-xMnxSi1-yO4Zry (x = 0.2, 0.4, 0.6 and y = 0.1, 0.2, 
0.3) samples 
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Figure 6.2: XRD spectra of Mg1.8Mn0.2Si1yO4Zry (y = 0.0 – 0.3) 

 

The XRD spectra in the 29.0 º ≤ 2θ ≤ 32.0 º and 49.0 º ≤ 2θ ≤ 52.0 º spectral ranges 

were magnified and are illustrated in Figure 6.3(a) and Figure 6.3(b). As can be seen in 

Figure 6.3(a), varying the dopant ratio from 0.1, 0.2 and 0.3 leads to broadening of 

XRD peaks and a significant increase in their intensity. There is also a subtle but 

significant shift to the lower 2 theta angle of the diffraction peaks in Figure 6.3(b). 

These observations prove that zirconium was successfully incorporated into the 

Mg1.8Mn0.2SiO4 lattice without altering its structure for 0.0 ≤ y ≤ 0.3. The occupation of 

dopant in the undoped lattice can be expected to result in small changes in the lattice 

parameters of the crystal structure.   
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Figure 6.3 (a): Extracted XRD spectra of Mg1.8Mn0.2Si1yO4Zry (y = 0.1 – 0.3) 
system in the range of 2θ = 29.0º – 32.0º 

 

Figure 6.3 (b): Extracted XRD spectra of Mg1.8Mn0.2Si1yO4Zry (y = 0.1 – 0.3) 
system in the range of 2θ = 49.0º – 52.0º  

The lattice parameters for Mg1.8Mn0.2Si1yO4Zry (0.0 ≤ y ≤ 0.3) samples were 

calculated using Bragg equation explained in (Adnan et al., 2014; West, 2007), and the 
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lattice parameters b and c are not monotonous. Lattice parameter b is the largest for 

sample with y = 0.2 which is 6.1326 Å and the largest lattice parameter c is owned by 

the sample with y = 0.3 (c = 4.8351 Å). The unit cell volume expansion, caused by the 

increase in lattice parameters, may assist the intercalation and deintercalation of Mg 

ions during electrochemical processes. This increase in unit cell volume reveals the 

successful doping of Zr into the structure. The observed change is due to the 

replacement of the ionic radius or Zr4+ ion (0.72 Å) is larger than ionic radius of Si4+ ion 

(0.41 Å). A similar method has been employed in previous works. Zr doping has been 

used to stabilize and increase lattice parameter of olivine LiFePO4 (Liu et al., 2008; 

Meethong et al., 2009; Wagemaker et al., 2008). According to Scherrer’s equation 

(Equation 3.2), the crystallite size of the undoped sample was calculated to be 25.59 Å 

while the crystallite size of the Zr doped samples is in the range of 9.93 Å to 10.82 Å 

which is slightly smaller than that of the undoped Mg1.8Mn0.2SiO4. This may be due to 

the small grain growth of Zr doped materials compared to the undoped materials (Mote 

et al., 2013). 

Table 6.1: Lattice parameters, unit cell volume and crystallite size of 
Mg1.8Mn0.2Si1yO4Zry (y = 0.1 – 0.3) 

Sample  

Mg1.8Mn0.2Si1yO4Zry 

Lattice parameter Volume 
of unit cell  

V (Å3) 

Crystallite  
Size (Å) a (Å) b (Å) c (Å) 

y = 0.1 10.0190 6.1237 4.7499 291.6539 10.33 

y = 0.2 10.0344 6.1324 4.7462 292.0528 10.82 

y = 0.3 10.0417 6.1291 4.8351 297.5823 9.93 
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6.3 Fourier Transform Infrared (FTIR) 

FTIR spectra of Mg1.8Mn0.2Si1yO4Zry (0.0 ≤ y ≤ 0.3) system in spectral region from 

550 to 1350 cm-1 are shown in Figure 6.4. 

 

 

Figure 6.4: FTIR spectra of Mg1.8Mn0.2Si1yO4Zry (y = 0.0 – 0.3) 

Figure 6.4 displays the FTIR spectra obtained for Mg1.8Mn0.2Si1yO4Zry (y = 0.0 – 

0.3) system. The FTIR spectra for Mg2xMnxZrySi1yO4 system are similar to that of 

magnesium silicate which contains five main characteristic peaks of (SiO4)4 ion. There 

are peaks observed in the range of 550 - 650 cm1 correspond to SiO4 bending vibration 

modes (Saberi et al., 2007), peaks centered at 835 cm1 and 874 cm1 (Mazza et al., 

1993; Tsai, 2002) are assigned to symmetric stretching vibrations of Si-O-Si. 

Meanwhile, the characteristic peaks associated to SiO4 stretching vibration modes are 

located in the range from 950 cm1 to 990 cm1 (Saberi et al., 2007; Tsai, 2002). Lastly, 
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the peaks appeared at 1105 cm1 is attributed to Si-O-Si asymmetric stretching vibration 

mode of Mg2xMnxZrySi1yO4 (Kharaziha et al., 2009; Saberi et al., 2007). Figure 6.5 

clearly shows that SiO4 stretching vibration peaks shifted to higher wavenumber. In 

addition, broadening of the shoulder peak at 600 cm1 to 750 cm1 is also observed. 

Adding Zr into the Mg1.8Mn0.2SiO4 also gives a significant effect on the SiO4 stretching 

vibration modes in the range of 950 cm-1 to 1050 cm1, Figure 6.5. The peaks for Zr 

doped materials are broader compared to the characteristics peaks for undoped material. 

The observed changes in the characteristic peaks prove that Zr has an inductive effect in 

lattice; this may introduce rearrangement of electric cloud in SiO4
4 ion and is expected 

to enhance the electrochemical performance of the materials (Shu et al., 2013). 

  

Figure 6.5: Extracted FTIR spectra of Mg1.8Mn0.2Si1yO4Zry (y = 0.0 – 0.3)  
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6.4 Scanning Electron Microscopy (SEM) and Particle size analysis 

Scanning electron micrograph was performed to characterize the surface 

morphologies of the Mg2xMnxZrySi1yO4 samples. Figure 6.6 presents the SEM 

micrographs of Mg1.8Mn0.2Si1yO4Zry (0.0 ≤ y ≤ 0.3). From SEM micrographs in Figure 

6.6 (a), it can be seen that the Mg1.8Mn0.2SiO4 powder is considered of uniform with 

small grains with sizes in micrometer range. The doped samples consist of 

agglomerated smaller particles that fused together creating a porous structure. The  

porous and loose structure is favorable for ion diffusion (Lin et al., 2008). The 

morphology of the samples is almost insensitive to the dopant amount.  However, the 

particle size analysis (Figure 6.7) reveals that the average particle size increases with the 

increase of the dopant ratio.   
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Figure 6.6: SEM micrographs of Mg1.8Mn0.2Si1yO4Zry with (a) y = 0.1, (b) y = 
0.2 and (c) y = 0.3 
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Figure 6.7: Particle size of Mg1.8Mn0.2Si1yO4Zry with (a) y = 0.1, (b) y = 0.2 and 
(c) y = 0.3 
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6.5 Energy Dispersive X-Ray Analysis (EDX) 

EDX analysis was done on the samples and obtained spectra were displayed in 

Figure 6.8(a), Figure 6.8(b) and Figure 6.8(c). Data obtained from the EDX spectra are 

listed in Table 6.2. All samples consisted of magnesium (Mg), silicon (Si), oxygen (O), 

manganese (Mn) and Zirconium (Zr) elements. Elemental composition verification has 

been done by taking the average atomic ratios of three selected regions of each sample 

and compared with that of the theoretical atomic ratios. From the EDX results, it is 

found that the atomic ratio of Mg, Mn, Zr, Si and O are close to the designated 

composition as listed in Table 6.2. This suggests that the ratios of the elements in all 

samples are in a good agreement with the stoichiometric ratio of the starting materials 

confirming that the materials were successfully obtained. 

Table 3.2: EDX stoichiometric atomic ratios of Mg1.8Mn0.2Si1yO4Zry (y = 0.1 – 0.3)  

Sample Composition Mg Mn Zr Si O 

Mg1.8Mn0.2Zr0.1Si0.9O4.0 

Calculated atomic 
ratio (%) 1.80 0.20 0.10 0.90 4.00 

EDX atomic ratio 
(%) 1.89 0.18 0.11 0.84 4.00 

Mg1.8Mn0.2Zr0.2Si0.8O4.0 

Calculated atomic 
ratio (%) 1.80 0.20 0.20 0.8 4.00 

EDX atomic ratio 
(%) 1.74 0.21 0.20 0.79 4.00 

Mg1.8Mn0.2Zr0.3Si0.7O4.0 

Calculated atomic 
ratio (%) 1.20 0.20 0.30 0.70 4.00 

EDX atomic ratio 
(%) 1.94 0.21 0.35 0.73 4.00 
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Figure 6.8 (a): EDX spectra of Mg2-xMnxSi1-yO4Zry sample with x = 0.2, y = 0.1 
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Figure 6.8 (b): EDX spectra of Mg2-xMnxSi1-yO4Zry sample with x = 0.2, y = 0.2 
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Figure 6.8 (c): EDX spectra of Mg2-xMnxSi1-yO4Zry sample with x = 0.2, y = 0.3 

 

Univ
ers

ity
 of

 M
ala

ya



107 

6.6 Electrochemical Impedance Spectroscopy (EIS) 

The details of ion migration were investigated by impedance method. Typical 

Nyquist plots of Mg1.8Mn0.2Si1yO4Zry (0.0 ≤ y ≤ 0.3) electrode obtained are presented in 

Figure 6.9 (a - c). All plots exhibit a semicircle in the high frequency region and a tilted 

spike in the low frequency region. The sloping line at low frequency is associated with 

the ion diffusion (Deng et al., 2010). Significant depressed semicircle is observed for 

samples with higher dopant compared to those with lower dopant indicating a marked 

decrease in Rct. Generally, the lower the Rct , the easier charge transfer can occur (Yang 

et al., 2010). Mg1.8Mn0.2Zr0.3Si0.7O4.0 sample exhibited the lowest Rct value among the 

three samples which is 3.68 × 108 Ω. Meanwhile the Mg1.8Mn0.2Zr0.2Si0.8O4.0 sample 

possessed the highest Rct value. This result is in accordance with particle size result 

reported in section 6.4. Particle size distribution increased with the dopant amount 

increase. Larger particle size would provide smaller specific surface area and longer 

migration distance of Mg ion in solid phase resulting in higher concentration 

polarization on the electrode and thus reduces the performance of intercalation in 

materials (Örnek et al., 2015). Table 6.3 summarizes the Rct values for each sample in 

this system. 

Table 6.3: Charge transfer resistance, Rct for Mg1.8Mn0.2Si1yO4Zry (y = 0.1 – 0.3) 
system 

Sample  

Mg1.8Mn0.2Si1yO4Zry 

Charge transfer resistance  
Rct (Ω) 

y = 0.1 5.12 × 108 

y = 0.2 5.34 × 108 

y = 0.3 3.68 × 108 
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Figure 6.9(a): Impedance plot of Mg1.8Mn0.2Si1yO4Zry (y = 0.1) 

 

 

Figure 6.10(b): Impedance plot of Mg1.8Mn0.2Si1yO4Zry ( y = 0.2) 
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Figure 6.11: Impedance plot of Mg1.8Mn0.2Si1yO4Zry (y = 0.3) 
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6.7 Transference number 

Sample with the smallest Rct value was chosen for transference number measurement.  

Selected sample was evaluated using Wagner’s polarization method. Direct current was 

monitored function of time of a fixed DC voltage across the sample. Figure 6.10 shows 

the plot of normalized current with respect to time for sample with the highest 

transference number  Mg1.8Mn0.2Si0.7O4Zr0.3. The transference,       value for this sample 

is found to be 0.41. This value demonstrates that this type of materials is a mixed 

conductor indicating suitability for use as cathode active material in electrochemical 

cells. 

 

Figure 6.12: Current time curve of Mg1.8Mn0.2Si1yO4Zry; y = 0.3 

 

Listed in Table 6.4 is transference number for sample Mg1.8Mn0.2Si1yO4Zry (y = 0.1 – 

0.3). Transference number increase as we increase the dopant amount. This results 

support the statement that doping approach is very useful to improve the performance of 

cathode materials. 
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Table 6.4: Transference number, t for Mg1.8Mn0.2Si1yO4Zry (y = 0.1 – 0.3) system 

Sample  

Mg1.8Mn0.2Si1yO4Zry 
Transference number, t 

y = 0.1 0.39 

y = 0.2 0.40 

y = 0.3 0.41 

 

6.8 Cyclic voltammetry 

CV was used to investigate the electrochemistry of the Mg1.8Mn0.2Si1yO4Zry 

materials as a function of Zr contents. Figure 6.11 depicts the CV curves of 

Mg1.8Mn0.2Si1yO4Zry (y = 0.0 – 0.3) system between 1.0 to 3.0 V at a scan rate 0.5 

mVs1.  

 

Figure 6.13: CV graph for Mg2-xMnxSi1-yO4Zry  
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All samples reveal similar CV curves with one pair of redox peak responds. Cv 

curves obtained in this system are different from CV curves for systems 1 and 2. Only 

one pair of intercalation/deintercalation peak is observed for this system. Second pair of 

redox peaks completely disappeared in system 3. As mention earlier, there are two kinds 

of occupation sites for Mg atoms, Mg (1) and Mg (2) in the forsterite structure. 

However, Mg atoms prefer to occupy Mg(1) sites at first because the Mg(1)-O bonds 

can be formed more easily (NuLi et al., 2009). Based on the XRD result reported in 

section 6.2, adding Zr and Mn to the forsterite structure altered the lattice parameter 

values (especially lattice parameter c) as well as the unit cell volume of a structure. 

These changes contributed to a huge change in the electrochemical performance of the 

materials. Intercalation and deintercalation process only occur due to the migration of 

Mg ion in the first site Mg (1) with no contribution of the second site Mg (2) for this 

system. Adding Zr to the forsterite structure enlarged the migration channel for Mg ion.  

Table 6.5 summarizes the current intensity for anodic and cathodic, IpA and IpC, 

cathodic to anodic current ratio, IpC / IpA cathodic and anodic peak potential and 

potential separation, ΔE for Mg1.8Mn0.2Si1yO4Zry (y = 0.0 – 0.3) system. It can be 

observed that doped samples in this system possessed a higher current peak compare to 

the sample in system 2. Highest IpA for system 2 owned by sample with x = 0.2 which is 

5.40 mA.  Meanwhile IpA values for system 3 is in the range from 6.60 mA to 8.00 mA. 

This proves that, even adding Zr to the structure eliminated Mg (2) site. This helped in 

improving the migration channel hence the current intensity of the sample increased. 

Sample with y = 0.3 exhibited the highest IpC / IpA value of 0.5. For an electrochemical 

system, the potential separation between anodic and cathodic peaks reflects the 

reversibility of the electrochemical reaction. The potential separation between cathodic 

and anodic peak decreases as the dopant ratio increases. This is consistent with Rct -y 

behavior reported in section 6.6. Therefore, it can be inferred that the potential 
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separation in Figure 6.11 was improved by Zr doping (Yang et al., 2010). These suggest 

that performance of a forsterite system can be greatly improved upon Zr doping. 

Mg1.8Mn0.2Si1yO4Zry (y = 0.3) sample with cathodic-anodic peak located at 0.27/1.02 V 

exhibited the smallest potential separation and may contribute to a better 

electrochemical performance compared to other samples.  

Table 6.5: Potential interval and redox peak currents of Mg2-xMnxSi1-yO4Zry  

Parameter 
Sample Mg1.8Mn0.2Si1yO4Zry 

y = 0.1 y = 0.2 y = 0.3 

IpA (mA) 7.00 8.00 6.60 

IpC (mA) 2.00 2.40 3.30 

IpC / IpA 0.29 0.30 0.50 

EpA (V) 1.74 1.60 1.69 

EpC (V) 0.28 0.27 0.27 

ΔEp (V) 1.46 1.33 1.02 
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CHAPTER 7: CONCLUSION AND SUGGESTIONS FOR FUTURE WORK 

7.1 Conclusion 

Pure Mg based compounds Mg2SiO4 (parent compound) have been successfully 

synthesized by using sol-gel method with selected final sintering temperature of 900, 

1000 and 1100. Structural characteristics of the sample have been studied and found that 

Mg2SiO4 structure can be indexed to olivine crystal structure with the present of 

polyanion framework that makes them structurally stable. In addition to the structure 

information, TGA, DSC, FTIR, SEM, EDX and particle size analysis have been 

conducted to verify the thermal, structural and morphological analysis of the samples. 

Among three sample of Mg2SiO4, sample with sintering temperature of 1100 °C with 

lattice parameter of a = 10.1693 Å, b = 5.9685 Å and c = 4.6886 Å have the largest V = 

284.5759 Å3 and the lowest Rct = 7.01 × 108 Ω suggesting that this sample possessed the 

easiest charge transfer process compared to the other samples. Cyclic voltammogram of 

Mg2SiO4 obtained from CV analysis disclosed typical feature of electrochemical 

magnesium deintercalation and intercalation reactions suggesting that these compounds 

have a great potential to be used as cathode material in Mg batteries. Mg2SiO4 sintered 

at 1100°C with the largest V and smallest Rct shows the best electrochemical 

performance among the other samples with a reasonable potential interval (ΔEp = 1.62 

V and ΔEp’ = 0.50 V), IpC / IpA = 0.21 and IpC’ / IpA’ = 0.80). Obtained Mg2SiO4 was 

further explored by performing elemental doping on the structure. Mn has been 

successfully doped into parent compound with stoichiometric of Mg2-xMnxSiO4 (0.2 ≤ x 

≤ 0.6) by using sol gel method at sintering temperature of 1100°C. XRD analysis reveals 

that crystal structure of doped compound still same as the parent compound with 

improved structural properties. Lattice parameter of doped compound larger compared 

to the parent compound which was good and useful for intercalation and deintercalation 
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of ions. Mg1.4Mn0.6SiO4 compound with the smallest Rct = 2.15 × 108 Ω owned by the 

sample with lattice parameters of a = a =10.0989 Å, b = 6.1548 Å and c = 4.7624 Å 

with the largest V = 296.0189 Å3. CV analysis reveals that doped samples have similar 

trend of cyclic voltammogram with two pairs of redox reaction. Mg2-xMnxSiO4 sample 

with x = 0.6 has the highest value of IpC / IpA which is 0.58 and the smallest ΔEp which is 

1.44 V. Another system with stoichiometric of Mg1.8Mn0.2Si1yO4Zry (0.1 ≤ y ≤ 0.3) have 

been synthesize by using sol gel method to observe the effect double doping of Mn and 

Zr to the parent compound. Introducing larger Zr ion into the compound effectively 

enlarged the unit cell volume of the compound. Mg1.8Mn0.2Si0.7O4Zr0.3 compound with a 

= 10.0417 Å, b= 6.1291 Å and c = 4.8351 Å have the largest V among the other sample. 

On the other hand, it can be observed that the Rct value for Mn and Zr doped sample 

Mg1.8Mn0.2Si0.7O4Zr0.3 is 3.68 × 108 Ω which much smaller compared to Mn doped 

sample. Elemental doping was proved able to reduce the Rct value of a material. CV 

analysis reveals reveal similar CV curves with one pair of redox peak responds. Cv 

curves obtained for Mn Zr doped samples are different from CV curves for parent and 

Mn doped samples but improved in electrochemical properties. Sample with y = 0.3 

with smallest Rct exhibited the highest IpC / IpA value of 0.5 with ΔEp =0.75 V. The 

electrochemical analysis results for parent and doped samples strengthen the fact that 

olivine type structure has a great potential to be applied in Mg electrochemical cell. 

Knowledge related to elemental doping reported here is also useful for Mg 

electrochemical cell. Table 7.1 summarized results for system I, system II and system 

III. 
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Table 7.1: Summary of results for system I, system II and system III 

Results System I System II System III 

Best sample 1100 °C x = 0.6 y = 0.3 

Stoichiometric Mg2SiO4 Mg1.4Mn0.6SiO4 
Mg1.8Mn0.2Si0.7O4

Zr0.3 

Structural 
analysis (XRD) 

a = 10.1693 Å 

b = 5.9685 Å 

c = 4.6886 Å 

V = 284.5759 Å3 

(largest unit cell 
volume) 

a = 10.0989 Å 

b = 6.1548 Å 

c = 4.7624 Å 

V = 284.5759 Å3 

(largest unit cell 
volume) 

a = 10.0417 Å 

b = 6.1291 Å 

c = 4.8351 Å 

V = 297.5823 Å3 

(largest unit cell 
volume) 

Particle size 36.7 µm 13.7 µm 22.65 µm 

Electrochemical 
Impedance 

Spectroscopy 

Rct  = 7.01 × 108 
(smallest Rct) 

Rct  = 2.15 × 108 
(smallest Rct) 

Rct  = 3.68 × 108 

(smallest Rct) 

Transference 
number 0.38 (highest) 0.40 (highest) 0.41(highest) 

Cyclic 
voltammetry 

ΔE = 0.5 V 
(reasonable 

potential separation) 

IpC / IpA = 0.80 
(close to unity 

among all three 
samples in system I) 

 

ΔE = 0.58 V 
(Smallest potential 

separation) 

IpC / IpA = 0.83 
(closest to unity 

among all samples 
in system II) 

 

ΔE = 1.02 V 
(Smallest potential 

separation) 

IpC / IpA = 0.5 
(closest to unity 

among all samples 
in system III) 
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7.2 Suggestions for Future Work                                                                                                                                                                                                            

Further work should be carried out in order to enhance the performance of cathode 

materials based on Mg2SiO4 orthorhombic structured. This can be done by several 

possible approaches listed below 

1) In cathode material, intercalation and deintercalation takes place along specific 

crystallographic planes and direction. From XRD data obtained in system I, it 

can be observed that upon increasing sintering temperature, the crystallinity of 

obtained materials improved. In addition, lattice parameters and unit cell volume 

also increase as we increase the sintering temperature. Elevate the sintering 

temperature could be a good idea to increase the lattice parameter, unit cell 

volume hence improve the electrochemical performance of material. However, 

in this work the choices of sintering temperature are very limited due to 

inadequate research equipment. Therefore, in future work, we suggest to extend 

the sintering temperature higher than 1100°C. For further discuss the structural 

properties of forsterite materials, Rietveld method should be employed. The 

Rietveld method creates a virtual separation of the overlapping peaks in XRD 

analysis thereby allowing an accurate determination of the structure. 

 

2) In addition, the performance of cathode materials was greatly enhanced by 

doping approach. The interpretation of doping effects can be complicated by the 

intercalation between doping and microstructure and morphology since the 

microstructure formed can be affected by dopant addition. Doping with other 

potential transition metal such as Ruthenium and Titanium should be proposed 

for future exploration. Ruthenium has been added as dopant to orthorhombic 

structure LiFePO4. The improvement of LiFePO4 performance was reported due 
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to the present of Ru4+/Ru5+ redox couple (Wang et al., 2009). Besides that, 

Titanium has been used to stabilizing the crystal structure of LiFePO4 (Wu et al., 

2009) and LiMnPO4 (Shiratsuchi et al., 2009), hence improved the 

electrochemical performance of the materials.  Since studied materials in this 

work, have similar structure as LiFePO4, therefore, introduction Ruthenium and 

Titanium into studied materials is expected will enhance the electrochemical 

properties of the studied materials.  
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