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Abstract 
 

This dissertation investigated the synthesis of two lithium manganese oxide-based cathode 

materials (Li1.03Mn1.97O4 and LiAl0.4Mn1.6O4) using the sol-gel method and probing the phase 

transitions during the synthesis. The sol-gel synthetic method involved dissolving 

stoichiometric amounts of lithium nitrate, manganese nitrate hydrate, and citric acid in 

distilled water forming an aqueous solution. The starting precursor materials were dried at 

140 °C which formed a crystalline phase of -Aqua-S-citrato(2-)­manganese(II) with an 

orthorhombic crystal system and P222 space group.  

The thermal behaviour of the precursor was explored to understand the effects of 

calcination/annealing temperatures. Thermal analysis of precursors prepared using nitrate 

salts with a 1:1 total metal ion to citric acid ratio displayed thermal stability to temperatures 

higher than 380 °C with the formation of a final metal oxide after 70% mass loss due to the 

decomposition of the organic and nitrate materials. However, when increasing the 

concentration of the complexing agent, an increase in material decomposition due to an 

increase in organic material is seen. The precursor materials prepared with a lower 

complexing agent concentration result in materials that have thermal instability when 

exposed to high temperatures. Thermal analysis of Li1.03Mn1.97O4 and LiAl0.4Mn1.6O4 prepared 

using acetate salts as starting materials shows material decomposition at high temperature 

of ~600 °C 

Calcining both undoped and Al-doped nitrate precursors at moderate temperatures (380 °C 

to 500 °C) resulted in the formation of Li1.03Mn1.97O4 and LiAl0.4Mn1.6O4 with a pure cubic 

spinel structure and an Fd-3m space group, however, increasing the calcining temperature to 

800 °C for the undoped nitrate-based precursor revealed an impurity phase formation 

relating to dilithium manganese oxide with a monoclinic crystal system. On the other hand, 

calcining acetate-based precursors at moderate temperatures (380 °C to 500°C) results in 

metal oxides with low crystallinity compared to metal oxides prepared with nitrate-based 

precursors. Calcining acetate-based precursors at 800 °C was more favourable since they form 

the desired metal oxides without any impurities which might imply structural phase stability 

at high temperatures. 

The local and average crystallographic structures (via PDF and XRD respectively) of various 

nitrate-based metal oxides were investigated, where a good agreement between collected 

data and a calculated structural model revealed the formation of a cubic spinel structure of 

space group Fd-3m. Li1.03Mn1.97O4 and LiAl0.4Mn1.6O4 metal oxides were achieved from 

calcining precursors at moderate temperatures of 380 °C and 450 °C. The PDF high r-value 

signal displays a good fit which confirms to the average structure data information where the 

r-value signal which correspond to the local structure refinements have a minor discrepancy 

when fitted with a cubic spinel of space group Fd-3m.  
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Chapter 1: Introduction 
 

1.1. Project overview 
 

Research in battery materials is a major focus area as this is a key to access to energy which 

remains one of the biggest obstacles in world’s energy-sustainability. Energy storage devices 

can help maintain the supply and demand of energy for electric vehicles (Fig.1.1) as well as 

for electric grid applications. Many studies have been aimed at low-cost battery materials 

containing earth-abundant elements which must be efficient and stable so that can be used 

towards solving energy crisis. The global atmospheric carbon dioxide (CO2) levels have been 

steadily increasing as human industrialisation and energy usage have increased, however, 

efforts have been made towards CO2 mitigation/ decarbonisation which has led to the 

development of electric vehicles (EVs) [1, 2]. 

 

Figure 1.1: BMW i3 electric vehicle captured at OR Tambo international airport in South Africa during 

the launch of a charging station [3]. 

Lithium-ion batteries currently have an unmatched combination of high energy and power 

density at this stage, making them the most popular technology of choice for hybrid/full 

electric vehicles [4]. When expanding the applications (such as portable electronics, cell 

phones, laptops, solar power backup storage) of state-of-the-art lithium-ion batteries, these 

have resulted in ongoing efforts to reduce the manufacturing, formulation and raw material 

costs [5]. Studies have shown that development of cobalt-free lithium manganese oxides as 

cathode materials is one of the greatest developments as these materials have the potential 

to reduce the manufacturing cost of the overall cathode materials. Manganese based oxides 
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have gained a lot of interest as the amount of manganese available in South Africa (about 80 

% of the world reserves) is sufficient to power a global fleet of automobiles hence the 

continuous research to improve its application [5]. 

1.2. Aims of the study 
 

The broad aim of this project is to successfully synthesize lithium manganese oxide as well as 

understanding the effect of adding a dopant (Al) on its structure. The starting materials used 

are carefully selected due to their sustainability (by using earth-abundant elements) and cost-

effective options and the sol-gel synthetic route will be explored. Part of the study will be to 

carefully track the effect of calcination temperature on the phase formed when the precursor 

(dried gel) materials are exposed to different temperatures using simultaneous thermal 

analysis (a combination of thermal gravitational analysis and differential thermal analysis) and 

powder X-ray diffraction, where a high degree of reproducibility can be achieved to 

understand the characteristics of the transition stages during the synthesis process of typical 

commercial cathode materials. More specifically the objectives are: 

• To investigate the conditions used in the sol-gel synthesis for producing Li1.03Mn1.97O4 

and LiAl0.4Mn1.6O4 when using metal nitrate or acetate salts as starting materials. 

• To study the effect of using Al as dopant with regards to the structural stability and 

phase purity of product. 

• To investigate the structural changes and crystallographic characteristics when 

calcining the cathode materials in the temperature range from 380 to 800 °C and 

compare the results when using metal nitrate and acetate salts as starting materials. 

• To assess the local and average structure characteristics of the final product formed 

at moderate temperatures (i.e. 380 and 450 °C). 

• To investigate the optimum total metal ion to citric acid concentration ratio used. The 

drive is to enable in-situ variable temperature X-ray diffraction measurements using 

capillaries thus the minimum decomposition/mass loss is required. 

In this project, undoped and Al-doped precursors and final products of lithium manganese 

oxide with cubic spinel structure will be studied by ex-situ powder X-ray studies. Aluminium 

was used as a dopant since this has been commonly used to enhance the structural and 

thermal stability of the material. The sol-gel synthetic method will be investigated using 

different starting materials which include the metal nitrate or acetate salts of interest while 

using citric acid as a complexing agent. Nitrate salts have the potential to form these oxide 

materials at moderate temperatures which might reduce the cost of the cathode material due 

to its high solubility in water and can decompose at moderate temperatures (i.e. 500 °C). 

Lithium manganese oxide of a spinel structure has the stoichiometry of LiMn2O4, which is one 

of the common materials for lithium-ion cells. In this project we will synthesize cathode 

materials with a slightly Li-rich form, Li1.03Mn1.97O4, and a doped form, LiAl0.4Mn1.6O4. These 

stoichiometric ratios will be used as they have been reported to retain the same crystal 
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structure as LiMn2O4 and revealed a stable electrochemical performance with Al-dopant used 

due to its ability to form cathode material that have phase stability when calcined at high 

temperatures [6]. 

 

1.3. Dissertation outline 
 

This dissertation mainly focuses on understanding the synthesis method of the spinel-based 

lithium manganese oxide while tracking the phase transitions during the product formation: 

• Chapter two is aimed at reviewing the literature on lithium-ion battery cathode 

materials as well as raise awareness on the importance of safety measures that need 

to be understood before producing lithium-ion batteries. Different cathode materials 

and the effects of using dopants have been addressed while unpacking different 

synthetic methods that can be utilized when preparing lithium-ion battery cathode 

materials. 

• Chapter three introduces the materials preparation steps that include the 

experimental procedure and the synthetic method that was explored when preparing 

these cathode materials for lithium-ion batteries. The detailed background 

information on the materials characterization techniques that have been used was 

discussed, introducing the simultaneous thermal analysis, powder X-ray diffraction 

techniques, and high-resolution synchrotron X-ray diffraction and pair distribution 

function.  

• Chapter four investigates the starting material precursor (the dried gel) by utilizing 

powder X-ray diffraction of different metal oxides, followed by the thermal analysis 

which is aimed at explaining the direct relationship between the chemistry of the 

precursor and the phase formation of the lithium manganese oxide materials by 

analysing how the material decomposes to form its final metal oxide material. 

• Chapter five examines the powder X-ray diffraction of the final metal oxide following 

the simultaneous thermal analysis results, where the cathode materials were calcined 

at different temperatures to study the effects of calcination temperatures on the 

formation and stability of the material.  

• Chapter six looks at the synchrotron X-ray diffraction of calcined materials as well as 

the pair distribution function, thus the relationship between the local and average 

structure of these metal oxides were considered. 

• Chapter seven discusses the overall conclusions of this work and also looks at some 

proposed future work. 
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Chapter 2: Literature review 

 

2.1. Introduction to lithium-ion batteries 
 

The demand for energy storage devices has grown steadily over the years as e-mobility 

solutions (i.e. electric cars, buses, motorbikes, e.t.c), portable devices and light duty 

electronics are being developed. The research in electro-chemical energy storage devices 

(fuel cells, batteries, and supercapacitors) is increasing to balance the rise in the amount of 

sustainable power demand for the next generation applications [1, 2]. 

Batteries are broadly classified into two types namely: primary (non-rechargeable) and 

secondary (rechargeable) batteries. In primary batteries, the electrochemical reaction is 

irreversible and leads to the disposal of the battery after discharge with alkaline Leclanche 

cells and zinc chloride cells as examples. Secondary batteries are referred to as “rechargeable” 

where their electrochemical reaction can be reversible upon applying a reverse current shown 

in Fig 2.1 [3]. 

Cells (the smallest unit of a battery) consists of two electrodes: the cathode (positive) and the 

anode (negative), that are separated by an electrolyte and a separator (Fig.2.1). The separator 

provides the battery with internal insulation that prevents the battery from short-circuiting, 

and the electrolyte enables the direct flow of ions from cathode to anode while preventing 

the direct flow of electrons between the electrode materials [4]. These batteries produce 

electrical current when the anode and the cathode are connected by an external circuit 

allowing the electrons to migrate from the anode to the cathode electrode [4]. 

 

Figure 2.1: Schematic presentation of lithium-ion battery illustrating the working principle of charging 

(purple) and discharging (red). 
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Research into the lithium-ion battery (LIB) chemistry commenced in 1912 after G.N. Lewis 

presented the primary cells and were first commercialized in the 1970s. The initial 

development of rechargeable LIBs failed due to safety issues caused by the reactivity of 

lithium metal that was utilised as the anode in the cell, however, successive improvements 

eventually lead to the implemented technology of secondary batteries. This includes John B. 

Goodenough discovering LiCoO2 (lithium cobalt oxide) cathode material, as well as Rachid 

Yazami discovering graphite as the anode material with a solid electrolyte material that led 

to the initial commercialization of rechargeable batteries in 1991 by Sony and Asahi Kasei 

using a lithium prismatic battery design [5]. 

Lithium-ion batteries are devices that generate electrical energy from chemical energy 

through an electrochemical redox reaction. During the discharging state of LIBs, lithium ions 

are extracted from the cathode which then pass through the separator to the anode where 

these ions get intercalated into the anode material (where intercalation is the insertion of 

ions into a layered structure). The cathode itself is also an intercalation material and is thus 

the host system which stores guest (mobile) ions that can be injected and removed from the 

host system reversibly. In LIBs, Li-ions are the guest ions with the host network consisting of 

transition metal oxides, metal chalcogens and polyanion compounds [6].  

A wide range of materials have been explored for their use as cathode and anode electrodes 

in LIBs, where these materials are often separated by a microporous polymer separator which 

is usually polyethylene. This, together with the electrolyte that can be used in these batteries, 

must be an electrical insulator and have a high ionic conductor as they enable the movement 

of ions while disabling electrons from passing through to prevent short circuits [7]. 

Lithium is the lightest of all metals with an atomic mass of 6.941 g/mol, however, it has the 

greatest electrochemical potential which makes its use in the fastest-developing battery 

chemistries possible. LIBs are reshaping our daily lives, with many devices relying on the use 

of LIBs, such as electric vehicles, mobile devices, etc. [8]. 

The Ragone plot (Fig.2.2) shows that LIBs have outperformed other secondary battery 

chemistries such as nickel-cadmium (Ni-Cd), lead-acid, and nickel-metal hydride (Ni-MH) 

when comparing their specific power and energy. Specific energy is the energy that is 

collected per unit mass and specific power is described as the rate at which energy can be 

transferred per unit mass. High-energy storage devices are able to store a large amount of 

energy which makes them sophisticated devices and they transfer energy fast enough for 

applications such as electric vehicles [9]. 

When assessing batteries based on their performance, high specific energy density and power 

delivery capabilities where this batteries will be able to store larger amounts of energy and 

be able to release high amounts of energy quicker, another parameter is the long cycle life 

which is the amount of charge-discharge that the battery can complete before losing the 

performance, hence the longer the cycle life the longer the battery will last since there are 

more cycles it will be able to complete. Batteries with high specific capacity are also being 
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assessed since these measures the amount of energy batteries can store energy and have the 

ability to provide more power to devices (in milliampere hours or mAh) [10]. 

 

Figure 2.2: Ragone plot comparing different batteries in terms of specific power and energy 

(Adapted from [11]). 

2.1.1. Safety management system of LIBs 

 

The development of LIBs was delayed due to safety concerns as these batteries have relatively 

unstable chemistries which have caused serious threats and led to several products being 

recalled by manufacturers. Several thermal runaways have been reported in the literature 

which include an incident involving Samsung’s Galaxy Note 7 catching fire and exploding, a 

Tesla vehicle battery catching fire, and the Boeing 787 Dreamliner battery problems [12].  

It was reported that the Samsung’s Galaxy Note 7 explosion was caused by an ultrathin 

separator that was damaged easily by an outer pressure on the positive electrode causing the 

battery to short circuit [13]. The incident which led to a Tesla vehicle catching fire happened 

when the vehicle collided with metal debris that punctured the cover and the battery pack. 

This debris penetrated through the polymer separators and directly connected the cathode 

and anode materials causing the battery to short circuit. The Boeing 787 incident happened 

after leakage of a flammable battery fluid from the plane’s main LIB which then caused an 

explosion [14, 15]. 

The above-mentioned incidents have been the driving force for recent developments on 

improving the safety of LIBs, and the prevention of lithium dendrite formation as these have 

also caused thermal runaway. These issues have been mitigated by different approaches such 
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as the development of solid-state electrolytes, polymers with high melting points to increase 

thermal integrity of the separator, and mixing the flame retardants with graphite in a form of 

polymer binders [16, 13]. 

In addition, battery designs have also been explored to improve the safety, with some of the 

battery packages feature cooling functions such as thermal management systems (which 

involve circulating air or liquid) and the use of phase change materials (such as paraffin wax) 

to regulate temperature to avoid temperature fluctuations [12]. Li-ion cells are built in many 

different configurations and shapes such as prismatic, button, pouch, and cylindrical cells 

(Fig.2.3) [17]. 

 

Figure 2.3: Different battery designs: (a.) Cylindrical cells, (b.) Prismatic cell, (c.) Button cells and (d.) 

pouch cells [17]. 

Prismatic cells are rectangular and can be produced into a relatively thin envelope-type shape. 

These types of cells are made of layering the coated anode and cathode films that are 

wrapped into a suitable stacked arrangement and can be packed to fit into thin electronic 

devices such as cell phones and tablets [18]. Prismatic cells are usually made by fitting the cell 

content into an external hard casing and are often used in large systems such as electric 

vehicles and grid storage backup systems. The cell housing is made of aluminium or hard 

plastics and their cell capacity ranges between 20-50 Ah [17]. 

Button cells, also known as coin cells, are in compact designs and can be used in portable 

devices such as rechargeable watches, car keys, and hearing aids [19]. Button cells are small 

and cheap to build; they also achieve higher voltage after stacking several cells in series. 

Rechargeable coil cells are also commonly used by research facilities that develop or 

investigate electrochemical properties [17]. 
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The most commonly used packaging style for both primary and secondary cells are cylindrical 

cells as they offer good mechanical stability and are relatively easy to manufacture. The 

typical applications for these cells are laptops, power tools, and medical instruments as they 

can be built to different sizes and placed in series and parallel configurations [9]. The well-

known Tesla electric vehicle uses the conventional cylindrical cell where each vehicle battery 

pack can have more than 7000 cells. Although cylindrical cells have less ideal stacking 

capabilities, the space provided between the cells allows for better thermal management 

[18]. 

Pouch cells offer a flexible, simple, and lightweight solution to battery pack designs. These 

types of batteries are most efficient in space usage with an average of 90-95% packing 

efficiency [17], and they are currently used in many applications such as drones, electric 

vehicles, grid storage systems, and hobby gadgets. These cells do not have a standard design 

which makes it easier for the manufacturers to create designs that can accommodate their 

purpose. Pouch cells can have an extreme swelling concern; however, scientific data have 

shown that to mitigate this, it is best not to stack pouch cells on top of each other but rather 

lay them flat or allow spaces in between the cells [17]. 

2.2. Cathode materials 
 

This research focuses on the cathode material of lithium manganese oxide which then looked 

at adding cation doping on its structure. The required specifications for preparing cathode 

material and their successful use in lithium-ion batteries include the following [20]: 

1. The host structure must have the ability to intercalate a large quantity of lithium ions 

to provide high energy capacity. 

2. The oxide materials should be cheap, chemically stable, and non-toxic. 

3. In order to provide long cycle life, structural changes that occur during intercalation 

and deintercalation should be as small as possible. 

4. To provide a high discharge voltage, the discharge reaction must have large negative 

Gibbs free energy. 

5. A high lithium chemical diffusion coefficient resulting in high power density must be 

present in the structure of the cathode material must have. 

6. The handling of materials should be easy. 

To date it remains a challenge to find a suitable material that satisfies all these conditions. 

Different cathode materials have been explored, and some of these materials have improved 

energy density and stability [20]. As previously mentioned, intercalation compounds have two 

properties that make them unique, firstly the guest ions are mobile between the sites in the 

host network, and secondly, the host material is involved in the electron transfer system as it 

contains transition metal ions that have variable oxidation states which can donate and 

accept electrons. The typical intercalation compounds for commercial LIBs cathode materials 
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have displayed different crystallographic structures such as spinel, layered, olivine, and 

tavorite structures [21]. 

2.2.1. The historical lithium cobalt oxide (LiCoO2) 

 

Lithium cobalt oxide, LiCoO2, with an α-NaFeO2 structure, was the first successfully 

commercialized type of layered oxide-based structure used as an active intercalation cathode 

material (Fig.2.4). In this structure, cobalt and lithium are situated in the octahedral sites 

occupying alternate layers which forms a hexagonal symmetry [22]. LiCoO2 is an attractive 

cathode material mainly due to its high theoretical volumetric capacity of 1363 mAh cm-3 and 

high theoretical specific capacity of 274 mAh g-1, as well as good capacity cycling performance 

[23]. 

 

Figure 2.4: Layered Crystal structure of LiCoO2 with R-3m space group. 

The main constraints of batteries with LiCoO2 materials are due to their thermal instability 

and a rapid loss of capacity at high current rates. The thermal instability of the active material 

relates to the exothermic release of oxygen when heating the LiCoO2 oxide as the 

temperature rises over 140 °C as described by Jhu et al. [24]. The released oxygen then moves 

to the organic-based electrolyte (dimethyl carbonate and ethylene carbonate) which 

propagates thermal decomposition to the extent where the cell can explode [8]. Thermal 

runaways frequently occur due to the intercalation cathodes; it has been noticed that LiCoO2 

has the lowest thermal stability when compared to other commercialized cathode materials 

[25]. 

LiCoO2 is relatively more expensive when compared with other metal oxides used as cathode 

materials due to the cost of cobalt [26]. Despite the cost, cobalt is a key component of many 

batteries. However, mining of cobalt has raised global concerns which include the abuse of 

human rights and the condition of labourers in the Democratic Republic of Congo which 
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supplies about 6% of the world’s cobalt, with China and Zambia being other countries that 

supply cobalt [27].  

The increasing global demand for LIBs has been opening doors for researchers to investigate 

other elements that can actively replace cobalt in cathode materials while maintaining the 

performance of the battery. Various metals (like Ni, Mn, Al, Fe, and Cr) have been considered 

as dopants or partial replacements for cobalt in the layered structure. In addition, coating of 

LiCoO2 metal oxides with Al2O3, B2O3, TiO2, ZrO2, and carbon has been reported to improve 

the material stability and performance characteristics even in the course of deep cycling due 

to the chemical and mechanical stability of materials used for coating [23]. 

2.2.2. The interesting lithium manganese oxide (LiMn2O4) 

 

Another cathode material that is used in lithium-ion cells is lithium manganese oxide, LiMn2O4 

(LMO), which has been considered an interesting cathode material as it has replaced LiCoO2 

due to its environmental friendliness and low cost [28, 29, 30]. LiMn2O4 occurs in different 

forms where the three-dimensional cubic spinel structure is mostly used in the lithium-ion 

cells. The space group of this cubic spinel is Fd-3m with the oxygen ions are on the 32(e) site, 

while the Li and Mn cation occupying the 8(a) and 16(d) sites respectively as presented 

(Fig.2.5).  

 

Figure 2.5: Crystal structure of LiMn2O4 with space group Fd-3m. 

LiMn2O4 can achieve the future demand and low cost due to the relative abundance of Mn, 

environmentally friendliness, and thermally stable lithium-ion batteries with high energy and 

high-power density [31]. However, these cathode materials suffer from inadequate long-term 

cyclability that originates from the irreversible side reactions with the electrolyte. It has been 

noted that cationic doping partially substitutes some of other Mn ions in the parent LiMn2O4 

which is effective for a better cycle life of the 4 V range. By utilizing nanoparticles to improve 

rate performance due to better electronic transport and shorter Li+ diffusion lengths [31]. 
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Further to the spinel structure, the lithium-rich manganese oxide, is a promising cathode 

material which exhibit high voltage and specific capacity that exceeds 250 mAh g-1 at a 

cheaper rate [32]. The commercialization of these materials has been delayed due to the 

major voltage decay that arises during prolonged cycling, this voltage decay is caused by (i) 

the formation of Li2O, (ii) the localization of Oxygen 2p electron holes and (iii) a phase 

transition of a layered to spinel, the thermodynamic phase stability of lithium-inserted 3d- 

transition metal oxides have been lacking which also causes voltage decay in the metal oxide 

[33]. It was observed that the cobalt-free Li[Li0.2Ni0.2Mn0.6]O2 layered material provides a high 

capacity due to the interplay of cationic and anionic redox activity. In the lithium-rich oxides 

where Li ions are dominant, leading to the Li excess phase such as Li1+xMn2-xO4 (x= 0, 0.125), 

lithium antisite is formed by replacing some Mn ions on the 16d sites, the excess Li+ in the 

structure was found to increase the diffusion of lithium ions by introducing mobile lithium 

ion, because of the substitution of Mn3+ by Li+ in the structure [34]. 

Li0.4Mn0.6O1.6 of a cubic spinel with space group (Fd-3m) is thermodynamically stable at a low 

concentration of Li content of about 0.00 ≤[Li] < 0.4. When increasing the Li concentration 

between the range of 0.4 <[Li]< 1.2, it leads to three coexisting phases containing Li-rich 

layered phase with C2/m space group, the spinel type phase of space group Fd-3m and rock 

salt type with the similar Fd-3m space group. However, further addition of Li content (1.2 

<[Li]< 1.52) results in a stable monoclinic layered phase with a C2/m space group (Fig 2.6). 

There is evidence that spinel to layered phase transition occurs during a high lithiation 

reaction which causes the layered cathode material to change its structure to rock salt type 

and then to Li-poor spinel phases due to the release of oxygen and lithium which is the main 

factor for voltage decay during the cycling of the battery [32, 35]. 

 

Figure 2.6: The pathways in which Li-rich layered oxide is formed from the spinel oxide structure with 

transition metal migration (TM) [32]. 
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The manganese cation (Mn3+) has a high spin and a strong magnetic moment, which is a Jahn-

Teller distortion effect that results in a tetragonal deformation in the surrounding oxygen 

environment [31]. As lithium is fully ionized (as Li+) in these materials, the addition and 

removal of the Li+ ions from the structure during discharge and charge cycles, respectively, 

requires that electron transfer out of and into the manganese oxide host occurs, respectively, 

by changing the valence state of the Mn ion and thereby maintaining charge neutrality. Li et 

al. [36] reported that the Jahn-Teller effect occurs as there is multiple valences of Mn (Mn3+ 

and Mn4+) in LiMn2O4 with an average distance of 3.5 Å. As the concentration of Mn3+ 

increases during a discharging cycle, the distortion effect becomes notable and causes a 

significant breakdown in the crystal lattice during capacity cycling [31, 20]. 

Different methods have been used to enhance LiMn2O4 stability which includes, reducing 

Mn3+ content by cationic doping and surface coating, e.t.c. The effective way to change the 

valence in the lattice is through cationic doping at the Mn site which can also increase the 

stability of material during charging and discharging cycles. Al, Mg, Zn Co and others have 

been used to enhance the stability of LiMn2O4, Chen et al. [37] has reported that Al doping 

has been found to be effective in the suppression of Jahn Teller distortion effect during 

charging and discharging cycles and enhanced the electrochemical performance of LiMn2-

xAlxO4 (x= 0.05, 0.10 and 0.16). 

Ando et al. [38] reported that LiMn2O4 metal oxide is sensitive to high operating temperatures 

and voltage. Therefore, it is critical to produce pure LiMn2O4 with homogeneous particle size 

distribution to enhance the morphology and structural properties (with smaller particle sizes 

having relatively large surface area to volume ratio which improves the Li-ion diffusion), 

hence when synthesizing pure metal oxides, the first priority is to control the reaction 

conditions such as temperature and mixing starting material at the right stoichiometric ratios. 

Solid state synthetic method is commonly used to produce a pure and homogeneous LiMn2O4 

at high temperatures. Sol-gel, hydrothermal and co-precipitation synthetic method has been 

explored when producing LiMn2O4. Hwang et al. [39] reported that sol-gel method produces 

homogeneous, and high purity spinel LiMn2O4 and LiAlxMn2-xO4 (x= 0.05, 0.15). 

 

2.2.3. The famous lithium-ion phosphate (LiFePO4) cathode material 

 

Another commercialized cathode material is lithium iron phosphate, LiFePO4, with an olivine 

structure which is known for its thermal stability and high-power capabilities. In LiFePO4, the 

Fe2+ and Li+ occupy octahedral sites while P3- occupies tetrahedral sites in a slightly distorted 

hexagonal close-packed oxygen array (Fig.2.7) [40].  

LiFePO4 is relatively cheap compared with other cathode materials, however, the major 

disadvantages of these types of cathode materials are their lower average cell potential and 

poorer electronic and ionic conductivity. Significant improvements in the performances of 

LiFePO4 was achieved due to the reduction of material’s particle size in combination with 
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carbon coating and cationic doping with elements such as Y (yttrium) and Nb (niobium) [11]. 

Lithium manganese phosphate oxide, LiMnPO4, is a novel material in the group of olivine 

structures, where it offers a slightly higher voltage when compared to LiFePO4 with specific 

capacity (~170 mAh/g), these LiMnPO4 suffers from lower conductivity [41]. 

 

Figure 2.7: An olivine LiFePO4 crystal structure with Pnma space group. 

2.2.4. LiFeSO4F as cathode material 

 

LiFeSO4F (LFSF) is an alternative class of cathode materials which have high cell voltage and 

acceptable specific capacity. LFSFs are the most interesting class of materials as they have 

superior ionic and electronic conductivity, therefore they do not require carbon coating or 

cathode materials in a form of nano-sized particles to improve their conductivity [42]. LFSF-

type materials can undergo charge and discharge cycles at a very high rates with a specific 

capacity of ~148 mAh/g and they have the potential of being cost-effective since they are 

synthesized from abundant resources, however, these materials have not been 

commercialized as yet [43]. 

2.2.5. Effects of cationic doping on cathode materials 

 

The performance of cathode materials can be improved by utilizing dopants; however, the 

effects of doping result in a complicated interpretation as there is an interrelation between 

the microstructure and morphology. In a variety of cathode materials, aluminium is the most 

commonly used dopant which have shown excessive improvements. In general, a small 

dopant concentration of aluminium results in decreased capacity of the electrode material, 

since, unlike the transition metal ions it displaces, Al3+ cannot be further oxidized [44]. The 

addition of aluminium to LiCoO2 leads to an increased lattice parameter thereby facilitating 
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lithiation and delithiation. When doping LiMn2O4 with aluminium, these have resulted in an 

improved materials capacity retention during cycling at high discharge currents. The observed 

effects of using Al3+ have led to improved electrode kinetics, structural modification, and 

microstructural effects [44]. 

Various dopants such as ruthenium, chromium, and zinc have been explored as they have 

different properties and results. Ruthenium has been used as a dopant on spinel-type 

materials such as LiMn2O4 and LiMn1.5Ni0.5O4 [45]. The beneficial effect of utilizing ruthenium 

has been related to the stabilization of the crystal structure as well as the contribution of the 

Ru4+/Ru5+ redox couple. Chromium can also be used as a dopant in the above-mentioned 

materials as it forms stable spinel-type structure, while reducing the ordering of lithium ions 

in LiMn2O4 [46]. 

Doping with zinc has resulted in the stabilization of a crystal structure and improved the 

performance of LiFePO4 and LiMn2O4. Zinc is also beneficial if it is added through a coating of 

ZnO. However, zinc dopant is not beneficial on LiNiO2, where rather co-doping with cobalt 

improves its performance and stabilizes the crystal structure or reduce the dissolution of the 

electrode [47].  

Titanium is another dopant that is used in both layered and spinel structures [46]. TiO2 is 

doped to reduce dissolution of the electrode in the electrolyte, however, the degradation of 

the TiO2 can lead to a decrease in the cell potential [47]. When doping cathode materials with 

zirconium, a similar effect on cathode performance as titanium has been observed. Zirconium 

is therefore primarily used to stabilize the layered crystal structure and can also be used in 

LiFePO4 to increase lattice parameters. Zirconium is doped as a ZrO2 or Zr(OBu)4 coating to 

reduce the reaction between the electrolyte and the cathode material on both layered and 

spinel structures. Another dopant used for improving the performance of the phosphate 

electrodes is magnesium. This dopant increases the lattice parameter and also facilitates the 

lithiation-delithiation cycle and stabilizes the crystal structure [48]. 

2.3. Synthetic methods 
 

Different synthetic methods were developed and used to manufacture cathode materials 

used in LIBs including the sol-gel method, solid-state reaction, co-precipitation, Spray-

pyrolysis, combustion method, and many others (Fig.2.8). This synthesis methods have 

definite influence on the morphology (surface texture, grain size, size distribution, 

crystallinity, and cationic ordering) and electrochemical properties (initial discharge, 

cyclability and capacity retention rate) of the synthesized cathode materials, these can also 

be directly affected by the synthesis method utilized [49]. The synthesis procedure must be 

easily applied on the industrial scale, in order for the material commercially viable. Table 2.1 

lists the advantages and disadvantages of applying various techniques to synthesize cathode 

materials. 
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Figure 2.8: Various synthesis methodologies used to manufacture cathode materials for lithium-ion 

batteries, (Adapted from [50]) 
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Table 2.1: Comparison of various synthesis routes for cathode materials [50]. 

Synthesis method Advantages Disadvantages 

   

Sol-gel method • Uniform particle distribution 

• Synthesise at lower 

temperatures 

• High crystallinity of 

synthesized materials 

• Homogeneous mixing of 

precursors 

• Short calcination period 

 

• Excessive quantity of gas 

released 

 

Solid-state reaction • Easy process 

• Easy to apply to industrial 

level 

• Synthesis requires high 

temperatures 

• High energy consumption 

• Non-uniform particle 

distribution 

 

Co-precipitation • High crystallinity • Large particle distribution 

 

Hydrothermal method • High reaction yield 

• Lower synthetic temperatures 

• Expensive equipment for 

synthesis 

 

Spray-pyrolysis • High-purity products 

• Rapid reaction rate 

• Easy to control the particle 

size 

 

• Waste of precursor 

solution 

• Low deposition rate 

Combustion method • Short heat treatment 

• No additional calcination 

stages 

• Hard to control phase and 

morphology 

 

2.3.1. Sol-gel process 

 

The sol-gel method has been commonly Adapted for synthesizing cathode materials as it 

ensures uniform particle distribution and excellent purity, while promoting the good control 

of the microstructures and the ease of compositional adjustment. Most sol-gel synthesis use 

acetate or nitrate salts as starting material precursors while utilizing succinic acid, ascorbic 

acid, poly-acrylic acid and citric acid as a chelating agent, chelating agent is used to form a 

stable ring like structure with the metal ion while enhancing its stability [51]. 
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The sol-gel process happens via hydrolysis and condensation of the metal oxide precursors, 

at the hydrolysis step the transformation of the precursors forms a sol from a fully 

homogeneous starting material that has been completely dissolved in a solvent of interest 

under a constant heating environment, as the heating continues, the condensation step starts 

to kick in which then ultimately forms a gel. After the gel formation, a thermal drying such as 

an oven is required to dry the gel which becomes a powder (precursor), this powder will then 

be calcined in the furnace to form the final metal oxide (Fig.2.9) [52]. 

 

Figure 2.9: A schematic of the sol-gel method. (Adapted from [52]). 

The process of sol-gel has been applied in thin-film coating, powder synthesis, and 

modification of electrode/electrolyte interfaces. The precursors that are synthesized via the 

sol-gel method provide chemical homogeneity and they are perfect for multi-layer structure 

formation while achieving a desirable microstructure for cell electrodes with small grain sizes, 

high porosity, and large surface area [53]. 

Citric acid is an organic molecule that has been commonly used in sol-gel chemistry, since it 

has three carboxylic acid molecules which can dissociate and chelate all the ions in the 

solution. This acid has been successfully used as a complexing agent with the advantage of 

low cost [54]. In a normal synthesis, aqueous solutions of metal salts are blended with citric 

acid to form a gel while the addition of ammonia and/or ethylene diamine adjusts the pH and 

improves the cation binding to the citrate (uniformity and stability of the metal nitrate 

solution depend on the pH) [55].  

When metal-citric gels are exposed to heat, decomposition of the organic components occur 

between 300-400 °C which depends on the metal ion. In addition, the sol-gel method can be 

utilized to synthesize metal oxides in crystalline and amorphous forms with a better material 

homogeneity [56]. This synthetic route was explored by Jeong et al. [57] when synthesising 

lithium manganese oxide using acetate salts as starting material. 
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2.3.2. Solid-state method 

 

The solid-state synthetic method has been a widely utilized method for obtaining various 

cathode materials because it is a facile process and can be applied on the industrial scale with 

ease. The most critical stages in the solid-state reaction are the constant mixing of precursors 

and the heat treatment [51]. The synthesis begins with mixing the starting precursors by ball 

milling/ grinding to achieve a homogenous mixture which is then pelletized and calcined, and 

then annealed to improve the structural stability and induce particle size growth (Fig.2.10.). 

This method has exhibited several drawbacks such as non-uniform particle size, high energy 

consumption, poor crystallinity with larger particles and lower electrochemical performance 

[58]. 

 

Figure 2.10: A typical schematic representation of the solid-state reaction method 

Solid state reaction is commonly used to prepare LiFePO4 cathode materials as this synthesis 

method can obtain an ordered crystal structure simply. In general, Li2CO3, LiOH.H2O, or 

CH3COOLi are utilized as lithium sources, with FePO4.2H2O and Fe(CH3COO2)2 utilized as iron 

sources. (NH4)2HPO4 or NH4H2PO4 are mostly used as phosphorus sources when preparing 

FePO4 where the electrochemical performance varies due to the raw material used during 

preparations [59]. 
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2.3.3. Co-precipitation 
 

The co-precipitation method has been explored as it provides highly crystalline materials with 

uniform particle distribution, small particle size, and a reduced synthesis time while utilizing 

low energy consumption to achieve good yields with high purity. In this method, lithium and 

manganese salts are dissolved in water, the mixture is then heated at constant heat until a 

precipitate is formed, during this process, the mixture is filtrated, washed, and then dried 

under argon flow, and the residue is then subjected to heat treatment (Fig.2.11) [60]. 

 

Figure 2.11: Flow chart of the co-precipitation method 

The co-precipitation method is complex, and its reaction utilizes transition metal salts such as 

NiSO4.6H2O, MnSO4.H2O, and NH3 as complexing agents, while NaOH is used to maintain high 

pH solutions ~9.8 or higher [61]. However, this method has low removal efficiency and can 

produce toxic sludges, as it is easy to produce side phases. Disruptions to the structure 

properties can also occur if care was not taken to prevent the oxidation of readily oxidizable 

metal ions. The reaction temperature is limited to ~60°C as higher temperatures can lead to 

higher densities and larger particle sizes [62]. 

2.3.4. Hydrothermal reaction 

 

The hydrothermal synthesis route has been widely utilized in the preparation of advanced 

nanomaterials in electronics, ceramics, and biomedical applications as it exhibits better 

nucleation control, high purity, low energy consumption, and uniform particle distribution 

and it can be utilized as a one-step hydrothermal reaction process. This process is carried out 

in a closed system called autoclave which is a Teflon lined stainless steel that allows different 
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environmental conditions with controlled temperature and pressure for a chemical reaction 

to occur [63]. 

Hydrothermal reaction begins when precursors are mixed with the exact stoichiometric 

amounts in the aqueous solution, which is then dried in an autoclave at a temperature higher 

than 100°C and then cooled to room temperature followed by repeated washing and filtering, 

the obtained precipitate can then be dried at elevated temperatures (400-750°C) under argon 

or N2 atmosphere (to carbonize the carbon sources) to obtain the final product (Fig.2.12). The 

solution temperature is an important parameter in hydrothermal synthesis as the particle 

size, reaction rate, ionization degree, and crystalline structures are all temperature 

dependent [50]. 

 

Figure 2.12: Schematic representation of the hydrothermal synthesis 

Although, the hydrothermal method is a solution-based process that depends on the 

solubility changes and chemical reactions of materials under controlled pressure and 

temperature in a sealed container, this method requires expensive autoclaves and have safety 

issues due to high operating pressure [64]. 

2.3.5. Spray pyrolysis 

 

The spray pyrolysis method is convenient for producing fine particles, and good quality, well-

crystalized materials within a short time. The particle sizes obtained through spray pyrolysis 

method are in narrower range when compared to those produced using solid-state reactions. 

The synthesis process is quick, easy, straight forward and controllable; however, it requires 

high evaporation rates and is more suitable for drying heat-sensitive materials [65]. 

Spray pyrolysis uses a slurry or liquid mixture that is sprayed through a nozzle which is rapidly 

dried in air or nitrogen (if the solvent/ liquid is flammable or oxygen-sensitive). In this 
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technique, very fine controlled droplets are dispensed using a spray nozzle or atomizers and 

this is a critical step as the droplets act as the nucleation centres and evolved as crystallized 

pure particles. The synthesis starts with spraying droplets solution in the furnace that is set 

at temperature around 400-600 °C by carried gas, which rapidly dries the droplets into 

powders that are collected and annealed at high temperatures of 700-800 °C [50]. The spray-

pyrolysis method can be affected by synthesis parameters such as the heating rate of the 

droplets, the type of precursor, and the material homogeneity and polymeric agents in the 

initial solution [66, 67] 

2.3.6. Combustion method 

 

Another synthetic method is the combustion method which is favourable when producing 

nanomaterials with good crystallinity and high surface area. The combustion method can be 

exercised in two ways: the thermal explosion mode and high-temperature synthesis (self-

propagation). The self-propagation is non-explosive method which forms a lot of gases that 

can appear as flames and the temperature can go up to 1300°C where the nitrate salts 

decompose into metal oxides (Fig.2.13). In a combustion reaction, the precursor solution is 

mixed with the organic fuel until the mixture ignites causing the combustion reaction to take 

place which results in dry, crystalline fine powder particles, this is regarded as the explosive 

method. 

The thermal explosion mode produces materials by exothermic combustion synthesis which 

is a time-saving and easy method. This method mainly uses lithium nitrate and hydrated 

manganese nitrated (nitrate salts) as raw materials to produce a homogeneous mixture while 

citric acid and urea are used as fuel. However, the exothermic nature of the reaction can lead 

to an explosion if not controlled. The major consequences of using the combustion method 

are mainly the lack of controlling the phase and morphology of the product. 

 

Figure 2.13: Schematic representation of combustion synthesis. 
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Another method is the solution combustion method (SCM) which is the most favoured wet 

synthetic method. A wet synthesis route is cost-effective and has easy control over particle 

composition and size where chemicals react in the solution phase with precursors. This 

method has produced materials that have homogeneously distributed micro-size particles to 

give an improved capacity performance [68]. 

2.4. Flow cell design 
 

Modern diffraction techniques allow for in-situ variable temperature measurements. This is 

useful when there is an interest in understanding the synthesis of the cathode material. For 

example, when using the sol-gel method, phase transitions of the intermediate gel materials 

can be tracked as a function of increasing temperature as they react to produce their final 

active phase. There is an increasing appreciation of performing experiments having 

temperature control over both the sample and atmosphere even at high temperatures [69]. 

Temperature is the most explored environmental variable for non-ambient conditions at 

which materials are to be used (i.e. batteries, over 100 °C as well as below 0 °C), to study the 

structure-property relationships. The development of materials in energy storage devices 

needs an understanding of how ions interact with each other in the material through in-situ 

studies. However, the lack of experimental infrastructure that enables the study of materials 

at non-ambient conditions while the instrument remains suited to perform X-ray scattering 

experiments is a problem [70]. 

Sample holders or cells to be used for different sample-environments can be designed for X-

ray diffraction and spectroscopy in-situ measurements which include the capillary-based, 

hydrothermal, and gas-loading reaction cells that can be designed for specific experiments 

[71]. The portable, easy-to-use, and compact sample cell (flow-cell) that allows the control of 

environmental parameters with the aim of reaching high temperatures of up to 1273 K 

(Fig.2.14) has been designed. This flow cell is a new way for variable temperature 

measurements that are based on a capillary sample geometry which is fitted using standard 

Swagelok where the sample environments can be exposed to a range of gas and fluid 

environments under flow conditions as well as controlling the input atmosphere [70]. The 

actual flow cell is designed without any the X-ray beam contributing to the background 

scattering [72]. 

The flow-cell has the advantage over conventional variable temperature studies where the 

cell can be able to do experiments using area detectors that include angle coverage to 

improve the signal-to-noise ratio. These allows high-resolution powder diffraction 

experiments and the ability to perform pair distribution function (PDF) measurements on 2θ 

scanning detectors [72]. 
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Figure 2.14: An example of a flow-cell components diagram for variable temperature measurement 

showing how they fit [72]. 
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Chapter 3: Experimental methods 

 

3.1. Materials synthesis  
 

The sol-gel (Fig.3.1) method was used to synthesize the spinel phase of Li1.03Mn1.97O4 by 

dissolving stoichiometric amounts of LiNO3 and Mn(NO3)2.H2O in distilled water and adding 

citric acid with various concentrations of total metal ion to citric acid ratio (1: 1.667, 1: 1, 1: 

0.883 and 1: 0.667) forming an aqueous solution. The aqueous solution was heated to 80 °C, 

while stirring constantly, until the gel was formed. The gel was dried in the furnace for 5 hours 

at 140 °C, cooled to room temperature and then ground using an agate pestle and mortar 

until a homogeneous fine powder was obtained. The precursor powder was further analysed 

using thermal analysis and X-ray diffraction where the final product was analysed using ex-

situ X-ray diffraction (ex-situ measurements as a function of calcination temperature).  

LiAl0.4Mn1.6O4 was also prepared in the same way as described above, with the addition of 

Al(NO3)3.9H2O in the right stoichiometric amount, the precursor material and final product 

was analysed using the same techniques used for the undoped materials. 

 

Figure 3.1: Schematic of how the sol-gel synthesis method was utilized. 

Thermal decomposition and heat flow profiles of the dried precursor powders were examined 

to gain insight into the thermal behaviour using simultaneous thermal analysis (STA) that 

incorporates thermal gravimetric analysis (TGA) coupled with differential thermal analysis 

(DTA). Based on results from the thermal analysis, the dried precursor gel was calcined in the 

muffle furnace for 5 hours to produce the final spinel lithium metal oxide cathode material. 

Ex-situ X-ray diffraction techniques were then used to build an understanding of the phase 
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behaviour and structural insights of these materials as a function of temperature, where 

materials were heated to a certain temperature, cooled to room temperature and then 

measure the X-ray diffraction which were analysed using Rietveld refinement. 

3.2. Characterization techniques 

3.2.1. Thermal analysis 

 

Thermal decomposition and heat flow profiles of dried powder samples were examined by a 

simultaneous thermal analysis (thermal gravimetric analysis (TGA) coupled with differential 

thermal analysis (DTA)) using a Perkin Elmer STA 6000 instrument (Fig.3.2) that was designed 

with a “SaTurnA” sensor, a cutting-edge technology sensor that provides excellent accuracy. 

The instrument has a highly compact furnace with improved temperature regulation and 

control. The STA 6000 only allows a small amount (between 10 mg to ~30 mg) of sample to 

be used for accurate measurements of weight loss and heat flow throughout the heating and 

cooling cycle where a small alumina crucible was used as it allows high-temperature analysis 

(± 1000 °C). Temperature calibration on the instrument was performed before measuring the 

data by melting the indium standard in the alumina crucible. After the calibration, 

experiments were generally carried out in air at a slow heating rate of 5 °C/min from 30 °C to 

800 °C and then cooled in the same way, the data collected were then analysed using the 

Pyris software. The thermal analysis technique is very useful to study phase diagrams in 

conjunction with X-ray diffraction to track material phases/ structural changes as a function 

of temperature. 

 

Figure 3.2: PerkinElmer STA 6000 used for thermal analysis with the bottom right picture showing the 

compact furnace. 
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In this project, the empty alumina crucible was always first heated from 30 °C to 800 °C and 

then cooled to room temperature before each sample analysis. Fig.3.3 for example shows a 

mass loss of ~0.4% which is used to account for any changes within the system itself (without 

the sample) as a function of temperature. The empty crucible data was subtracted from the 

actual data when the material was included so as to get the material information alone (by 

excluding the empty crucible contribution). 

 

Figure 3.3: Empty crucible STA data heated from 30 °C to 800 °C at 5 °C/min in air. 

3.2.2. Powder X-ray diffraction 

3.2.2.1. Laboratory X-ray diffraction 

 

A Bruker D2 Phaser diffractometer (Fig.3.4) was used to measure room temperature powder 

X-ray diffraction patterns using a Bragg-Brentano geometry. The sample was prepared by 

packing a powder into the cavity of a sample holder and then positioned in the instrument. 

Co radiation (𝜆  = 1.78897  Å) and the Fe filter were used, these instrument uses Bruker 

Lynxeye PSD detector which measures an angular range of 5° 2𝜃 and a 2.5° primary and 

secondary beam Soller slits with 360° rotational sample stage. The instrument is controlled 

by Bruker Diffract.Commander software. All measurements were done at room temperature 

in this project, and measurements were taken from 10° to 90° 2θ at 0.4°/step with no spin 

for 1 hour. 
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Figure 3.4: Bruker D2 Phaser diffractometer and its front when opened. 

3.2.2.2. Synchrotron X-ray diffraction 

 

In this project, the synchrotron measurements for both pair distribution function and room 

temperature X-ray diffraction data were carried out using a capillary geometry at 28-ID-1 

beamlines of the National Synchrotron Light Source ll (NSLS-ll) at the Brookhaven National 

Laboratory (BNL) which produces higher-resolution data. These X-rays have higher brilliance 

which gives a high signal-to-noise ratio and allows for small feature detection in data that is 

useable for precise and accurate Rietveld refinement and small box pair distribution function 

analysis. 

3.2.3. Rietveld refinement and pair distribution function analysis 

 

For qualitative analysis of the PXRD patterns, Diffract.EVA software was used as a 

fingerprinting tool to identify the phases that are present in the material (measured pattern) 

against the reference pattern (crystallographic information) obtained from Crystallography 

Open Database (COD). Rietveld refinement of all crystalline powder materials was carried out 

to investigate and quantify the phases formed and determine the crystallographic 

information (lattice parameter and crystallite size). 

The structural analysis of the powder diffraction profiles using Rietveld refinement was 

carried out using Topas-academic V7.13 software. The full pattern Rietveld refinement was 

performed against the calculated/ reference model (crystallographic information) using 

Notepad++ to configure starting parameters that can be used in the least square analysis. The 

conventional Rietveld plot was generated using Python scripts on the open-source software.  

The experimental PDF data was reduced (Fourier transformed) using xPDFsuite software. A 

structural model was then refined in a direct space least-squares refinement using the Topas. 

 ruker  2  haser di ractometer
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The PDF refinement followed a small box approach which is quicker, and it is relatively similar 

to Rietveld refinement in nature, however, this approach has few parameters and highly 

constrained fits which only accounts for small deviations from the average crystal structure 

as observed in standard XRD. Diffraction data of standard reference material 640d (silicon 

powder) was refined to obtain the accurate instrumental parameters such as the wavelength.  

3.3. Theory on characterization techniques 

3.3.1. Simultaneous thermal analysis 
 

Advanced techniques such as simultaneous thermal analysis, that incorporates thermal 

gravimetric analysis (TGA) and differential thermal analysis (DTA) are available to analyze the 

weight decomposition and heat flow profiles of powder materials simultaneously [1]. Thermal 

analyses are critical when analyzing the kinetics of chemical reactions under desired 

conditions as a function of time or temperature [2]. In the STA instrument, the material is 

exposed to a controlled temperature environment for both heating and cooling where 

different atmospheric conditions can be applied such as air, oxygen, and nitrogen gas while 

recording the TGA and DTA profiles. 

TGA is mainly used to understand the decomposition, melting, or polymorphic transitions of 

powdered materials as a function of temperature. In recent research, DTA has been used to 

identify solid-state reactions or phase changes in the sample during heating and cooling 

processes which are expressed in terms of the endothermic and exothermic peaks in the heat 

flow curve against the temperature profile (Fig 3.5) [3]. The endothermic peaks are ascribed 

to non-oxidative decomposition reactions as indicated by the negative heat flow, and the 

exothermic peaks indicate the thermo-oxidative degradation where volatile radicals are 

driven off from the material in the presence of the purge gas [4]. Both the DTA and TGA are 

influenced by several parameters such as the weight of the sample used for analysis, the 

nature of the environment in which the analysis is carried out (i.e. the purge gas used during 

analysis), and the rate of heating and cooling [3, 5]. 

When measuring the DTA and TGA profiles of a material, the applied heating rate can affect 

the accuracy of the measurements at different events, and this depends on the rate of the 

reaction taking place. An example of the heat flow for a lithiated graphite anode is shown (Fig. 

3.5) at heating rates of 5, 10 and 15 °C/min. The slowest heating rate of 5 °C/min provides 

more detailed events as observed from Fig.3.5, However, when using faster heating rates 

(such as 10 and 15 °C/min) these increases the rate of reaction and these becomes a 

disadvantage when investigating reaction kinetics such as crystallization or thermodynamic 

properties of unstable materials, as some information has been lost as the reaction occurs 

rapidly while the measurements are taken at a slower rate. 
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Figure 3.5: Heat flow plots at different heating rates of 5 °C/min, 10 °C/min, and 15 °C/min with the 
endothermic peaks shown as negative heat flow and exothermic peaks shown as positive heat flow 
[3]. 

3.3.2. Powder X-ray diffraction (PXRD) 
 

Powder diffraction is an essential technique in understanding the atomic structure of 

crystalline materials. The interest in powder diffraction on materials has increased as 

researchers are now studying complex materials, pharmaceuticals and minerals, as well as 

doing in-situ and in-operando studies [6]. Powder diffraction has the advantage of non-

destructive analysis, which are rapid and offer simple sample preparation. The powder 

diffractometer can be fairly flexible as it can allow the laboratory configuration as Bragg-

Brentano (flat plate) which is primarily used or Debye-Scherrer (capillary) geometry which can 

be utilized in different applications [7]. 

X-rays are electromagnetic waves whose wavelengths are of the order of 10-10 m (1 Å) and 

are typically generated by bombarding a metal with high-energy electrons [8]. When X-rays 

interact with matter, they can be scattered or absorbed, the scattered waves can undergo 

destructive interference which results in intensity minima (the waves are out of phase with 

each other which results in completely destroying the amplitude of the resulting waves), while 

the waves that are scattered in-phase with each other undergo constructive interference 

which results in intensity maxima [9].  

When the incidence beam of X-rays hits the region of a powder sample, the interference 

maxima appear as a series of rings (in two-dimension). This information is integrated into a 

one-dimensional diffraction pattern in reciprocal space in Bragg-Brentano (reflection) and 

Debye-Scherrer (transmission) geometries [10]. Bragg-Brentano and Debye-Scherrer 

geometries are similar with the main difference in positioning of X-ray source, and followed 
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by the mounting of X-ray optics with suitable beam divergence. The transmission geometry is 

set up in a way that the X-ray source is mounted to the incidence side and the detector is 

attached on the other side wherein the sample is positioned in a fixed beam path to allow the 

detector to measure Debye-Scherrer cones to maximise counting statistics. In this work, 

Bragg-Brentano geometry was used in all laboratory PXRD measurements. 

The crystalline materials are made up of atoms with a long-range order in three-dimensional 

space where the basic repeating units describes the full symmetry of the crystal structure, 

and this is called the unit cell [11]. The peak positions, peak intensities, peak width, and peak 

shape yields information about the shape, size, and strain state of the crystallites in powder 

materials, whereas, the peak position is determined by the unit cell dimensions (the size and 

shape of the unit cell) while the intensities are related to the atomic coordinates (atomic 

positions) of the unit cell and these can be determined from diffraction by applying Bragg’s 

equation (Eqn.3.1) [7]. 

    𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃   Equation 3.1: Bragg's law 

where: 𝑛 is the diffraction order, 𝜆 is the wavelength of the incident beam, 𝑑 is the spacing of 

adjacent crystal lattice planes and 𝜃 is Bragg angle/diffraction angle. The wave behaviour of 

X-rays has been exploited by utilizing X-ray scattering where the atoms are visualized as being 

arranged in planes with a separation distance (𝑑) between them and with Bragg reflections 

labelled as ( ℎ𝑘𝑙 ) which are the Miller index labels associated with the respective 

crystallographic planes. Bragg’s law describes the relationship between the wavelength of an 

incident X-ray beam, the incident angle, and the spacing of adjacent crystal lattice planes.  

From the powder diffraction data, structural information can be extracted by qualitative and 

quantitative analysis (Fig.3.6). Qualitative analysis, known as fingerprinting the phase/s, is 

useful for phase identification where the experimental pattern is compared to reference 

patterns in a database, such as the Powder Diffraction File and International Centre for 

Diffraction Data [12]. If the full powder pattern in the database matches the experimental 

data, using all peaks in the identification, then the quality of the data is determined using the 

figure of merit. For samples containing multiple phases, it is often required to determine the 

different phase compositions using quantitative analysis as this technique is phase sensitive 

[13]. 
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Figure 3.6: Schematic representation of information content of a powder pattern [7]. 

In-situ diffraction analysis offers an opportunity to understand the actual form of reactions 

taking place on the material in real time. This information is critical for modifying, controlling 

and manipulating the reactions to achieve the desired outcome [14]. The advanced powder 

diffraction instruments can do in-situ diffraction measurements, such as variable temperature 

powder X-ray diffraction (VT-PXRD) which is aimed at studying the phase changes of a solid-

state material as a function of temperature, where both intermediate and high-temperature 

stages are available [15]. 

3.3.3. Synchrotron techniques 
 

Synchrotron radiation is defined as the electromagnetic radiation emitted by accelerating 

electrons relatively close to the speed of light (3 × 108 m/s). These electrons are produced by 

an electron accelerator (electron gun) and then travel through the booster where they are 

accelerated to the given energy, achieving the multi-GeV level of energy moving at a speed 

relatively close to the speed of light [16]. The electrons are then ejected into a high vacuum 

storage ring (several kilometers long) which are then forced to change direction under a 

magnetic field (using bending magnets, wigglers, and undulators) and then radiate 

electromagnetic radiation in a narrow cone towards the beamlines. At the beamlines 

radiation is carried to the experimental end station which incorporates devices appropriate 

to select wavelength and focus the beam using monochromators, slits, and mirrors as 

different beamlines have different functionality. A schematic representation of a beamline at 

a synchrotron is shown in Fig.3.7 [17].  
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Figure 3.7: Schematic representation of Synchrotron technique. 

In generation synchrotrons, the radiation is produced by the bending magnets giving 

electromagnetic radiation that is a continuous spectrum of wavelengths. In 2nd and 3rd 

generation synchrotrons, insertion devices such as wigglers and undulators are employed to 

increase the X-ray beam intensity and these synchrotrons produces high-energy radiations 

and smaller distribution angles [18]. 

Synchrotron radiation has high brightness which is more intense than the laboratory sources 

and this reduces the experimental time and results in a higher resolution data. Synchrotron 

radiation is highly collimated and has a wide energy spectrum which gives an advantage of 

measuring XRD pattens with a high signal/noise ratio due to the monochromatic, high flux 

and highly collimated beams, that allows for complex structural analysis. Capillary geometry 

is commonly applied in synchrotrons as it is easy to control the sample environment if needed, 

where the resolution is mainly due to the source (smaller diameter results in higher 

resolution) and capillaries are easy to align. 

3.3.4. Rietveld refinement 

 

Rietveld refinement is a least square approach that optimizes the fit of the experimental 

observed data by the structure model [19]. This method has Adapted a whole pattern fitting 

strategy in which the structure model, peak shapes, and background information are used to 

calculate a powder pattern. The observed intensities, 𝑦𝑜𝑏𝑠,𝑖  , at each step in the 2𝜃  is 

compared to the calculated intensities, 𝑦𝑐𝑎𝑙𝑐,𝑖  , and the Rietveld algorithm optimizes the 

parameters used in the model to minimize the sum of the squared differences between the 

two intensity values using the formula (Eqn.3.2) [20]: 

 ∑ 𝑤𝑖(𝑦𝑜𝑏𝑠,𝑖 − 𝑦𝑐𝑎𝑙𝑐,𝑖)
2𝑁

𝑖=1        Equation 3.2: Minimization 

where 𝑤𝑖 is the weight. The process is normally followed by monitoring the weighted profile 

R-factor, 𝑅𝑤𝑝, which is scaled by the weighted intensities which have a low value given by:  
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 𝑅𝑤𝑝 = √
∑ 𝑤𝑖(𝑦𝑜𝑏𝑠,𝑖−𝑦𝑐𝑎𝑙𝑐,𝑖)2𝑁

𝑖=1  

∑ 𝑤𝑖(𝑦𝑜𝑏𝑠,𝑖)2𝑁
𝑖=1  

            Equation 3.3: Weighted profile R-factor 

𝑅𝑤𝑝 is a very useful parameter when compared to 𝑅𝑒𝑥𝑝 (the expected R-factor) to see how 

good the fit is when doing the refinement. Rexp uses the number of data points (𝑁) and 

number of varied parameters (𝑃), where N should be more than 𝑃. 

 𝑅𝑒𝑥𝑝 = √
𝑁−𝑃

∑ 𝑤𝑖(𝑦𝑜𝑏𝑠,𝑖)2𝑁
𝑖=1  

              Equation 3.4: Expected profile R-factor 

The goodness of fit (𝐺𝑜𝐹) or 𝜒, relates the statistically expected 𝑅𝑒𝑥𝑝 to the 𝑅𝑤𝑝. The closer 

the 𝐺𝑜𝐹 value is to 1, the better the refinement. (At the start of a refinement, 𝜒 is usually a 

large value which indicates that refined parameters result in a poor model, whereas when the 

𝐺𝑜𝐹 have the value approaching 1, this results in refined parameters producing a model that 

has better agreement with the data) where the R-factors are related by:  

 𝐺𝑜𝐹 = 𝜒 =
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
= √∑ 𝑤𝑖(𝑦𝑜𝑏𝑠,𝑖−𝑦𝑐𝑎𝑙𝑐,𝑖)2𝑁

𝑖=1

𝑁−𝑃
    Equation 3.5: Goodness of fit 

There are general structural parameters that are refined when fitting the data profile, namely, 

the fractional atomic coordinates, atomic site occupancy, unit cell parameters, and atomic 

displacement parameters [21]. These parameters give statistical information about the 

structure. The instrumental calibration and intensity correction parameters were refined 

before the structural refinement using the NIST 660c (Lab6) standard. 

3.3.5. Pair Distribution Function (PDF) 

 

The traditional crystallographic structure solution approach, which gives information about 

the average structure, is insufficient to understand the defects in materials on an atomic 

scale. The pair distribution function method was originally used to study liquids and 

amorphous materials which lack lattice periodicity; however, this method can also be used to 

study disordered crystalline materials [22].  

The study of diffuse scattering and Bragg diffraction over a wide range of reciprocal space 

yields the local atomic arrangements which open a pathway of understanding complex 

materials. The 1D diffraction pattern of intensities is Fourier transformed from the reciprocal 

space to the real space in order to achieve the atomic pair distribution function (as shown in 

detail on Fig.3.8). This is then used to unravel the local structure represented by the 

probability of finding two atoms in the material some distance (𝑟) apart from each other in 

both crystalline and non-crystalline materials, which can be understood by the bond length 

distribution [23, 24]. 
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Figure 3.8: Schematic representation of converting powder diffraction data to the pair distribution 

function. (a) Integration data, (b) normalized scattering intensity 𝑆(𝑄), (c) normalised reduced total 

scattering structure function 𝐹(𝑄), and (d) atomic pair distribution function (PDF) 𝐺(𝑟) with 𝑄 being 

the scattering vector. Adapted from [25]. 

A total scattering approach is needed to extract the structural information of nanomaterials 

with a structural domain of less than 10 nm [26]. Mathematically the PDF, 𝐺(𝑟), is obtained 

from the measured powder intensities utilizing a sine Fourier transformation of a normalized 

scattering intensity, 𝑆(𝑄) [27], given by: 

    𝐺(𝑟) = 4𝜋𝑟[𝜌(𝑟) − 𝜌𝑜] 

 = 
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1] sin(𝑄𝑟) 𝑑𝑄

𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛
    Equation 3.6: Fourier transformation  

where 𝜌(𝑟) is the atomic pair density function, 𝜌𝑜 is the atomic number density in atoms/Å3 

and 𝑄 is the magnitude of the scattering vector 𝑆.  𝑄 = 2𝜋/𝑑 = 4𝜋𝑠𝑖𝑛𝜃/𝜆 where 2𝜃 is the 

scattering angle and 𝜆 is the wavelength of the radiation that has been used. After calculating 

the PDF of a structure, it is then possible to explain the local structure by fitting the structure 

models to the pair distribution function using the regression method, as the 𝐺(𝑟) provides 

fundamental information such as how many atoms are located at a spherical distance 𝑟 for 

any given coordination number [28].  

In order to obtain a high-resolution local atomic structure, the data should be measured by 

using instruments with high diffraction angles (large 𝑄𝑚𝑎𝑥 ), high energy radiation (short 

wavelength), good counting statistics, and optimal background suppression. The PDF is the 

bond length distribution of the material given by the scattering powers of the neighbouring 
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atoms, where the simple analysis is to find the bond length information and coordination 

numbers [24].  

The instrument setup determines the limits of the 𝑄  values that can be accessed 

experimentally to a range of 𝑄𝑚𝑖𝑛 ≤ 𝑄 ≤ 𝑄𝑚𝑎𝑥. The quality of collimation usually gives the 

value of 𝑄𝑚𝑖𝑛 as the experimental factors result in an ability to calculate the dispersion of the 

sample at 𝑄 = 0 Å−1. 𝑄𝑚𝑎𝑥  is the termination ripple where there is a decrease in the PDF 

resolution as the data cannot be Fourier transformed to infinite 𝑄 . It is critical to make 

corrections that have contributed to the scattered intensity from effects including, but not 

limited to, Compton scattering, scattering from the sample holder, and fluorescence [29]. 

After the data has been measured, the PDF can be calculated from a structural model by using 

the relation: 

𝐺𝑐(𝑟)  = 
1

𝑟
∑ ∑ [

𝑏𝑖𝑏𝑗

〈𝑏〉2
𝛿(𝑟 − 𝑟𝑖𝑗)] − 4𝜋𝑟𝜌0𝑗𝑖            Equation 3.7: G(r) PDF from a structure model 

where the sum of all pairs of atoms 𝑖 and 𝑗 within the model crystal is separated by the radius 

𝑟𝑖𝑗 with the scattering power of (𝑏) of the sample. To gain a deeper understanding of the PDF, 

the data needs to be refined using more advance modelling methodologies such as Reverse 

Monte Carlo modelling, Empirical potential structure refinement, theoretical model, or 

complex modelling [23]. 

The Reverse Monte Carlo technique is a “big-box” approach that begins with a larger assembly 

of atoms in a crystallographic model. In this method, atoms can be used to match the 

structural model containing many atoms on the experimental PDF where the technique 

selects a random site within the crystal and the system variables that are associated with the 

site (occupancy or displacements), which then check the constrains and then compute the 

goodness of fit, if the GOF has reduced, the loop continues to select another atom until the 

convergence [28]. The large-box approach can be used to model longer-range effects such as 

the amorphous materials. The small box method (real space crystal structure refinements) 

uses the least number of parameters to describe the structure and can be utilized when 

looking for a small deviation from an ordered crystal structure that relates to a single unit cell 

which has been reduced to lower symmetry [29]. 
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Chapter 4: A detailed investigation on the decomposition of the 

precursor materials 

 

Undoped and Al-doped lithium manganese metal oxide (Li1.03Mn1.97O4 and LiAl0.4Mn1.6O4, 

respectively) precursors were synthesized using the citrate sol-gel method with metal nitrate 

or metal acetate salts as starting materials, as described in chapter 3 (section 3.1). The 

precursors analysed here were obtained by drying the gels formed at 140 °C for 5 hours in air. 

The analysis began by examining the crystallographic structure of the precursor, followed by 

the thermal analysis using differential thermal analysis and thermogravimetric analysis from 

room temperature to 800 °C, some of the undoped concentration samples was not studied 

for the doped material due to the TGA analysis which shows a slight difference on the mass 

loss of the material with the aim of studying the material with less mass loss on the flow cell.  

4.1. Investigation of precursors prepared using nitrate salts 

4.1.1. Laboratory XRD of Undoped precursor 

 

Precursors synthesised using various total metal ion to citric acid concentration ratios 

([MT]:[Cit] as described in Table.4.1) were explored to understand the effect of citrate and to 

determine the minimum amount of citric acid required to successfully synthesize 

Li1.03Mn1.97O4. The idea for future studies, is that the starting precursor would be analysed 

using in-situ XRD by placing it in a capillary and then heating it to 700 - 800 °C. The mass loss 

should be as low as possible to ensure sufficient sample remains in the capillary to be 

detected and remain in the X-ray beam. 

Table 4.1: The [MT]:[Cit] used to prepare undoped precursor materials using the sol-gel method. 

Sample ID [MT]:[Cit] 

 1:1.667 

 1:1 

Li1.03Mn1.97O4 1:0.833 

 1:0.667 

 1:0.5 

 

The X-ray diffraction patterns of these undoped precursor materials show the formation of a 

crystalline phase, easily observed by visual inspection of these patterns (Fig.4.1). These 

diffraction patterns have comparable peak positions and peak shapes, however, when 

increasing the concentration of the complexing agent, an increase in the number of counts 

(i.e. the peak intensity) was noticed with  in Fig.4.1 clearly showing an increase in the 

number of counts as [Cit] is increased. For the sample with the lowest concentration of 

complexing agent ([MT]: [Cit] = 1:0.5), the diffraction pattern has a peak at ~29° 2θ (indicated 

by  in Fig.4.1) which was not evident in the patterns for the samples with higher 
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concentrations of citric acid. This could be an indication of excess manganese nitrate or 

lithium nitrate. Kwon et al. [1] reported an excess lithium acetate (C2H3LiO2) when calcining 

LiMn2O4 at 600 °C while Berbenni et al. [2] reported an excess Mn3O4 in LiMn2O4 when 

preparing the cathode material with Li2CO2-MnCO3 mixtures (XLi= 0.1-0.33) calcined at 850 °C. 

 

Figure 4.1: Powder X-ray diffraction patterns of precursors for undoped lithium manganese oxide 

prepared using nitrate salts and differing [MT]:[Cit] as indicated. Major discrepancies between the 

patterns are indicated by  and . 

The qualitative analysis (fingerprinting) of the diffraction pattern for the precursor with 

[MT]:[Cit] = 1:1.667 reveals a single phase of Δ-aqua-S-citrato(2-)­manganese(II) (with 

chemical formula [Mn(C6H6O7)(H2O)]) being present, this phase has an orthorhombic crystal 

system and a P222 space group. The structure (Fig.4.2) shows that the citrate ligand chelates 

with Mn(ll) through the alpha-hydroxyl group and one oxygen atom from both the alpha and 

beta-carboxyl groups. When arranged in a crystal lattice, the second oxygen atom from the 

beta-carboxyl group remains uncoordinated, while that of the alpha-carboxyl group is bonded 

to an adjacent Mn atom, leading to octahedrally coordinated Mn and a helical chain [3]. 
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Figure 4.2: Chemical structure of Δ-Aqua-S-citrato(2-)­manganese(II) [3, 4]. 

The quantitative analysis (Rietveld refinement) of the diffraction pattern for the [MT]:[Cit] = 

1:1.667 precursor based on the Δ-aqua-S-citrato(2-)­manganese(ll) phase supports the 

presence of this single phase (Fig.4.3) as there is good agreement between the calculated and 

experimental data (i.e. peak positions, shapes and intensities were all aligned ). This was 

confirmed by the difference plot, where only minor discrepancies were noted, mainly on the 

first three peaks, which might be related to preferred orientation. From the statistical analysis 

(Table.4.2), a goodness of fit (GOF) value of 1.31 indicates a good quality refinement (GOF 

should approach 1). 

 

Figure 4.3: Rietveld refinement of the precursor with [MT]:[Cit] = 1:1.667. The pattern obtained from 
the experimental data (yobs) is shown in blue, the calculated model (ycalc) in red, and difference plot 
which represents the difference between the observed and the calculated model (yobs-ycalc) in black. 
The tick marks in green shows the calculated peak positions correspond to orthorhombic phase for Δ-
aqua-S-citrato(2-)­manganese(II).
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Figure 4.4: Rietveld refinements of precursors with [MT]: [Cit] of (a.) 1:1, (b.) 1:0.833, (c.) 1:0.667 and (d) 1:0.5. The tick marks correspond to orthorhombic phase for Δ-
aqua-S-citrato(2-)­manganese(II). The peak indicated by  corresponds to that in Fig. 4.1. 

a. 

c. 

b. 

d. 
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The overall Rietveld refinements of the diffraction patterns for precursors with [MT]:[Cit] of 

1:1, 1:0.833 and 1:0.667 (Fig.4.4 (a - c)) exhibited a similar outcome, revealing the formation 

of Δ-aqua-S-citrato(2-)­manganese(II) (an orthorhombic system with space group P222) with 

no detectable impurity phases. However, it was observed that the concentration of 

complexing agent directly influences the crystal growth of the material, with a decrease in the 

complexing agent concentration resulting in low peak intensities, implying reduced 

crystallinity. The statistical GOF also showed an improved calculated fit when reducing the 

citric acid concentration (Table.4.2). 

When reducing the concentration of the complexing agent concentration such that [MT]:[Cit] 

= 1:0.5, the Rietveld refinement (Fig.4.4(d)) revealed a mixture of phases of Δ-aqua-S-

citrato(2-)­manganese(II) ([Mn(C6H6O7)(H2O)]) of an orthorhombic system (with space group 

P222) and lithium nitrate (LiNO3) of a rhombohedral crystal system (with space group R3C). 

Using both Δ-aqua-S-citrato(2-)­manganese(II) and lithium nitrate in the model resulted in a 

statistical GOF of 1.24 as indicated in Table 4.2 (a GOF value of 1.50 was obtained when LiNO3 

was omitted from the model). Reducing the [Cit] results in a general decrease crystallite size 

and increase unit cell volume. 

Table 4.2: Refined structural parameters of the undoped precursor material Rwp, Rexp and GOF are 

the statistical fit parameters described in chapter 3 section 3.3.4. 

[MT]:[Cit] 
Space 

group 
Lattice parameter Rexp Rwp GOF 

Crystallite 

size(μm) 

Volume 

(Å3) 

  a(Å) b(Å) c(Å)      

1:1.667 P222 6.0398(3 10.4737(2) 13.5896(2) 0.92 1.22 1.31 6.98(1) 859.66(2) 

1:1 P222 6.0383(5) 10.4698(4) 13.5892(1) 0.89 1.16 1.30 6.73(5) 859.11(2) 

1:0.833 P222 6.0363(1) 10.4679(2) 13.5827(5) 1.11 1.36 1.22 6.62(3) 858.26(3) 

1:0.667 P222 6.0375(2) 10.4701(4) 13.5831(3) 1.11 1.29 1.15 6.68(4) 858.44(5) 

1:0.5 
P222 

R3C 

6.0364(4) 

5.7579(4) 

10.4672(9) 

5.7579(4) 

13.5802(1) 

48.1200(6) 
1.11 1.38 1.24 6.52(2) 544.21(8) 

 

The Rietveld refinement of the XRD patterns has resulted in an agreement between the 

calculated and the observed patterns as this can be seen by visually inspecting the Rietveld 

patterns which show fewer discrepancies on the difference plot between the observed and 

calculated patterns, however, at lower concentration of the complexing agent, impure 

starting material precursor can be observed. 

 

4.1.2. Laboratory XRD of Al-doped precursor. 

 

The precursor material for aluminium doped lithium manganese metal oxide (LiAl0.4Mn1.6O4) 

was also prepared by dissolving stoichiometric amounts of nitrate salts with various 

concentrations of citric acid (shown in Table.4.3). 
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Table 4.3: The [MT]:[Cit] used to prepare Al-doped precursor materials using the sol-gel method.  

Sample ID [MT]:[Cit] 

 1:1.667 

LiAl0.4Mn1.6O4 1:1 

 1:0.667 

 

The room temperature diffraction patterns of these Al-doped lithium manganese oxide dried 

gel precursor (Fig.4.5.) showed that amorphous phases were formed when introducing the 

Al-dopant in the cathode material. Amorphous materials are materials that have no order in 

the arrangement of atoms and thus leading to diffraction patterns that does not exhibit any 

peaks. 

 

Figure 4.5: Powder X-ray diffraction patterns of the dried precursor of Al-doped lithium manganese 
oxide. 

4.1.3. STA analysis of Undoped starting material precursor 

 

STA (which incorporates DTA and TGA) measurements were run using a slow scan rate of 5 

°C/min from 30 °C to 800 °C for all the precursors synthesised using varying [MT]:[Cit]. The 

results for the undoped samples are present here. In all cases, the data collected from a blank 

crucible, as determined just before the measurement of the sample, was subtracted from the 

data collected of the material in that crucible to negate any crucible effects. 

The precursor with [MT]:[Cit] = 1:1.667 produced a heat flow curve (Fig.4.6) with a very small 

endothermic peak at ~280 °C (indicted by 1) which was likely due to trapped (water of 

crystallisation) or strongly adsorbed moisture within the precursor material. This endothermic 

peak was also observed by Hashem et al. [5] when synthesising the LiMn2O4 spinel. This was 

followed by two exothermic peaks between 300 – 400 °C which is related to the 
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decomposition of nitrates and organic materials (indicated by 2 and 3, respectively) to form 

released gases such as CO2 and NOx (where NOx refers to NO or NO2). The release of these 

gases is similar to the reported decomposition of nitrates by Malecka et al. [6]. There was no 

further significant endo- or exothermic reactions upon further heating or during the cooling 

cycle which seems to indicate that the material is stable after the initial decomposition stage 

and during the timeframe of the measurement. The downward trend in the heat flow above 

400 °C shows the material absorbing heat and is related to its heat capacity. 

The TGA curve (Fig.4.6) showed multiple weight loss decomposition steps (indicated by ii – v) 

mainly from about 150 °C to 380 °C, after which there was no further mass loss when heating 

the material to 800 °C. Some mass loss also occurs below 100 °C (indicated by i) which is 

simply from moisture that was absorbed on the material. The mass loss in Fig.4.6(ii) shows 

the removal of entrapped H2O in the precursor where Fig.4.6(iii) could be related to the 

decomposition of the complexing agent where the crystalline precursor (synthesised using 

nitrate salts) converts to the amorphous material. Mohamed et al.[7] and Snyders et al.[8] 

show the evolution of the phase transition where materials changed phases from the 

crystalline precursor to amorphous intermediate phase, and then finally formed the spinel 

cathode oxide. The two closely spaced mass loss steps above ~300 °C (indicated iv and v) 

correspond to the decomposition of nitrates and organic components, and clearly correspond 

to the exothermic processes 2 and 3, respectively. Both the TGA and DTA curves suggest that 

the formation of the metal oxide has occurred by ~400 °C, with no further reactions or 

decompositions taking place above this temperature. 

 

 

Figure 4.6: DTA (red) and TGA (blue) plots of the precursor for undoped lithium manganese oxide 
with [MT]:[Cit] = 1:1.667. 

The DTA curves in Fig.4.7 for [MT]:[Cit] = 1:1 (a), 1:0.833 (b) and 1:0.667 (c) confirm a similar 

reaction mechanism as was seen Fig.4.6 for [MT]:[Cit] = 1:1.667 where the labels (1 – 3 and i 

 

  
i

ii

iii

 

i 
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– v) are used to indicate the same processes. In some cases, two distinct steps are not clearly 

visible in the TGA curves (e.g. processes iii and iv in Fig. 4.7(a) and (b)), thus these are labelled 

together. The DTA curve for [MT]:[Cit] = 1:1 (Fig.4.7(a)) shows more overlap between the 

peaks 2 and 3 (representing the decomposition of nitrate and organic components), probably 

due to significantly less citrate being present. These two peaks become more resolved when 

even less citrate is added (Fig.4.7(b) and (c)) and peak 3 is not so broad. Unexpectedly, peak 

2 in Fig.4.7(b) is split which shows nitrates about to fully decompose and beginning 

decomposition of organics occurring at the same time. In Fig.4.7(c) the mass loss processes 

labelled iv and v (corresponding to peaks 2 and 3, respectively) also become resolved and it 

is evident that the % loss for process v is lower than that for process iv; the opposite to that 

observed in Fig.4.6 when a large excess of citrate was present.  

The DTA curves of materials prepared with low citric acid concentrations (Fig.4.7(b) and (c)), 

show that when these materials were heated above 400 °C, smooth curves were no longer 

obtained. Fig.4.7 shows the exothermic peaks shift to lower temperatures as a lower 

concentration of citric acid is added. The number of humps (indicated as 4) seem to imply 

some reaction is still occurring and that the lithium manganese oxide is not fully formed (i.e. 

there are impurity phases still present) or that some phases are still reacting at these higher 

temperatures. These humps were not instrument artifacts since the same behaviour was 

noted when the measurements were repeated a few times. Huang et al.[9] also showed this 

instability when investigating the thermal stability of Li0.1Ni0.8Co0.15Al0.05O2 charged electrode. 

 

Since the aim was to see to what extent the mass loss can be reduced to enable in-situ variable 

temperature XRD measurements, the total mass loss was compared for these samples. Fig.’s 

4.6 and 4.7 confirmed that when reducing the concentration of citric acid, a smaller overall 

mass loss is noted. This is expected since it is the citrate and nitrate that is lost upon heating 

to form the oxide materials. For [MT]:[Cit] = 1:1.667, a total mass loss of 80% is seen, while it 

was only ~70% for [MT]:[Cit] = 1:1 and ~65% for [MT]:[Cit] = 1:0.667. Even for the lower citrate 

concentrations. This was also illustrated by Maino et al.[10] which showed that when 

annealing materials with low concentration of complexing agent will result in a higher product 

yield. 
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Figure 4.7: DTA and TGA plots of the precursors for undoped lithium manganese oxide synthesised with [MT]:[Cit] of (a) 1:1, (b) 1:0.833 and (c) 1:0.667. 
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4.1.4. STA analysis of Al-doped starting precursor 

 

When doping the lithium manganese oxide with aluminium with the aim to produce 

LiAl0.4Mn1.6O4, the XRD patterns showed that amorphous precursors form for various 

[MT]:[Cit] (Fig.4.5). The TGA curves (Fig.4.8(a-c)) showed mass loss at i indicating removal of 

absorbed H2O on the precursor. The mass loss between ~200-300 °C (labelled as iii) seems to 

be a single process (unlike that seen for the undoped samples) and it is mostly likely due to 

no waters of crystallisation being present as the materials were amorphous. Processes 

labelled iv and v were due to the decomposition of organic and nitrate components as before. 

A similar decomposition step was noted by Snyders et al.[8] which shows the decomposition 

materials of amorphous precursors occurring as a single process. 

The DTA curve in Fig.4.8(c) with [MT]:[Cit] = 1:0.667 showed the formation of humps 

(indicated 4), as was previously seen for samples with very low citric acid concentrations, 

which might be due to thermal instability of the product and an excess LiNO3. The total mass 

loss for all these samples was close to 65%, due to less decomposition citric acid to form CO2 

and H2O gases, the reaction confirmed by Prosini et al. [11]. 
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Figure 4.8: DTA and TGA plots of Al-doped lithium manganese oxide precursors synthesised with 
[MT]:[Cit] of (a) 1:1.667 (b) 1:1 and (c) 1:0.667. 
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4.1.5. The effect of calcining nitrate precursors at 270 °C and 300 °C 
 

Since the DTA curves (Fig.4.6, Fig.4.7 and Fig.4.8) showed mass loss processes ii and iii for the 

various precursors, these precursors were calcined for 5 hours at 270 °C and 300°C each to 

probe what occurs just before the organic and nitrate components decompose. Thus 

precursors prepared with [MT]:[Cit] = 1:1 were firstly heated to 270 °C and XRD patterns were 

collected (Fig.4.9(a)). The undoped precursor that was initially crystalline (Fig.4.4(a)) became 

amorphous (Fig.4.9(a)). A similar behaviour was reported by Kriston et al.[12] and Snyders et 

al.[8] where it was noted that if the starting precursor for lithium manganese oxide had a 

crystalline phase, the material became amorphous upon further heating to 250 °C before the 

formation of the final metal oxide at 550 °C. Also observed here is that the doped material 

simply remained amorphous when heated at 270 °C.  

When heating these precursors from room temperature to 300 °C, it was observed that the 

formation of a spinel metal oxide starts emerging (Fig.4.9(b)) for both the undoped and Al-

doped precursor as indicated by the tick marks added for the spinel structure. 

 

Figure 4.9: X-ray diffraction patterns of nitrate-based precursors prepared using [MT]:[Cit] = 1:1 
calcined at (a) 270 °C and (b) 300 °C for 5 hours in air with │ being the tick marks for lithium manganese 
oxide spinel structure. 

a. 

b. 
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4.2. Investigation of precursors prepared using acetate salts 

4.2.1. Laboratory XRD of precursors  
 

The metal acetate salts were also used as starting materials to synthesise precursors of 

undoped and Al-doped lithium manganese oxide using the sol-gel method as described in 

chapter 3 and above with [MT]:[Cit] = 1:1. Since metal acetates are more widely used in this 

synthesis [5, 13, 14], this work was done to compare the precursors and reactions to those 

synthesised using metal nitrate salts as starting materials. 

Both undoped and Al-doped precursors (obtained from drying the gels at 140 °C for 5 hours 

in air) exhibit the crystallographic structure of a single phase consisting of Δ-aqua-S-citrato(2-

)­manganese(II) with a space group of P222 (Fig.4.10) with the lattice parameters at (a)=6.03 

Å, (b)= 10.47 Å and (c)= 13.56 Å and the cell volume of 858.4 Å3 [3], these single phase Δ-aqua-

S-citrato(2-)­manganese(II) was also obtained for the undoped nitrate-based precursors 

(Fig.4.4(a)). The Al-doped precursor synthesised using the metal nitrate salts was amorphous 

(Fig.4.5), but that was not the case here. From visual inspection, it was noticed that acetate-

based precursors had relatively lower crystallinity compared to that for the undoped nitrate-

based precursor. This resulted in poorer fits when Rietveld analysis of the diffraction patterns 

of both the acetate-based precursors was done, with GOF values of 4.55 and 3.61 obtained 

for undoped and Al-doped precursors, respectively (Table.4.4). The lattice parameters and 

crystallite size are comparable with precursors prepared using the nitrate salts as starting 

materials. 

Table 4.4: Refined structural parameters of acetate-based precursor materials with [MT]:[Cit] = 1:1 
fitted using the Δ-aqua-S-citrato(2-)­manganese(II) system with space group P222.  

 Lattice parameter Rexp Rwp GOF Crystallite 

size 

(μm) 

Volume 

(Å3) 

 a(Å) b(Å) c(Å)      

undoped 6.0338(8) 10.4613(1) 13.5717(2) 0.87 3.94 4.55 6.37(2) 856.66(3) 

Al-doped 6.0331(7) 10.4620(1) 13.5744(1) 0.90 3.25 3.61 6.36(1) 856.79(4) 
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Figure 4.10: Rietveld refinement of a dried acetate-based precursors with [MT]:[Cit] = 1:1 for (a.) 
undoped and (b.) Al-doped precursors. The tick marks correspond to orthorhombic phase for Δ-aqua-
S-citrato(2-)­manganese(II). 

4.2.2. STA analysis of precursors 
 

The TGA and DTA plots for both these precursors show material decomposition occurring in 

four main steps (Fig.4.11, labelled 1 – 4 and i – iv, respectively), with no loss of moisture noted 

below 100 °C. The sample mass becomes stable from ~480 °C, revealing that the acetate-

based precursors require higher temperature to decompose all the organic components as 

compared to nitrate-based precursors. The DTA data show one large exothermic peak 

(indicated by 3) and a low intensity tail to the peak at higher temperatures (indicated by 4). 

These are related to burning off of CO2 as a results from decomposition of citric acid and 

acetates in the material. The DTA curves also show two endothermic processes (labelled 1 

and 2) taking place below 300 °C which are related to the processes i and ii on the TGA plots, 

respectively. These processes (endothermic peaks 1 and 2) are related to adsorbed water and 

the water of crystallization as it was observed by Jeevanantham et al.[15] when synthesising 

LiNi0.94Mg0.01Mn0.03Co0.02O2. 

When heating both Al- and undoped materials from ~480 °C and higher, where the sample 

mass becomes stable, the Al-doped material resulted to higher product yield of ~30% with 

a. 

b. 
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the undoped material resulting in ~25%. Wang et al.[16] shows that partial substitution of Al 

in (LiAl0.1Mn1.9O4) resulted in a higher percentage yield.  

 

 

 

Figure 4.11: DTA and TGA plots for acetate-based precursors synthesised using [MT]: [Cit] = 1:1 as for 
(a) undoped and (b) Al-doped precursors. 

4.2.3. The effect of calcining acetate precursors at 270 °C and 300 °C 

 

When heating both the undoped and Al-doped acetate-based precursors at 270 °C for 5 hours 

as before, they do not lose their crystallinity (Fig.4.12(a)) as was seen with the nitrate-based 

precursors, and the orthorhombic Δ-aqua-S-citrato(2-)­manganese(II) phase was still 

prevalent. However, when heating further at 300 °C only a broad hump was observed 
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implying an amorphous material had formed (Fig.4.12(b)). The acetate-based precursors 

clearly require high temperatures to enable phase transitions when compared to that for 

nitrate-based precursors. 

 

Figure 4.12: X-ray diffraction patterns of acetate-based precursors prepared using [MT]: [Cit] = 1:1 
and calcined at (a) 270 °C and (b) 300 °C for 5 hours in air. 

4.3. Conclusion 
 

Various undoped precursor materials prepared using metal nitrate salts exhibited a crystalline 

phase of Δ-aqua-S-citrato(2-)­manganese (II) with an orthorhombic crystal system and a P222 

space group. A phase transition occurs to form an amorphous phase and upon further heating 

the nitrates and organics are burned off. When reducing the concentration of the citrate 

complexing agent, such that [MT]:[Cit] = 1:0.5, the precursor forms a mixture of phases as 

observed from the Rietveld refinement, but it appears to be comprised of a single phase when 

[MT]:[Cit] = 1: 0.667. The DTA curves of these materials show a reaction taking place when 

heated at (~600 °C). Based on the STA data of precursors prepared with excess citric acid (i.e. 

[MT]:[Cit] = 1:1.667), more organic components are released (as CO2) thereby loosing 80% of 

the initial mass. When reducing the concentration of citric acid, such that [MT]:[Cit] = to 1:1, 

a mass loss of ~70% was less than that for the acetate-based precursor where a mass loss of 

closer to 75% was found. The acetate-based precursors need to be heated at higher 

temperatures (~600 °C) to produce the final metal oxide product since these materials does 

not easily decomposes at low to moderate temperatures (less than 600 °C), whereas the 

nitrate-based precursors required more moderate temperatures (~380 °C) 

When doping with aluminium, precursors prepared using metal nitrate salts were amorphous, 

as observed from the XRD patterns. This was different to precursors prepared using metal 

acetate salts where the Δ-aqua-S-citrato(2-)­manganese (II) structure was found. When 

heating the acetate-based precursors with [MT]:[Cit] of 1: 1 at 300 °C, an amorphous phase 

was formed, whereas heating the nitrate-based precursors under the same conditions 

resulted in the start of the formation of the spinel. The nitrate-based precursor thus 

decomposes at more moderate temperature, whether Al-doped or undoped, as compared to 

the citrate-based precursors. 
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Chapter 5: Understanding the effect of calcining precursors at 

various temperatures 

 

Abstract: Li1.03Mn1.97O4 and LiAl0.4Mn1.6O4 can be prepared at moderate temperatures (~380 – 

500°C) to form the final sought-after spinel structured metal oxide. Increasing the calcination 

temperature has revealed a decrease in lattice parameters and unit cell volume, with an 

increase in crystallite size. When heating precursors synthesized from nitrate salts to 800 °C, 

an additional impurity monoclinic phase for dilithium manganese oxide was detected together 

with the Li1.03Mn1.97O4 cubic spinel phase, as observed from the Rietveld analysis. However, 

when heating precursors synthesized from acetate salts at the same conditions, the pure cubic 

spinel structure was found with no formation of impurities. 

5.1. Laboratory X-ray diffraction analysis of precursors calcined at moderate 

temperatures (up to 500 °C) 

5.1.1. Undoped lithium manganese oxide prepared using metal nitrate salts 

 

Undoped lithium manganese oxide precursor materials prepared with [MT]:[Cit] of 1:1.667 

and 1:1 were looked at in more detail based on the observed DTA and TGA results (see 

Chapter 4). It was noted that when calcining these precursors at a temperature just above 

380 °C, it appears to result in a final product being formed with no further reactions taking 

place. To probe this, the precursor materials were calcined at different temperatures from 

380 °C to 500 °C and the products formed at each temperature were analysed to determine 

if there are any phase transformations occurring in that temperature range. This was an ex-

situ approach, so the samples were cooled after leaving them at the given temperature for 5 

hours and all diffraction patterns were measured at room temperature (Fig.5.1). In each case, 

the precursor material was simply heated to the desired temperature, i.e. this was not a 

consecutive methodology. 

The diffraction patterns of calcined precursor materials with [MT]:[Cit] = 1:1.667 all showed 

the formation of a crystalline cubic spinel structure (Fig.5.1) which increased in crystallinity as 

the calcination temperature was increased from 380 °C to 500 °C, as evidenced from the 

sharper peaks. The increase in crystallinity with increase in temperature was also achieved on 

a related material (LiNi0.76Mn0.14Co0.1O2) when analysing the effects of calcination 

temperatures between 725-900 °C by Zhenga et al. [1]. The XRD patterns had no additional 

peaks, an indication of the phase purity of the spinel metal oxide obtained at the various 

temperatures, at least within the resolution of the diffractometer used. A very slight peak 

shift to the right was observed as the calcination temperature was increased from 380 °C to 

500 °C, also reported by Maino et al. [2] and Schluter et al. [3], which results from a decrease 

in lattice dimensions. 
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Figure 5.1: PXRD diffractograms of Li1.03Mn1.97O4 prepared with 1: 1.667 [MT]: [Cit] by calcining the 

precursor at different temperatures for 5 hours in the air. 

A similar response was observed when calcining precursors with [MT]:[Cit] = 1:1, with the final 

spinel product already forming at 380 °C and the same behaviour noted as the calcination 

temperature was increased (Fig.5.2). Further comprehensive analysis of the XRD patterns was 

performed via Rietveld refinements to quantify the structural changes with varying 

calcination temperature [4]. 
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Figure 5.2: PXRD diffractograms of Li1.03Mn1.97O4 prepared with 1: 1 [MT]: [Cit] calcined at different 

temperatures for 5 hours in the air. 

The Rietveld refinements of the laboratory X-ray diffractograms confirmed that metal oxides 

prepared with [MT]:[Cit] = 1:1 displayed the cubic spinel phase of Li1.03Mn1.97O4 (space group 

Fd-3m) when the precursor material was calcined at 380 °C, 400 °C, 450 °C, or 500 °C for 5 

hours in air (Fig.5.3) and all the diffraction peaks are indexed accordingly. It was interesting 

to note that even the material calcined at the lower temperatures demonstrate excellent 

crystallinity and well-defined cubic spinel structure [5, 6]. 
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Figure 5.3: Rietveld refinement fitting the Li1.03Mn1.97O4 cubic spinel crystal structure (space group Fd-3m) to the XRD patterns for samples with [MT]:[Cit] = 1:1  

calcined at (a) 380 °C, (b) 400 °C, (c) 450 °C and (d) 500 °C in air.
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The lattice dimensions extracted from the refinement (Table 5.1) show a slight decrease in the 

with increasing the calcination temperature, resulting in the unit cell volume shrinking. When 

increasing the calcination temperature between 380 – 500 °C, the cathode materials favours the 

formation of a well-ordered spinel structure. It was observed that with increasing calcination 

temperature, the curves shift towards slightly higher 2θ values, along with increasing crystallite 

size (Table.5.1), which aligns with the data from Lee et al. [7] and Ronduda et al. [8].Thus in 

general an increase in calcination temperature results in an increase in average crystallinity and 

particle size [9]. 

Table 5.1: Refined room temperature structural parameters of Li1.03Mn1.97O4 using the cubic spinel model 

(space group Fd-3m). Samples were produce using [MT]:[Cit] = 1:1 and calcining the precursors at various 

temperatures.  

Calcination 

temperature 

(°C) 

Lattice 

parameter 

(Å) 

Rexp Rwp GOF Crystallite 

size 

(μm) 

Volume 

(Å3) 

380 8.1498(1) 1.06 1.11 1.06 3.36(4) 541.30(3) 

400 8.1491(2) 1.05 1.10 1.04 4.27(6) 541.16(2) 

450 8.1473(1) 1.05 1.09 1.04 4.36(5) 540.81(2) 

500 8.1418(3) 1.04 1.12 1.07 5.66(5) 539.71(2) 

 

When the material prepared with [MT]:[Cit] = 1:1 was calcined at 380 °C for an extended period 

(10 hours), the Rietveld refinement revealed no phase changes had occurred when compared to 

the material calcined for 5 hours at the same temperatures (Fig.5.4). However, when heating the 

material for this longer period, the lattice parameter decreases slightly to 8.1456(2) Å, with a 

corresponding decrease in the unit cell volume (540.47(3) Å3), and the crystallite size (6.46(3) 

μm) increases. Which shows that longer annealing times results in crystallite growth and better 

ordering of atoms (smaller average unit cells) and gives comparable sizes to that when annealing 

at higher temperatures for 5 hours (~600 °C and will be seen in Table 5.5). 
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Figure 5.4: The Rietveld refinement of Li1.03Mn1.97O4 (calcined at 380 °C for 10 hours) with space group Fd-

3m synthesised using [MT]:[Cit] = 1:1; Rwp= 1.13, Rexp=1.04 and GOF= 1.09. 

The Rietveld refinements of Li1.03Mn1.97O4 synthesised with [MT]:[Cit] = 1:1.667 showed 

comparable responses to that prepared with [MT]:[Cit] = 1:1, where only the cubic spinel crystal 

structure was observed after calcining in the same temperature range (Fig.5.5) and the refined 

parameters are presented in Table 5.2. As before, when increasing the calcining temperature, a 

slight decrease in the unit cell volume was observed and an increase in crystallite size. 

Table 5.2: Refined room temperature structural parameters of calcined Li1.03Mn1.97O4 (synthesised using 

[MT]:[Cit] = 1:1.667) using the cubic spinel model (space group Fd-3m).  

Calcination 

temperature (°C) 

Lattice 

parameter 

(Å) 

Rexp Rwp GOF Crystallite 

size 

(μm) 

Volume 

(Å3) 

380 8.1571(2) 1.04 1.09 1.05 2.76(5) 542.75(2) 

400 8.1461(4) 1.05 1.10 1.04 3.23(3) 540.57(2) 

450 8.1452(7) 1.04 1.13 1.08 4.27(4) 540.39(1) 

500 8.1409(2) 1.04 1.12 1.07 4.36(3) 539.53(2) 
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Figure 5.5: Rietveld refinement fitting the Li1.03Mn1.97O4 cubic spinel crystal structure (space group Fd-3m) to the XRD pattern for samples with [MT]:[Cit] = 1:1.667 

calcined at (a) 380 °C, (b) 400 °C, (c) 450 °C and (d) 500 °C in air 
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In Chapter.4, it was evident from the ripples in the DTA curves at higher temperatures (indicated 

by 4 in Fig.4.7 (b and c)) that the materials prepared with an excess concentration of total metal 

nitrate salts compared to citric acid resulted in further reaction taking place beyond 380 °C, even 

though these were not accompanied by further mass loss. When calcining these samples to apply 

an ex-situ investigation, a side reaction occurred when the samples were heated to 380 °C in the 

furnace and kept there for 5 hours (Fig.5.6). This resulted in a black product being expelled into 

the furnace. This may be related to these ripples noted. At 380 °C it would have been expected 

that the carbonaceous material would be converted to CO2 and H2O already as shown in the TGA 

curves Fig.4.7 (b and c)).   

 

 

 

 

 

  

 

Figure 5.6: The samples prepared using [MT]:[Cit] of 1:0.833 and 1:0.667 heated to 380 °C and calcined 
for 5 hours in air.  

5.1.2. Al-doped lithium manganese oxide prepared using metal nitrate salts 

 

When calcining the Al-doped samples with different [MT]:[Cit] (1:1.667, 1:1 and 1:0.667), it was 

observed that increasing the concentration of citric acid results in an increase in crystallinity of 

the material when calcined for the same duration at the same temperature (Fig.5.7). The increase 

in calcination temperature from 380 °C to 450 °C also shows a slight increase in XRD peak intensity 

while the diffraction peaks shift slightly to higher 2θ angles. The Al-doped precursor materials 

prepared with an excess of total metal ions compared to citric acid (1:0.667 [MT]:[Cit]) formed a 

cubic spinel structure when calcined at 380 °C, indicating that doping with aluminium has 

resulted in material stability as compared to the undoped sample. Yuwen et al. [10] also showed 

that doping with aluminium enhance the structural stability of the material. 



 

70 
 

 

Figure 5.7: PXRD patterns of LiAl0.4Mn1.6O4 prepared with [MT]:[Cit] of 1:1.667, 1:1 and 1:0.667  calcined 

at different temperatures for 5 hours in the air. 

The Rietveld refinement of the diffraction patterns of LiAl0.4Mn1.6O4 prepared with different 

[MT]:[Cit] (Table.5.3) was fitted using the cubic spinel (Fig.5.8 and Fig.5.9) which shows a good 

agreement between the observed and calculated model. When increasing the calcination from 

380 °C and 450 °C, the Al-doped samples showed no apparent change on the crystal structure 

and all the diffraction peaks were indexed according to the cubic spinel structure (Fig.5.9). 

Material prepared with [MT]:[Cit] = 1:1  showed higher crystallite sizes when compared to the 

other materials. 

The Rietveld refinement of a calcined Al-doped material (LiAl0.4Mn1.6O4) at 380 °C and 450 °C 

results in a decrease in lattice dimensions with an increase in temperature (Table 5.3), which was 

similar to what was observed with undoped samples when calcined at these temperatures. The 

crystallite size increases with an increase in calcination temperature. 
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Figure 5.8: Rietveld refinements fitted with LiAl0.4Mn1.6O4 cubic spinel crystal structure (space group Fd-
3m) to the XRD pattern for [MT]:[Cit] of (a) 1:0.667, (b) 1:1 and (c) 1:1.667 sample calcined at 380 °C in air. 

Since the ionic radius of Al3+ ion (0.053 nm) is smaller than that of the Mn3+ ion (0.064 nm), the 

partial substitution of Mn3+ by Al3+ in the lithium manganese oxide lattice should result in 

shrinkage of the unit cell volume (i.e. reduced lattice dimensions) and a single phase should 

remain. The data from the Rietveld refinements confirm this (Table 5.3). It was noted by Marincaş 

et al. [11] that when doping with aluminium, there was a decrease in the cell parameters due to 

smaller ionic radius for Al3+ compared to that of Mn3+ and various studies support that doping 

with Al3+ promotes a stable crystal structure when heating the material to 850°C [12, 13, 14]. 

 

(a) (b) 

(c) 
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Figure 5.9: Rietveld refinements fitted with LiAl0.4Mn1.6O4 cubic spinel crystal structure (space group Fd-
3m) to the XRD pattern for [MT]:[Cit] of (a) 1:0.667, (b) 1:1 and (c) 1:1.667 samples calcined at 450 °C in 
air. 

Table 5.3: Refined room temperature structural parameters of LiAl0.4Mn1.6O4 calcined at 380 and 450 °C 

fitted using the cubic spinel model (space group Fd-3m). 

[MT]:[Cit] Calcination 

temperature 

(°C) 

Lattice 

parameter 

(Å) 

Rexp Rwp GOF Crystallite size 

(μm) 

Volume 

(Å3) 

1:0.667 380 8.1449(2) 1.10 1.14 1.03 2.61(2) 540.32(4) 

1:0.667 450 8.1406(2) 1.10 1.19 1.08 3.04(3) 539.47(2) 

1:1 380 8.1177(2) 1.09 1.08 1.09 4.34(5) 534.93(3) 

1:1 450 8.1128(1) 1.09 1.22 1.10 5.26(2) 533.96(3) 

1:1.667 380 8.1138(2) 1.09 1.21 1.11 2.13(8) 534.17(3) 

1:1.667 450 8.1118(1) 1.10 1.15 1.05 3.57(2) 533.77(2) 

 

(a) (b) 

(c) 
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When the dried starting material precursor with [MT]:[Cit] = 1:1 was calcined at 380 °C for an 

extended period (10 hours) (Fig.5.10), only a slight decrease in the lattice parameter and volume 

(8.1119(6) Å and 533.78(3) Å3, respectively) and an increase in the crystallite size (5.32(2) μm) 

was found. The difference was not as dramatic as that seen for the undoped material which again 

supports the higher stability when doping with Al3+. 

 

Figure 5.10: Rietveld refinement of LiAl0.4Mn1.6O4 with space group Fd-3m; Rwp = 1.18, Rexp = 1.09 and 

GOF = 1.08. The precursor made with [MT]:[Cit] = 1:1 was calcined at 380 °C for 10 hours. 

5.1.3. Undoped and Al-doped lithium manganese oxide prepared using metal acetate salts 
 

STA data indicated the formation of a final product with no further mass loss at temperatures 

just below 400 °C (Section 4.3) for precursors prepared using metal acetate salts – slightly higher 

than that prepared using the nitrate salts. These precursors were thus calcined at 400 °C and 500 

°C and they were shown to exhibit an initial formation of the spinel structure, but the diffraction 

peaks had low intensities (especially when compared that that for the materials prepared using 

nitrate salts) , which increased with increase in temperature, thus indicating that the spinel phase 

was not yet fully formed or ordered when calcined at 400 °and 500 °C (Fig.5.11). Once again, no 

impurity phases were detected for both the undoped and Al-doped materials calcined at these 

temperatures for 5 hours in air (Table.5.4).  

Table 5.4: Refined room temperature structural parameters of calcined metal oxides of Li1.03Mn1.97O4. and 
LiAl0.4Mn1.6O4 with space group Fd-3m.  

 Calcination 

temperature 

(°C) 

Lattice 

parameter 

(Å) 

Rexp Rwp GOF Crystallite 

size 

(μm) 

Volume 

(Å3) 

Li1.03Mn1.97O4 
400 8.1497(8) 2.37 3.07 1.29 3.87(2) 547.31(2) 

500 8.1463(6) 2.22 4.14 1.86 4.36(3) 544.46(2) 

LiAl0.4Mn1.6O4 
400 8.1387(3) 2.34 3.40 1.45 2.65(4) 546.92(3) 

500 8.1247(3) 2.35 3.32 1.41 3.49(2) 543.33(2) 
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Figure 5.11: Rietveld refinement of Li1.03Mn1.97O4 calcined at (a) 400 °C and (b) 500 °C, and of LiAl0.4Mn1.6O4 calcined also at (c) 400 °C and (d) 500 °C for 
[MT]:[Cit] = 1:1  using the cubic spinel crystal structure (space group Fd-3m).

(a) 

(c) (d) 

(b) 
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5.2. Laboratory X-ray diffraction analysis of precursors calcined at high 

temperatures (600- 800 °C) 

5.2.1. Undoped and Al-doped lithium manganese oxide prepared using metal nitrate salts 
 

When calcining precursor material of Li1.03Mn1.97O4 prepared using [MT]:[Cit] = 1:1 with metal 

nitrate salts at high temperature has resulted in an increase in crystallinity. Rietveld 

refinements of the sample calcined at 600 °C and 700 °C (Fig.5.12. (a and b)) show a pure 

cubic spinel structure, however, when calcining this material at 800 °C, the formation of 

mixture of phases of a monoclinic crystal system (space group C2/C) for dilithium 

manganate(IV) (Li2MnO3) and the cubic spinel crystal system (space group Fd-3m) for lithium 

manganese oxide (Fig.5.12.c) was observed. The formation of a Li-rich phase at high 

temperatures has also been reported by Yu et al. [14] and Pulido et al. [15]. Increasing the 

calcination temperature results in narrower and sharper peaks with higher signal-to-noise 

ratios; this was observed on the difference plot where smooth lines show low noise from the 

background. 

 

 

Figure 5.12: Rietveld refinement of Li1.03Mn1.97O4 prepared with [MT]:[Cit] = 1:1  and calcined at (a) 

600 °C, (b) 700 °C and (c) 800 °C in air prepared with nitrate precursor. 

When calcining Al-doped materials prepared with [MT]:[Cit] = 1:1 at high temperatures, the 

materials formed had pure cubic spinel structures with increasing crystallinity as temperature 

is increased (Fig.5.13). In this case, the Li-rich phase was not formed at 800 °C, indicating the 

(b) 

(c) 

(a) 
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stabilising effect of aluminium on the structure. A decrease in lattice parameter and volume 

was noticed while the crystallite size increase when increasing calcining temperatures 

(Table.5.5). However, the Li1.03Mn1.97O4 prepared with [MT]:[Cit] = 1:1 and annealed 800 °C 

has a higher lattice parameter (8.2054 (3) Å) when compared to the other samples which 

might be due to a mixture of phases. It was observed from the Rietveld refinement (Table.5.5) 

that samples calcined at temperature lower than 800 °C have a good R statistic and a GOF of 

approximately 1 which implies a good correlation between the calculated structure model 

and the measured pattern, a slight mismatch between the first peak of the sample calcined 

at 800 °C was observed which resulted in an increase in GOF and Rwp statistical value. 

 

Figure 5.13: Rietveld refinement of LiAl0.4Mn1.6O4 prepared with [MT]:[Cit] = 1:1  and calcined at (a) 

600 °C, (b) 700 °C and (c) 800 °C in air prepared with nitrate precursor. 

  

(c) 

(a) (b) 
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Table 5.5: Refined room temperature structural parameters of calcined metal oxides of Li1.03Mn1.97O4. 
and LiAl0.4Mn1.6O4 with space group Fd-3m of a cubic model.  

 Calcination 

temperature 

(°C) 

Space 

group 

Lattice 

parameter 

(Å) 

Rexp Rwp GOF Crystallite 

size 

(μm) 

Volume 

(Å3) 

Li1.03Mn1.97O4 600 Fd-3m 8.1447(4) 1.06 1.11 1.06 6.09(6) 540.29(9) 

700 Fd-3m 8.1349(1) 1.04 1.09 1.05 6.29(5) 538.34(3) 

800 Fd-3m 

C2/C 

 

8.2054(2) 

a=4.9463(8) 

b=8.5621(2) 

c=9.5623(3) 

β= 99.12 (1) 

0.83 3.29 3.98 6.45(3) 552.46(4) 

LiAl0.4Mn1.6O4 600 Fd-3m 8.1119(1) 1.04 1.08 1.04 5.47(3) 533.78(2) 

700 Fd-3m 8.1082(1) 1.09 1.14 1.04 6.48(2) 533.05(3) 

800 Fd-3m 8.1024(8) 0.82 3.29 3.98 6.65(2) 531.91(4) 

 

5.2.2. Undoped and Al-doped lithium manganese oxide prepared using metal acetate salts 
 

Samples of Li1.03Mn1.97O4 that were prepared using the acetate salts and [MT]:[Cit] = 1:1 were 

calcined at 600-800 °C for 5 hours. Rietveld refinement of the XRD data shows a pure cubic 

spinel phase without any formation of impurities (Fig.5.14(c)) for all samples, unlike that 

observed for the nitrate-based sample. It was noted by Dong et al. [16] that calcining at higher 

temperatures leads to increased particle size as material crystallinity increases which is similar 

to what was observed. Al-doped materials have shown reduced lattice parameters when 

calcined at high temperatures when compared to the undoped samples (Table.5.6). Zhenfei 

et al. [17] also indicated a smaller lattice parameter for the Al-doped LiMn2O4 cathode 

material (8.2507 Å) and cell volume of (567.617 Å3) as compared to the undoped sample 

(8.8621 Å and 695.99 Å3, respectively). The increase in GOF on the sample calcined at 800 °C 

was observed (Table.5.6) which is similar to that of Table.5.5 and are both related to the minor 

mismatch between the calculated structure pattern and the measured pattern.  
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Figure 5.14: Rietveld refinement of Li1.03Mn1.97O4 prepared with [MT]:[Cit] = 1:1 and calcined at (a) 600 
°C, (b) 700 °C and (c) 800 °C in air prepared with acetate precursor 

(a) (b) 

(c) 
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Figure 5.15: Rietveld refinement of LiAl0.4Mn1.6O4 prepared with [MT]: [Cit] = 1: 1 and calcined at (a) 
600 °C, (b) 700 °C and (c) 800 °C in air prepared with acetate precursor 

Table 5.6: Refined room temperature structural parameters of calcined metal oxides of Li1.03Mn1.97O4 
and LiAl0.4Mn1.6O4 with space group Fd-3m of a cubic model. 

 Calcination 

temperature 

(°C) 

Lattice 

parameter 

(Å) 

Rexp Rwp GOF Crystallite 

size 

(μm) 

Volume 

(Å3) 

Li1.03Mn1.97O4 

600 8.1430(2) 1.05 1.08 1.03 4.78(3) 539.94(2) 

700 8.1402(1) 1.09 1.14 1.05 5.48(1) 539.39(3) 

800 8.1387(6) 0.78 2.82 3.60 6.32(3) 539.09(5) 

LiAl0.4Mn1.6O4 

600 8.1298(2) 1.04 1.10 1.05 4.48(6) 537.32(4) 

700 8.1251(3) 1.06 1.09 1.03 5.25(3) 536.39(1) 

800 8.1123(4) 0.82 3.66 4.50 6.63(2) 533.86(2) 

 

For comparison the diffraction patterns for Li1.03Mn1.97O4 prepared from nitrate and acetate 

salts with [MT]:[Cit] = 1:1 and calcined at 800 °C, are overlayed in Fig.5.16. The clear additional 

peak when using the nitrate salts was seen at about 52 2θ emphasising a mixture of phases 

(a) (b) 

(c) 
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in this case. The Li1.03Mn1.97O4 prepared from acetate salts shows a single-phase metal oxide. 

These pattern shows the main peaks occurring at slightly different angles due to variation on 

lattice parameter as an effect of different decomposition of materials. 

 

Figure 5.16: Comparison of diffraction patterns for Li1.03Mn1.97O4 prepared using acetate and nitrate 
salts and calcined at 800 °C for 5 hours in air. 

 

5.3. Conclusion 
 

The attempt to synthesize Li1.03Mn1.97O4 and LiAl0.4Mn1.6O4 by utilizing metal nitrate salts to 

form the precursors which were then calcined at 380 °C up to 700 °C was successful and the 

diffraction data showed the presence of the pure cubic spinel structure with Fd-3m space 

group. It was observed that metal oxides prepared with [MT]: [Cit] = 1: 1 have high crystallinity 

when compared with other metal oxides when calcined at 380-500 °C. When increasing the 

calcining temperature to 800 °C the undoped Li1.03Mn1.97O4 starts to degrade and another 

phase related to dilithium manganese oxide with a monoclinic crystal system started to form. 

Doping with aluminium prevented this degradation from occurring at 800 °C. This was also 

the case when calcining precursors prepared using acetate salts. Calcining acetate-based 

precursors at moderate temperatures of 400 °C and 500 °C results in metal oxides with low 

crystallinity when compared to that with nitrate-based precursors.  
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Chapter 6: Investigating crystallographic structure using local and 

average structure refinements 
 

Abstract: The synchrotron XRD and PDF analysis of both Li1.03Mn1.97O4 and LiAl0.4Mn1.6O4 

prepared using nitrate metal salts as starting materials at 380 °C and 450 °C, forms a cubic 

spinel-based structure. There was a direct correlation between the two analyses where both 

the local and average structure analysis exhibit comparable crystallographic information, and 

phase purity of the metal oxide. The pair distribution function and X-ray diffraction of the final 

products shows a comparable lattice parameter to confirm the formation of the same final 

metal oxide. 

6.1. Synchrotron X-ray diffraction analysis of metal oxide produced at 

moderate temperatures 

6.1.1. Undoped lithium manganese oxide 

 

Synchrotron powder X-ray diffraction (SPXRD) was used to further explore the phases 

produced at various stages in the synthesis since it provides high-resolution diffraction data 

with high signal-to-noise ratios. Following the DTA and TGA results (see chapter 4), it was 

observed that at temperatures above 380 °C there appears to be no further effect on the 

phase produced but does affect the crystallite size and cell volume of the final product. There 

is also no further weight loss or phase instability (particularly if [Cit]  [MT]) and this was 

observed from the ex-situ XRD (see chapter 5). Therefore, further analysis was thus done on 

the materials that were synthesized using metal nitrate salts and with 1:1 total metal to citric 

acid ratio, and the dried precursor was then calcined at two separate temperatures, namely 

380 °C or 450 °C, for 5 hours in the air.  

The SPXRD patterns were plotted in Q (moment transfer) instead of 2θ (scattering angle) to 

compare synchrotron and laboratory XRD patterns independent of the wavelength. The 

synchrotron diffraction patterns (Fig.6.1) show the cubic spinel structure was formed, and 

spinel peaks at the higher Q values were observed. The SPXRD shows high resolution 

diffractograms  with peaks indicated by  being more pronounced than those detected by 

laboratory PXRD. This clearly shows the importance of using high-resolution diffraction data 

for more in-depth understanding of materials. From visual inspection, the peaks for this 

material show higher intensity (i.e. increased crystallinity) and occur at slightly higher Q values 

(i.e. lattice parameter contraction) for the sample calcined at the higher temperature.  
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Figure 6.1: Diffraction patterns of Li1.03Mn1.97O4 prepared with a [MT]:[Cit] = 1:1 and calcined at 380 °C 

or 450°C for 5 hours in the air, with (a.) SPXRD and (b.) Laboratory XRD data. Peaks indicated by  

highlight some of the peaks which are barely visible by lab XRD, but are clearly visible by SXRD. 

The Rietveld refinements clearly indicate Li1.03Mn1.97O4 materials (calcined at 380 °C or 450 
°C) displayed the cubic spinel structure (space group Fd-3m) and that there are no impurity 
phases present (Fig.6.2). This shows that when calcining the starting material precursor at 
either 380 °C or 450 °C, the required product phase is already formed with the crystallinity 
increasing at the higher calcination temperature (i.e. 450 °C). Parameters obtained from 
Rietveld refinement confirmed the decrease in lattice dimension as the calcination 
temperature was increased (Table.6.1), similar response was noticed to the crystallite size as 
increasing the calcination temperature. These materials show a similar behaviour with those 
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in chapter 5 due to the increase in calcination temperature results in a decrease in lattice 
dimensions. 

 
Figure 6.2: Rietveld refinements of Li1.03Mn1.97O4 prepared with [MT]: [Cit] =1: 1 and calcined at (a) 380 

°C and (b) 450 °C displaying the cubic spinel crystal structure (space group Fd-3m). 

Table 6.1 Lattice parameters and crystallite size of 1:1 [MT]: [Cit] of Li1.03Mn1.97O4 calcined at various 

temperatures obtained from Rietveld refinements. 

Calcination 

temperature (°C) 

Lattice 

parameter (Å) 

Crystallite size 

(μm) 

Volume 

(Å3) 

Rexp Rwp GOF 

380 8.1667(2) 0.035(1) 544.68 (4) 12.93 13.65 1.05 

450 8.1601(1) 0.036(3) 543.36 (5) 11.88 12.52 1.06 

 

6.1.2. Al-doped lithium manganese oxide 

 

Careful observation of the synchrotron diffraction patterns (Fig.6.3) produced by the 

LiAl0.4Mn1.6O4 samples, prepared with [MT]:[Cit] of 1:1 and calcined at 380 °C or 450°C, 

indicate a clear formation of crystalline material with the cubic spinel structure, additional 

peaks that are not related to the cubic spinel are seen between the major peaks (indicated by 

), these peaks were not seen when comparing with SPXRD of undoped samples which 

appears clearly on both the Al-doped samples. It was noticed that some of these peaks 

disappears/ have reduced intensity when heating the material to 450°C. The LiAl0.4Mn1.6O4 
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metal oxide calcined at 380 °C showed slightly better crystallinity than that calcined at 450°C, 

contrary to expectation, but this may simply be due to slight differences in the dried starting 

precursor gels since these were to distinct samples.  

  

Figure 6.3: Diffractograms of LiAl0.4Mn1.6O4 prepared with [MT]: [Cit] = 1:1 and calcined at 380 °C or 

450 °C for 5 hours in the air with (a.) SPXRD and (b.) Laboratory XRD, with  representing undefined 

peaks. 

The Rietveld refinements of confirmed the formation of the cubic spinel structure for at both 

calcination temperatures (Fig.6.4), but the peaks indicated by  are not part of the spinel 
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structure and does not correspond to that for Al2O3 or citric acid, which might indicate a 

formation of impurities on materials doped with aluminium. 

 
Figure 6.4: Rietveld refinements of the diffraction patterns for LiAl0.4Mn1.6O4 prepared with [MT]:[Cit] 
of 1:1 and calcining the precursor at (a) 380 °C, (b) 450 °C. The peak indicated by  corresponds to 
that in Fig. 6.3. 

Rietveld refinement also confirmed a decrease in lattice dimension as the temperature was 

changed from 380 °C to 450°C (Table.6.2), however, the crystallite size increased when 

calcining at slightly higher temperature. The SPXRD lattice parameters are similar to the 

laboratory analysis in chapter 5 of the Al-doped samples. 

Table 6.2: Lattice parameters and crystallite size of LiAl0.4Mn1.6O4 prepared at 1:1 [MT]: [Cit] obtained 

from Rietveld refinements. 

Calcination 

temperature 

(°C) 

Lattice 

parameter (Å) 

Crystallite 

size (μm) 

Volume (Å3) Rexp Rwp GOF 

380 8.1320(3) 0.029(1) 537.76 (2) 12.23 13.35 1.04 

450 8.1315(3) 0.036(2) 537.65 (1) 13.37 14.65 1.07 
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6.2. Pair distribution function analysis 
 

The pair distribution function shows the probability of finding two atoms a distance r apart in 

the material; this is related to the peak position on the G(r) versus r plot. The distribution of 

atom-to-atom distances has a gaussian shape which results from atomic disorder in the peak 

position resulting in the distribution of the interatomic spacing, which is also related to the 

unit cell and geometry. The height of the peak corresponds to the scattering factors, where 

atoms with greater scattering factors produce higher peaks and also the probability itself. 

Gallo et al. [1] presented that the PDF peaks have different information regarding the local 

structure with the area under the curve represents the coordination number and occupancy 

for the corresponding atom-to-atom pair, in addition, the peak width is related to the disorder 

of atoms due to vibrations and excessive thermal motion at elevated temperatures whereas 

the wider peaks suggest the broader distribution of interatomic distances. 

The Li1.03Mn1.97O4 PDF integrated data was processed using xPDFsuite to generate S(Q) and 

the PDF G(r). The pair distribution function (Gr) curves were collected between 1.5 < r < 25 Å, 

these PDF data was then truncated at Qmax= 22.0 Å-1 which was found to be an acceptable 

range of Q to maximize the real space resolution while avoiding termination effect. PDF 

analysis was carried out using small box method in Bruker AXS TOPAS-Academic Version 6, 

with the wavelength and peak shapes being calibrated using 640d (silicon powder) where the 

real space refinement accuracy is defined by the agreement factor Rw. 

Since the material calcined at 380 °C or 450 °C throughout was crystalline, it allows for short 

interatomic distances analysis by assigning some G(r) peaks to a pair of atoms in the average 

Fm-3m crystal structure. The PDF model shows peaks at high r-values (10 < r < 25 Å) which 

corresponds to the average structure, and the peaks at low r-values (1.5< r < 10 Å) relate to 

the local structure of the crystalline material. 

6.2.1. Undoped lithium manganese oxide PDF analysis 

 

The same samples presented in SPXRD above are the ones analysed for PDF/total scattering 

refinements. This was modeled, using a small box model, with the cubic spinel structure (with 

space group Fd-3m) as was used for the X-ray diffraction patterns. The PDF refinements 

confirm the presence of the cubic spinel phase without any impurities in the local structure 

(Fig.6.5). Diaz-Lopez et al. [2] presented local structure and lithium diffusion pathways in 

Li4Mn2O5, showing the first big peak around 2 Å allocated to the overlap of Mn-O and Li-O 

nearest neighbor distance, with the small peaks related to the second peak just below 3 Å 

allocated as Mn-Li and Mn-Mn bonds overlapped, it was noted that the third peak about 3.5 

Å is allocated to an overlap of Mn-O and Li-O. These peaks were also clearly observed in 

Li1.03Mn1.97O4 calcined at 380 °C or 450 °C (Fig.6.5). Ammundsen et al. [3] reported LiMn2O4 

refined by EXAFS showing Mn-O as the first coordination shell due to the shortest interatomic 

distances (r = 1.904 Å) followed by the second coordination shell related to Mn-Mn (r = 2.841 
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Å); also clearly related to Li1.03Mn1.97O4. These coordination shells were also confirmed by 

Yany et al. [4] when studying Li2MnO3 electrode structure.  

Li1.03Mn1.97O4 material calcined at 380 °C or 450 °C shows the first peak related to the Mn-O 

coordination shell around 2 Å, with the second peak just below 3 Å related to the Mn-Mn 

coordination shell. Lee et al. [5] reported that the higher the oxidation states of Mn decreases 

the Mn-Mn bonds which will cause changes in the Mn-O bond distances indicates if there is 

lithium extraction in the structure during different degrees of oxidation-reduction of LiMn2O4 

From the PDF refinements, the local structure reasonably interprets the experimental G(r) 

which displayed that lithium, manganese, and oxygen atoms retained their atomic positions 

of 8a, 16d, and 32e respectively, according to the Fd-3m symmetry. Here manganese atoms 

are coordinated to six oxygen atoms with approximately equal Mn-O distances which resulted 

in the first coordination shell and the second shell is formed by six approximately equal Mn-

Mn distances in neighboring octahedral sharing edges of [MnO6] as discussed by Ammundsen 

et al [3]. 
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Figure 6.5: Small box refinements of PDF data for Li1.03Mn1.97O4 prepared from  [MT]:[Cit] = 1: 1 with 
space group Fd-3m of a cubic spinel crystal structure with samples calcined at (a) 380 °C, and (b) 450 

°C. The absence of phase correction on the peaks means they are displayed ~0.4 Å lower than the 
structural values. 

Both local structure PDF models of 380 °C and 450 °C were in good agreement with the refined 

structure which results in a reasonable fit based on the statistical Rw in Table.6.5. When 

observing the PDF models in the high r-value range, it shows that the average structure in 

XRD and PDF are in good agreement (lower r-values show the local structure and high r-values 

shows the average structure in PDF).  
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Table 6.3: Lattice parameters and crystallite size of 1:1 total metal ion to citric acid ratio of 

Li1.03Mn1.97O4. 

Calcination temperature 

(°C) 

Lattice parameter (Å) Rw (%) 

380 8.1652(3) 12.15 

450 8.1607(2) 12.02 

 

6.2.2. Al-doped lithium manganese oxide PDF analysis 

 

The PDF refinements of LiAl0.4Mn1.6O4 (from using [MT]:[Cit] = 1:1) is similar to that observed 

in the undoped material with a cubic spinel phase and space group Fd-3m without any distinct 

impurities noted in the average or local structure (Fig.6.6). The local structure interprets the 

experimental G(r) which displayed that lithium atoms are situated in the 8a sites and 

aluminium atoms partially replacing some of the Mn atoms in the 16d sites and the oxygen 

atoms retaining their atomic positions of 32e, the first coordination shell correspond the Mn-

O nearest neighbor distance just below 2 Å and based on Diaz-Lopez et al. [2] Mn-Mn overlap 

with Mn-Al overlap just below 3 Å in the second coordination shell based on the Fd-3m 

symmetry. For the local structure models, there was good agreement between the calculated 

and measured structural data. For the PDF results at the high r-values, it shows that the 

average structure perfectly fit the collected data which reveals an agreement between the 

XRD and PDF crystallographic information. 

The PDF refinement exhibits the lattice dimension contraction as the calcination temperature 

was increased from 380 °C to 450 °C (Table 6.4), and the lattice parameters obtained by XRD 

and PDF are in good agreement and show a similar trend which was noticed from the XRD 

diffraction patterns –  the lattice parameters decrease with calcination temperature increase. 

Table 6.4: Lattice parameters and Rw for LiAl0.4Mn1.6O4 synthesised using 1:1 total metal ion to citric 

acid ratio. 

Calcination temperature 

(°C) 

Lattice parameter (Å) Rw (%) 

380 8.1581(2) 11.78 

450 8.1567(4) 11.65 
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Figure 6.6: Small box refinements of LiAl0.4Mn1.6O4 prepared from 1:1 total metal ion to citric acid ratio 
with space group Fd-3m of a cubic spinel crystal structure with samples calcined at (a) 380 °C, (b) 450 
°C, the absence of phase correction on the peaks are displayed ~0.4 lower than the structural values. 

6.3. Conclusion 
 

The X-ray total scattering local and average structure analysis was achieved by small box 

modelling showing Mn-O and Mn-Mn bond distances on the first and second coordination 

shell was similar to those obtained from literature. The local structure refinement of metal 

oxides prepared using the nitrate precursors exhibits a good agreement between the 
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experimental G(r) and the calculated structural model which confirm a formation of a cubic 

spinel structure of space group Fd-3m. Li1.03Mn1.97O4 and LiAl0.4Mn1.6O4 were thus already 

obtained from calcining precursors at 380 °C or 450 °C with a very slight discrepancies on the 

local structure. A good correlation between the local and average structure was noticed from 

the lattice parameters following the Rietveld refinements. 
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Chapter 7: Conclusion 

 

In this investigation, lithium-rich lithium manganese metal oxide (Li1.03Mn1.97O4) and an 

aluminium doped lithium manganese oxide (LiAl0.4Mn1.6O4), both with a cubic spinel-based 

structure were synthesized using a sol-gel method and studied in the same conditions. The 

materials were successfully synthesized using both metal nitrate and metal acetate salts as 

starting materials, with citric acid as the complexing agent. The metal ions were mixed in 

correct stoichiometric amounts and dissolved in distilled water before the citric acid was 

added in varying concentrations. The sol-gel method allowed for a low-temperature, simple, 

and quick synthesis route that can be easily repeatable. 

A mixture of the starting materials formed a gel paste when left on a hot plate at low 

operating temperatures up to 120 °C in a fairly short period to produce a precursor with good 

homogeneity. The gel precursor was dried at 140 °C for 5 hours and exhibited a crystalline 

phase of -aqua-S-citrato(2-)­manganese(II) [Mn(C6H6O7)(H2O)], indicating initial metal-

ligand complex formation. The TGA of the dried starting precursors showed multiple 

decompositions, where the decomposition of organic and nitrate components occur in two 

separate steps with the first exothermic peak at around 300-350 °C shows the removal of the 

nitrates and the second indicates the removal of the organic content at around 350-380 °C. It 

was noteworthy that when the precursor materials are prepared using the nitrate salts, the 

sought-after metal oxide forms at the moderate temperature of 380 °C, as the TGA indicates 

that the material is stable with no further mass loss. For precursor materials prepared using 

the acetate salts, the metal oxide forms at a slightly higher temperature of 400 °C. 

The Rietveld refinements of the Al-doped and undoped metal oxides show a comparable 

response with no apparent consequence on the phase formation, where the cubic spinel 

crystal structure of space group Fd-3m was observed when calcined at moderate 

temperatures, namely 380 °C, 400 °C, 500 °C and 600 °C for nitrate-based precursors. 

However, when increasing the calcination temperature to 800 °C, the undoped materials form 

an additional monoclinic phase of dilithium manganate as an impurity, while the aluminium 

doped material showed structural stability with not additional phases being detected. When 

calcining the acetate-based precursors below 400 °C, an amorphous material was observed 

with the sought-after metal oxide only forming at temperature 400 °C as above as supported 

by the STA data. Increasing the calcination temperature to 800 °C does not show any 

formation of impure phases. 

A slight shrinkage in the lattice dimensions was observed when increasing the calcination 

temperature which is likely due to more ordering in the unit cell, and this also relates to the 

crystallite size which increases with increasing calcination/annealing temperature. When 

comparing lattice dimensions between the undoped and Al-doped samples, it was noted that 

doping with aluminium reduces the lattice parameters as the smaller Al3+ ions partially 

substitute the larger Mn ions. It was evident that metal oxides prepared from nitrate 
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precursor of [MT]: [Cit] = 1: 1 have high crystallinity and retained about 30% mass after 

decomposition than other materials. 

When comparing the analysis of the PDF models against that of the XRD patterns, it was found 

that they are in good agreement, meaning the local and average structures are consistent. 

The PDF small box refinements difference plot has resulted in a better-quality fit with fewer 

discrepancies between the observed and calculated model. In conclusion, this demonstrates 

that it is possible to use the nitrate salts as starting materials to produce the desired lithium 

metal oxide at moderate temperatures using a 1:1 total metal ion to citric acid ratio (i.e. 

excess citric acid is not required).  

Future work 

Using this approach, 30% of the initial mass (of the dried precursor) was retained, thus further 

investigation into the in-situ XRD measurements as a function of temperature is worth 

considering to carefully track the phase changes as a function of temperature from room 

temperature to 850 °C. A flow cell design is worth completing to be able to perform accurate 

in-situ XRD measurements in the laboratory with high signal-to-noise ratio for better 

understanding of the data. 
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Appendices 

 

Appendix 1: Furnace Calibration 
 

When working with battery materials, it is critical to accurately control and maintain the 

temperature of the furnace used when preparing the metal oxides. This calibration aimed to 

gain confidence in the proportional integral derivative (PID) controller (the digital 

temperature control of the furnace) by comparing the measurements of the PID controller 

with an independent measurement taken by another device. During this calibration, a 

thermocouple connected to a digital thermometer was utilized. 

The tube furnace used employs a differential thermocouple which measures temperatures at 

two regions in the tube and uses the average as the actual furnace temperature. Different 

heating rates give different error margins between the set temperature and the actual 

temperature of the furnace. This was observed when heating at a fast rate (20 °C/min), the 

actual temperature reading surpasses the set furnace temperature by 150-270 °C depending 

on the set temperature. When heating at a slow rate (5 °C/min) the actual temperature will 

surpass the set temperature by only 5 to 8 °C depending on high the temperature was set. At 

higher temperatures (about 600-900 °C) a significant discrepancy was observed resulting in 

higher error margins compared to the lower temperature range (about 400-500 °C). 

Therefore, a heating rate of 5 °C/min was always used. The temperature of a tube furnace 

can also be affected by the environments temperature since the air can easily flow through 

the tube if the sides are open (even if the furnace room door is closed).  

When doing the calibration, the external thermocouple was placed inside the tube, in the 

middle where the boat crucible is usually placed during the heating process so that the change 

in temperature was analysed in the same spot where the material to be calcined was placed. 

The calibration curve for the tube furnace (Fig.A1) shows that when heating at high 

temperatures there is a slight discrepancy between the temperature from the external 

thermocouple and the furnace set temperature, however, a straight-line relation was still 

observed.  it is easier to estimate the set temperature was thus adjusted using the relationship 

below so that the sample is at the wanted temperature:  

𝑇(𝑠𝑒𝑡 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) = 0.9582 ×  (𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) − 2.9286.  
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Figure A1: Tube furnace calibration curve showing the true values (Set temperature) and ideal values 
(desired temperature) 
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Appendix 2: Flow cell design 
 

Part of this project was to design and construct a versatile flow cell that can be used to do in-

situ X-ray diffraction measurements of various solid-state materials as a function of 

temperature. The flow cell will be used in a conventional laboratory powder X-ray 

diffractometer which has the space and configuration to accommodate it. The idea is to allow 

for accurate temperature control of the gradient heater that is mounted between the sample 

capillary. The configuration of the flow cell is such that X-rays can reach a portion of the 

heated capillary to continuously measuring the data.  

The flow cell is designed (Fig.A2.1) with precise measurements of mounting blocks to be 

assembled by ground rods; the sample capillary is mounted on the Swagelok fitting. The 

gradient heater was designed by uniform winding of heating wire (kanthal wire) on the 

ceramic bar and placed the heat shields to minimize heat loss, these heating elements are 

mounted above and below the sample capillary to better temperature control.  

 

Figure A2.1: A flow-cell design used with associated components/ parts [1]. 

The flow cell was not completed, but the engineering drawings used to designed parts of the 

cell (done using Autodesk Fusion 360) are presented in Figures A2.2 -A2.4. 

Sample capillary

Kanthal (FeCr Al alloy) wire

Ceramic bar

Moun ng block

Moun ng block

T‐piece

Furnace piece

Swagelok   ng

Gradient heater
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Figure A2.3: Flow cell Block 1 design 

 

Figure A2.4: Flow cell Block 2 design 
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Figure A2.5: Flow cell rod design 

After blocks 1 and 2 were designed, they were machined using stainless steel as shown in 

Fig.A2.5. Kanthal wire was purchased to use as the heating element. This will be formed into 

a coil which will fit around the capillary which contains the sample. Completion of the flow 

cell and further testing of the device is still required. 

  

Figure A2.6: A flow cell design incorporating the block designs and a rod 
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