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Abstract 
 

The commercial demand for high-capacity batteries is driven by the 300-mile driving range that is 

expected for electric vehicles, which equates to a cell-energy density of 300 Wh kg-1 and a material 

specific capacity of ~200 mAh g-1. Nickel-manganese-cobalt (NMC-811) is a cathode material that can 

achieve a practical capacity of 180-200 mAh g-1, but one obstacle to its commercialisation is the long 

synthesis durations and its sensitivity to reaction conditions. This thesis investigates alternative 

synthesis methods for NMC-811 using microwave technology to reduce the reaction time, energy 

consumption during the reaction and increasing the throughput of NMC-811 synthesis making its 

synthesis procedure more environmentally friendly. Specifically, the application of a microwave 

reactor to the synthesis of Ni0.8Mn0.1Co0.1(OH)2 precursor is investigated, as well as the application of 

a microwave furnace during the calcination of the precursor to form the cathode active material, 

LiNi0.8Mn0.1Co0.1O2. Due to the alternative mechanism behind the heating of the system, the 

crystallographic, morphological, and electrochemical properties of the resultant materials were 

examined to establish any differences between the conventional and microwave syntheses. 

 

In this thesis, Chapters 1 and 2 introduces the background literature behind lithium-ion batteries, 

microwave heating, experimental techniques, and other related topics. Chapter 2 also details the 

experimental methods conducted in this work. Chapter 3 investigates an alternate calcination 

procedure that utilises a microwave furnace and an alternative lithium source, Li2O2 to optimise the 

synthesis pathway for microwave heating. Chapter 4 validates this alternative calcination pathway 

using electrochemical half-cell testing to evaluate the capacity yielded from the cells, the capacity 

retention, impedance, and diffusivity of samples to evaluate the optimised microwave calcination 

procedure. Chapter 5 discusses the hydrothermal synthesis of Ni0.8Mn0.1Co0.1(OH)2 using a 

microwave reactor and the optimisation of this reaction. Chapter 6 develops the novel 

microwave-assisted co-precipitation synthesis of Ni0.8Mn0.1Co0.1(OH)2, involving the design and 

commissioning of the Microwave Stirred Tank Reactor (MiSTR). Chapter 7 and 8 concludes the 

findings in this work and discusses the future work associated with this research; namely the 

addition of oxygen to the microwave furnace system during calcination and further development of 

the microwave stirred tank reactor and developing the design and operating procedure. 
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1.  Introduction 
 

An increase in worldwide energy demand during the ongoing climate crisis has induced a societal 

pressure to reduce carbon emissions ǿƘƛƭŜ ƎŜƴŜǊŀǘƛƴƎ ƳƻǊŜ ŜƴŜǊƎȅ ŦǊƻƳ Ψƭƻǿ-ŎŀǊōƻƴΩ ŜƴŜǊƎȅ 

sources. According to the Stated Policies Scenario (STEPS), which uses the progress of government 

policies and targets to predict their energy generation and usage, the share of global renewable 

electricity generation was expected to increase from 28% to 65% of total electricity generated by 

2050. This translates to an increase in generation from 28,334 TWh to 49,845 TWh [1]. 

 

Variable renewable energy sources, such as solar or wind, are a key part to this strategy, with the 

share of solar and wind energy being generated worldwide predicted to increase from 10.1% to 

68.9% by 2050, but they require stationary grid scale to support the electrical supply from these 

intermittent sources [1], [2], [3]. Grid scale electrical energy storage from renewables can be 

achieved using batteries and aid frequency response, which moderates the frequency of alternating 

current (AC) power to 50 Hz as well as supplement energy supplies during 30-minute duty periods 

[4]. Lithium-ion batteries have been a key part of this energy storage movement since their first 

commercialisation in the 1990s, and currently have 27 GW of global battery storage capacity [1]. 

 

While the use of lithium-ion batteries for stationary storage applications is important, they have 

garnered much more interest publicly in the field of portable electronics and vehicular powertrains 

as they present an energy dense solution, both with respect to weight and volume. Research into 

lithium-ion battery electrode chemistries have helped develop the power and lifetime of electronic 

devices, including mobile phones, laptops, and electric vehicles (EVs). Recent developments into 

cathode materials have allowed the energy density of Li-ion batteries materials to reach 760 Wh kg-1 

at pack level (or 180-200 mAh g-1 at material level), which is the threshold for EVs to have a range of 

300 miles, which mitigates some consumer barriers over range anxiety [5]. This coincides with 

governmental phasing out internal combustion engine (ICE) vehicles and STEPS prediction estimating 

that transport electrical demand will increase from 441 TWh (1.8% of total demand) to 3,607 TWh 

(8.3% of total demand) by 2050 and the prediction that there will need to be 1,000 GW of global 

battery storage to help facilitate this [1].  
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Figure 1.1: A Ragone Plot depicting the relative energy and power densities of different energy 

ǎǘƻǊŀƎŜ ƳŜŎƘŀƴƛǎƳǎΣ ǿƘŜǊŜ tI{ ƛǎ ΨtǳƳǇŜŘ IȅŘǊƻŜƭŜŎǘǊƛŎ {ǘƻǊŀƎŜΩΣ ±wC. ƛǎ Ψ±ŀƴŀŘƛǳƳ wŜŘƻȄ Cƭƻǿ 

.ŀǘǘŜǊȅΩΣ ŀƴŘ {a9{ ƛǎ Ψ{ǳǇŜǊŎƻƴŘǳŎǘƛƴƎ aŀƎƴŜǘƛŎ 9ƴŜǊƎȅ {ǘƻǊŀƎŜΩΦ wŜǇǊƻŘǳŎŜŘ ŘǳŜ ǘƻ // .¸ пΦл 

licensing [6]. 

 

The demand for these cathode active material batteries drives an increase in manufacture 

throughput for these materials. Traditional approaches often require high reaction temperatures 

and long reaction times. For example, the use of kilns in the production of the layered cathode 

material LiNi0.33Mn0.33Co0.33O2 was reported to be the majority contributor to the 4 kWh kg-1 energy 

production requirement [7]. One novel way of reducing these costs and potentially delivering high 

throughput manufacturing is through the use of microwaves, which can theoretically reduce the 

reaction time and energy consumption due to their rapid heating properties. This thesis investigates 

nickel rich cathode materials, the common synthesis methods, and how microwave technology 

during preparation can aid the development of high-throughput synthesis methods for these 

materials. 

 

1.1 ς Lithium-Ion Battery Principles 
 

Electrochemical energy storage utilises the energy involved in oxidation and reduction reactions to 

generate electrical charge which can conduct current through and external electrical circuit, and 

power devices such as phones, laptops, and electric vehicles. Alkali metals such as lithium (and 

sodium in the case of sodium-ion batteries) exist within a transition metal positive electrode 
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(cathode) and can be transferred to a negative electrode (anode) with a higher energy state during 

charging. This stored energy was released during discharging, with the alkali metals dissociating into 

ions and electrons, the latter being directed through the external circuit to conduct work, as 

depicted in Figure 1.2. The ions migrate from the anode, through a porous separator (e.g. glass fibre) 

using the electrolyte as an ionic medium and intercalate into the cathode, triggering a reduction 

reaction. This process is reversible in lithium-ion batteries, allowing the cell to be charged and 

discharged multiple times ς i.e. a rechargeable battery. 

 

As with the first voltaic cells pioneered by Alessandro Volta in the early 19th century, the two 

electrodes are connected by an ionically conductive and electrically insulative salt bridge, or 

electrolyte, and a porous separator to force the electrons generated to travel via the external 

electrical circuit whilst allowing the transfer of alkali metal ions through the electrolyte to facilitate 

the reversible operation of the cell. 

 

Lithium-ion battery technology was first conceived in the 1970s, where lithium was reversibly 

intercalated into a titanium disulphide (LiTiS2) layered framework. This concept was later evolved by 

John Goodenough et al. in 1980, who developed the lithiated transition metal oxides (LiMO2, where 

the transition metal(s) is ŘŜƴƻǘŜŘ ōȅ ΨMΩύ ŎŀǘƘƻŘŜǎ ƛƴ ǘƘŜ ŦƻǊƳ ƻŦ ƭƛǘƘƛǳƳ Ŏƻōŀƭǘ ƻȄƛŘŜ ό[ƛ/ƻh2, LCO). 

This technology was then commercialised by Sony in the 1990s after research into a safe anode 

material was successful [8], [9]. The development of the cathode chemistry has been instrumental to 

commercial success of lithium-ion batteries, due to the contribution to the overall capacity of the 

battery the cathode has, with the transition metal chemistries and their synthesis being of particular 

relevance to this work.  
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Figure 1.2: A schematic of a Li-ion battery, with a lithium cobalt oxide (LiCoO2) cathode and graphite 

as the negative anode. The figure shows the electronic and ionic direction of flow during charge 

(green) and discharge (black). Reprinted with permission from [10], Copyright 2015, American 

Chemical Society. 

 

1.1.1 ς Battery Components 

 

Lithium ions are stored at two electrodes within the cell: the cathode and anode. The cathode often 

comprises a lithium-transition metal crystal structure that stores lithium ions at low energy in a 

ΨŘƛǎŎƘŀǊƎŜŘΩ ǎǘŀǘŜΤ ǿƘŜǊŜŀǎ ǘƘŜ ŀƴƻŘŜ was typically made up of a lithium-ion store for the high 

energy, ΨŎƘŀǊƎŜŘΩ ǎǘŀǘŜΦ .ƻǘƘ ŀƭƭƻǿ ǘƘŜ reversible insertion and deintercalation of lithium ions during 

the cycling process and are adjoined to metal current collectors, which aid conductivity between the 

electrodes and external electrical circuits. The two electrode terminals are physically separated by a 

porous membrane soaked in an ionically conductive, electron-insulative electrolyte, typically a 

lithium salt dissolved in a combination of organic solvents. 

 

Typical cathode active materials consist of a transition metal crystalline structure with lithium 

intercalated into positions within the lattice. The transition metal composition of the cathode can 

reversibly undergo oxidation and reduction (redox) reactions to balance the charge indifference in 
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the discharge (lithiated) and charged (delithiated) states by changing the oxidation states of the 

transition metals. The stable nature of the lithium within the transition metal structures means that 

electrical energy is needed to separate the lithium atoms into ions and electrons, which initiates the 

battery charging process. The crystallography of the cathode can impact the number of lithium ions 

per unit cell and therefore charge density, with the arrangement of transition metals and anions 

affecting the size of the migration channels, and consequently the ease of lithium (de)intercalation.  

 

There are three types of crystal structure that are typically used as cathode materials: layered, 

spinel, olivine and rocksalt [10]. The layered crystal structure, depicted in Figure 1.3.a), has parallel 

layers of redox-active transition metals (such as Ni, Mn, and Co) or non-redox-active metal dopants 

and lithium atoms. This structure has 2-dimensional channels between the transition metal layers 

for the lithium-ion migration during (de)lithiation but incurs greater mechanical stress than olivine 

and spinel structures during this process due to unit cell expansion/contraction. Olivine and spinel 

structures have a non-lithium structure that spans the a-, b-, and c- axis, permitting lithium-ions to 

migrate in/out of the structure via 1-dimensional channels. Olivine structures, depicted in Figure 

1.3.b), consist of tetrahedron molecular ions (e.g. PO4) connected by an associated cation (e.g. Fe) 

and arranged in a close-packed hexagonal array to form an orthorhombic system. Spinel structures 

consist of two cations (e.g. Mn2+, Mn3+, Fe2+) bound within two sub-lattices: one tetrahedral, one 

octahedral, resulting in a face-centred cubic symmetry. The rocksalt structure is also a face-centred 

cubic structure but ǇǊŜǎŜƴǘǎ ŀǎ ŀ Ψо-ŘƛƳŜƴǎƛƻƴŀƭ ŎƘŜǎǎōƻŀǊŘΩ ǿƛǘƘ Ŏŀǘƛƻƴǎ ŀƴŘ ŀƴƛƻƴǎ ŀƭǘŜǊƴŀǘƛƴƎ ƛƴ 

the a-, b-, and c- axes. Due to the absence of sites that can facilitate movement of lithium ions, these 

ƳŀǘŜǊƛŀƭǎ ŀǊŜ ƴƻǘ ŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭƭȅ ŀŎǘƛǾŜ ǳƴƭŜǎǎ ǘƘŜȅ ŀǊŜ ΨŘƛǎƻǊŘŜǊŜŘΩ, in which ordering defects are 

engineered to produce lithium channels within the crystal structure.  

 

The theoretical specific capacity attained from an electrochemically active material is measured by 

the charge transferred per mass of electrode material, calculated using Equation 1.1 below. This 

results in a theoretical specific capacity of layered oxide materials such as LiCoO2 (LCO) and LiNiO2 

(LNO) of 273-275 mAh g-1. Spinel materials such as LiMn2O4 and olivine materials such as LiFePO4, 

seen in Figure 1.3.b) and c), have less lithium ions per unit cell than the layered transition metal 

oxide material and a smaller theoretical specific capacity of 148.2 and 169.9 mAh g-1 respectively 

[11].  

 

      ὝὬὩέὶὩὸὭὧὥὰ ὧὥὴὥὧὭὸώ άὃὬ Ὣ
   

   ᶻȢ  
               Equation 1.1. 
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Spinel materials (e.g. LixMn2O4) and olivine materials (e.g. LiFePO4, LFP) are typically cheaper than 

layered and rocksalt oxides due to the absence of expensive materials such as cobalt [12]. These 

materials have increased structural and mechanical stability due to the arrangement of transition 

metals seen in Figure 1.3.b) and c), with minimal movement within the structure during 

(de)lithiation. Rocksalt materials have a similar structural stability, with the 3-dimensional 

ΨcheckerboardΩ crystal structure having minimal movement during (de)lithiation. Transition metal 

layered structures, depicted in Figure 1.3.a), experience collapsing and swelling between the 

transition layers during repeated Li+ (de)insertion which can cause defects in the structure and 

degrade the capacity of the cell. To maximise the capacity and lifetime of these materials, a 

combination of metals substituents has been used to stabilise the layered structure, with two more 

popular chemistries being nickel-manganese-cobalt (NMC) and nickel-cobalt-aluminium (NCA).  

 

 

Figure 1.3: The crystalline structure of (a) layered LiNi0.8Mn0.1Co0.1O2, [11]; (b) olivine LiFePO4, [12]; 

and (c) spinel LiMn2O4, [13]. Green atoms are lithium, red atoms are oxygen, blue atoms are the 

nickel-manganese-cobalt mixture, brown atoms are iron, grey atoms are phosphorous and purple 

atoms are manganese. All figures were visualised using Vesta version 3.5.8 [14] using CIF files. 

 

The anode is the negative electrode that typically consists of lithium metal, graphite, or silicon. 

Graphite is the most common anode used in commercial settings due to its high theoretical capacity 

of 372 mAh g-1 and its ability to recover close to 100% of the charge after the first cycle [15] [16]. 

Lithium nucleation can occur at the surface of the graphite anode and inhibit its performance by 

introducing a parasitic side reaction that results in a loss of lithium inventory. Lithium dendrite 

formation can also occur, lead ǘƻ ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ǘƘŜ ŎŜƭƭΩǎ ŎŀǇŀŎƛǘȅ, and the eventual short-circuiting 

of the cell should the dendrite penetrate the electrode separator [17]. 
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Lithium metal is ƻŦǘŜƴ ǳǎŜŘ ƛƴ ŜȄŎŜǎǎƛǾŜ ǉǳŀƴǘƛǘƛŜǎ ŘǳǊƛƴƎ ǊŜǎŜŀǊŎƘ ƛƴ ΨƘŀƭŦ ŎŜƭƭǎΩ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ 

capacity and electrochemical qualities of the cathode by acting as the counter and reference 

electrode [18], [19]. Lithium metal has the potential as a commercial anode due to its low density 

and high specific capacity of 3,680 mAh g-1, but the cathode: anode ratio needs to be moderated to 

prevent the formation of lithium dendrites [20] [21]. The negative/positive (N/P) ratio used in full 

cell experimentation was typically 1.09-1.13 which minimises the growth of lithium dendrites and 

related loss of reversible capacity [19] [22]. 

 

Silicon is an alternative anode chemistry being researched, with it possessing a high specific capacity 

of 3,579-4,200 mAh g-1, depending on the molar ratio of lithium to silicon (with up to Li4Si being 

achieved) [23]. Lithiation of the silicon structure causes a significant volume increase of up to 

270-300% which can cause a number of problems including destruction of particles and the SEI layer. 

The swelling of the silicon during lithiation can disconnect the active material from the electrical 

contacts and rupture the cell, releasing toxic and flammable components of lithium-ion batteries. 

The increase in specific capacity was an incentive to investigate this technology, with silicon particle 

size, morphology and composition being investigated in order to mitigate the detrimental volume 

changes [24] [25]. 

 

The electrolyte generally consists of a lithium salt that permits the migration of lithium ions across 

the porous separator between electrodes during cycling. The electrolyte can be in solid or liquid 

phase, the former having poorer ionic conduction but was more resistant to lithium dendrite growth 

but typically has a poor electrode-electrolyte interface due to the poor contact between the two 

solid crystalline structures [26], [27]. The latter is more common variation of electrolyte that was 

applied commercially but aqueous organic compounds are flammable, especially when in contact 

with oxygen.  

 

Electrolytes can also become unstable at higher voltages and high charge rates, which can cause 

reactions and ignitions within the cell. At high voltages and charging rates, parasitic reactions 

between the cathode and electrolyte can occur and produce gaseous products, causing volumetric 

swelling of the cell. Additionally, at the anode, lithium plating can occur and destabilise the 

carbonate solvents in the electrolyte, causing reduction and increased impedance [28]. 

Consequently, managing the operational voltage window and charging rate was important for 

battery life and safety. 
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1.1.2 ς Battery Operation 

 

The anode and cathode material are typically synthesised in their low-energy discharged form, 

meaning the cathode is fully lithiated and the anode is not (except in the case of lithium metal 

anodes). Charging the electrochemical cell involves inputting electrical energy to dissociate the 

lithium atom into a lithium ion and an electron, which migrates through the electrolyte and external 

electrical circuit respectively to form the high-energy charged lithiated anode, as described in 

Equations 1.2-1.4 and exemplified by the LiCoO2-graphite system depicted in Figure 1.2. The cobalt 

layer undergoes a Co3+/4+ redox reaction in the low-energy t2g band. Other transition metals used in 

cathode materials, Ni3+/4+ and Mn3+/4+, undergo the redox reaction in the higher eg energy level to 

minimise the overlap with the O2p, which risks oxidising the oxygen, resulting in the loss of chemical 

stability and oxygen from the crystal structure during cycling [29], [30], [31], [32]. The density of 

states diagram is included in Appendix A.1 [31]. This potential electrical energy is deployed during 

discharge where electrons flow from the lithiated graphite anode to the more stable cathode by 

conducting electrical work in an external electrical circuit [10]. The intercalation of lithium ions 

(lithiation) back into the cathodic material occurs concurrently and incurs a reduction reaction 

demonstrated by the reversibility of reactions described in Equations 1.2-1.4 below. 

 

ὃὲέὨὩ ὶὩὥὧὸὭέὲȡ         ὅ ὲ ὒὭ ὲ Ὡ  P ὒὭὅ    Equation 1.2. 

 

ὅὥὸὬέὨὩ ὶὩὥὧὸὭέὲȡ     ὒὭὅέὕ  P ὒὭ ὅέὕ ὲ ὒὭ ὲ Ὡ   Equation 1.3. 

 

ὅέάὴὰὩὸὩ ὶὩὥὧὸὭέὲȡ     ὒὭὅέὕ  ὅᴾὒὭ ὅέὕ ὒὭὅ  Equation 1.4. 

 

The transfer of stored electronic charge (Q) during cycling requires a current (I, where ὗ Ὅz ὸ) 

with the energy density of the cell (W) proportional to the electrode potential difference (V) within 

the cell (where ὡ ὠ ὗz). The storage of this electronic charge (Q) at the electrodes was defined 

as the capacity and was dependent on the degree of lithium (de)intercalation at the anode and 

cathode, with the charging capacity and discharging capacity being named accordingly. From a 

material level, the number of lithium ions that migrate per mole of material correlates to the specific 

(practical) capacity of a material, which cannot exceed the theoretical specific capacity described in 

Equation 1.1. This characteristic was ŎǊƛǘƛŎŀƭ ŀǘ ŀ ƭŀǊƎŜ ǎŎŀƭŜ ǘƻ ǎŀǘƛǎŦȅ ǘƘŜ ΨǊŀƴƎŜ ŀƴȄƛŜǘȅΩ ŘŜƳŀƴŘŜŘ 

by current consumers of lithium-ion battery powered devices such as electric vehicles.  
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One factor that helps determine the energy density of a material is the voltage at which the redox 

reactions occur. A redox reaction will occur at set voltages depending on the energy levels of the 

electrons orbiting a transition metal, with different elements and oxidation states transitions 

occurring at different voltage windows [30], [31]Φ ! ŎŜƭƭΩǎ ǾƻƭǘŀƎŜ ǿƛƴŘƻǿ Ƴŀȅ ŜƴŎƻƳǇŀǎǎ ƳǳƭǘƛǇƭŜ 

redox reactions, enhancing the energy density of the cell chemistry, but if the voltage was too high it 

can cause parasitic reactions between the cathode and electrolyte, causing loss of capacity and 

hazardous electrolyte decomposition. Consequently, a balance needs to be struck between upper 

cut-off voltage, which enhances the energy density if a higher voltage was used, and the mitigation 

of these degrading mechanisms which can hamper cell lifetime capabilities [33].  

 

Typically, this is determined by the level of delithiation and the subsequent effect on the cathode 

structure, with a maximum state of charge (SOC) or depth of discharge (DOD) being determined. This 

also relates to over-charging/ over-discharging the battery, when charging occurs after the 

maximum SOC was achieved and forces lithium ions to be extracted from the cathode, saturating 

the anode, and causing structural weaknesses in the cathode [34]. Limiting the SOC range from 

0-100% DOD to 10-70% can help avoid overpotential and polarization of the voltage profile (which 

results in the deviation from the electrochemical equilibrium), particularly if the upper cut-off 

voltage was limited and the lower cut-off voltage was reduced. This has a pronounced effect on 

increasing the cycling stability of the materials, reducing the capacity loss of Li(Ni0.76Co0.14Al0.1)O2 

over 2500 cycles from 33.5% to 1.5% (at 25 ɕC, 1C) [35], [36].  

 

The lifetime of the cell, or capacity retention, is a measure of a ŎŜƭƭΩǎ ŀōƛƭƛǘȅ ǘƻ ǊŜǘŀƛƴ ƛǘǎ ŎŀǇŀŎƛǘȅ ƻǾŜǊ 

a number of cycles. This characteristic can be affected by the voltage window (as described above), 

the temperature at which the cell was cycled, and the current applied (i.e. cell cycling rate). As 

temperature increases from 25 °C to 55 °C, it has been observed by Noh et al. and Harlow et al. that 

the capacity retention decreases, irrespective of cathode material and whether the cells have been 

cycling or stored [37] [38]. This increase in temperature facilitates a kinetically favourable 

environment that allows further delithiation, but encourages side reactions between the cathode 

and electrolyte, which results in a partially reversible phase transition from the desired O3 phase to 

the O1 phase, with the contraction of the c-axis hindering the re-intercalation of lithium ions into the 

delithiated structure [39], [40]. 
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Slower charging rates enables high capacities and capacity retentions to be achieved upon charging 

and discharging [17]. Faster charging rates generate more heat and chemical instability within the 

cathode material and cathode-electrolyte interfaces, with an increased rate of parasitic reactions 

and lithium nucleation at the anode occurring [17]. Rate capability is a common test to analyse the 

performance of a material over a range of charging rates. The test involves cycling a cell for a set 

number of cycles at a slow cycling rate (known as C-rate) and repeating the cycling regime at faster 

C-rates to analyse the effect on the specific capacity yielded from the material, which typically 

decreases with an increase in C-rate [41] [42] [43]. A balance between energy density (i.e. specific 

capacity yielded from a cell) and power density (i.e. (dis)charging rate) needs to be found to account 

for the main consumer anxieties, which are the EV range and charging time [5]. 

 

 

1.2 ς Development of Nickel-rich Cathode Materials 
 

The first commercialised lithium-ion battery used a lithium cobalt oxide (LiCoO2, LCO) cathode 

centred around the Co3+/Co4+ redox reaction at 4-5 V and ignited research into the lithiated 

transition metal oxide chemistries [8]. The pseudo-cubic array of anions and layered crystalline 

structure of LCO allows a dense storage of lithium ions whilst allowing 2-dimensional channels for 

the lithium ions to (de)intercalate into/out of the material between the transition metal layers. This 

produces an a-b layered plane of transition metal oxide and lithium respectively that was stacked in 

the c-plane. This was equivalent to other transition metal oxide layered materials such as LiNiO2, 

LiNixMnyCozO2 and LiNixCoyAlzO2, the structure of which can be seen in Figure 1.4. 
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Figure 1.4: The crystallographic structure of lithium nickel-manganese-cobalt 8:1:1 oxide, which has 

ŀ ƭŀȅŜǊŜŘ ʰ-NaFeO2 structure and may also be applied to LiNiO2, LiCoO2 and LiNixCoyAlzO2. The 

lithium ions are depicted as green, whereas the transition metals are the grey-purple-blue balls in 

the dark blue octahedral sites (in this circumstance, nickel is grey, manganese is purple, and cobalt is 

pale blue).  

 

A theoretical capacity of 274 mAh g-1 was calculated for LCO but the practical reversible capacity was 

limited to ca. 140 mAh g-1 by limiting the upper cut-off voltage to 4.2 V due to the low structural 

stability at low lithiation levels [44]. The capacity limit of 140 mAh g-1 is due to the hybridisation of 

Co3d and O2p electron bands, with the energy required to extract more lithium (capacity) resulting in 

the oxidation of the O2- ions, oxygen loss from the structure, and the resultant formation of a 

parasitic rocksalt phase [32], [45].  Increasing the cut-off voltage can increase the capacity to 

180 mAh g-1 but imposes significant lattice defects due to phase transformations in the stacking 

sequences, impeding the cycling lifetime of the material [46], [47]. While LCO revolutionised the 

portable electronics industry, ƎǊƻǿƛƴƎ ŎƻƴŎŜǊƴǎ ƻǾŜǊ ŎƻōŀƭǘΩǎ ƘƛƎƘ ŎƻǎǘΣ ǘƻȄƛŎƛǘȅΣ ŜǘƘƛŎŀƭ ŀƴŘ 

performance issues have led to further investigations where cobalt content has been reduced [48], 

[49]. Consequently, research began on alternative materials such as lithium nickel oxide and spinel 

lithium manganese oxide, the former of which showed high theoretical specific capacity 

(275 mAh g-1), but had narrower practical-theoretical discrepancies, lower cost, and toxicity [9]. 
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Lithium nickel oxide became a desirable material due to the increased practical capacity of over 

200 mAh g-1 (3.0-4.5 V), but experienced poor cycling performance when cycled above 4.2 V due to 

a contraction in the c-axis during delithiation [9] [50] [51]. The increased practical capacity for LNO 

was attributed to the increased electron stabilisation energy of the Ni3+/Ni4+ redox pair in the eg 

energy band. This band has minimal overlap with the oxygen O2p band gap, allowing more capacity 

to be obtained before oxygen evolution and loss from the structure occurs [29], [31], [47]. Above 

4.2 V, delithiation results in an absence of lithium in the LNO structure and causes a rapid c-axis 

contraction leading to the abrupt decrease in the cell volume, leading to particle mechanical strain 

at the grain boundaries between primary particles results in cracking and an irreversible loss of 

capacity [52]. 

 

The stoichiometry of LNO (Li1-zNi1+zO2) during synthesis is also important, with an increase in 

off-stoichiometry yielding lower capacities [51]. The off-stoichiometries arise as Ni3+ ions reduce to 

Ni2+ during delithiation, which can irreversibly migrate to the Li layer in a process described as cation 

mixing. Ni2+ ions migrate to the Li+ interslab layer due to the similar ionic radii of (0.69 vs 0.76 A), 

with the smaller ion causing a localised shrinkage to the ion site and the adjacent lithium sites, 

increasing the activation barrier and impeding lithium kinetics [9]. Obtaining stoichiometric LNO is 

difficult due to Ni3+ readily reducing to form Ni2+ in non-oxidising environments, with oxygen gas 

typically utilised during the calcination of Ni(OH)2 to prevent this and minimise the value of z in 

Li1-zNi1+zO2. 

 

Challenges remain with LNO due to electrochemical (surface instabilities), mechanical (volume 

change during the phase transition above 4.2 V) and thermal (decomposition of LNO when heated in 

charged state) issues. To combat these, substituents were added to form nickel-manganese-cobalt 

(NMC) and nickel-cobalt-aluminium (NCA) system, which aimed to improve cycle life and safety. The 

specific capacity acquired from these materials (180 mAh g-1 for NMC-622, 200 mAh g-1 NCA) proved 

sufficient enough for the manufacture of electric vehicles [9]. 

 

1.2.1 ς Development of NMC Materials 

 

Tertiary systems were devised to stabilise LNO, with cobalt, manganese and aluminium applied to 

form NMC and NCA cathodes. Cobalt provides structural stability, particularly under deep 

delithiation conditions where capacity-degrading mechanisms can occur while manganese offers 

increased mechanical, structural and thermal stability in NMC compounds, with the 
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electrochemically inactive Mn4+ stabilising the cathode surface, increasing the cycling stability at 

higher cut-off voltages (4.5 V) [53] [54] [55] [56]. Aluminium in the NCA system is present as 

electrochemically inactive Al3+, so is generally doped in small quantities (typically <5%) to minimise 

the capacity loss, meaning that increased cobalt content of 15% was typically used for commercial 

NCA-80:15:05. Due to the increased toxicity, expense and ethical issues associated with cobalt, 

nickel-rich cathode materials with lower cobalt content are preferred and NMC materials will be 

focussed on throughout this thesis. 

 

Nickel-manganese-cobalt (NMC) chemistries were first synthesised with an equal ratio of Ni: Mn: Co 

(NMC-111) which yielded a competitive capacity of 163 mAh g-1 compared to the alternative cathode 

materials at the time (LFP 169 mAh g-1 and LCO 150 mAh g-1, cycled at 2.5-4.3 V) [11] [38]. Due to the 

limited practical capacities that can be achieved by cobalt, and the electrochemical inactivity of 

manganese over a voltage window of 2.5-4.3 V, cathodes with a high nickel content were found to 

increase the achievable capacity of NMC materials [37]. Reducing the proportion of stabilising 

manganese and cobalt agents also leads to the thermal and mechanical stability decreasing. This is 

because as the nickel content exceeds 60%, degradation mechanisms associated with the rapid 

c-axis contraction propagates when the material is cycled above 4.2 V  [33]. Increasing the nickel 

content provides an increased capacity upon first-cycle discharge (218 mAh g-1 for 

LiNi0.9Mn0.05Co0.05O2 compared to 176 mAh g-1 for NMC-532 and 163 mAh g-1 for NMC-111), but the 

absence of stabilising dopants such as manganese and cobalt results in reduced cycle retention [57]. 

 

LiNixMnyCozO2 ƛǎ ŀ ƭŀȅŜǊŜŘ ǘǊŀƴǎƛǘƛƻƴ ƳŜǘŀƭ ƻȄƛŘŜ ǇƘŀǎŜ ǘƘŀǘ ŦƻǊƳǎ ŀƴ ʰ-NaFeO2 structure, visualised 

in Figure 1.3. Six oxygen atoms form an octahedral site occupied by a transition metal ion, which 

assemble along the ab ǇƭŀƴŜ ǘƻ ŦƻǊƳ ŀ ǘǊŀƴǎƛǘƛƻƴ ƳŜǘŀƭ ΨоŀΩ ƭŀȅŜǊΦ [ƛǘƘƛǳƳ ƛƴǘŜǊŎŀƭŀǘŜǎ ƛƴǘƻ 

ƻŎǘŀƘŜŘǊŀƭ ΨоōΩ ǎƛǘŜǎ ƛƴ ǘƘŜ ƛƴǘŜǊǎƭŀō ƭŀȅŜǊΣ ǿƛǘƘ ŜƳǇǘȅ ǘŜǘǊŀƘŜŘǊŀƭ ǎƛǘŜǎ ǎƛǘǳŀǘŜŘ ōŜǘǿŜŜƴ ǘƘŜ 

ŀŘƧŀŎŜƴǘ ƻŎǘŀƘŜŘǊŀƭ ǎƛǘŜǎΦ ¢ƘŜ ǘǊŀƴǎƛǘƛƻƴ ƳŜǘŀƭ ΨоŀΩ ŀƴŘ ƭƛǘƘƛǳƳ ΨоōΩ ƭŀȅŜǊǎ ǎǘŀŎƪ ŀƭƻƴƎ ǘƘŜ c-axis in an 

ABAB formation as the layered transition metal oxide structure forms. 

 

During delithiation, the quantity of lithium in the NMC structure decreases, consequently it is 

denoted as LifNixMnyCozO2Σ ǿƘŜǊŜ ΨŦΩ ƛǎ ǘƘŜ ŦǊŀŎǘƛƻƴ ƻŦ ƭƛǘƘƛǳƳΦ This rhombohedral ΨRσmΩ system 

organises the octahedral sites into the 3-ƭŀȅŜǊ Ψ!./!./Ω ǎǘŀŎƪƛƴƎ ǎŜǉǳŜƴŎŜ ǎŜŜƴ ƛƴ LiNixMnyCozO2 

and is consequently ŘŜǎŎǊƛōŜŘ ŀǎ ΩhоΩ [58], [59].  This edge-sharing system experiences a reduction 

in symmetry during delithiation, forming a face-sharing LifNixMnyCozO2 monoclinic C2/m phase with 

ŀƭǘŜǊƴŀǘƛƴƎ Ψ!.!.Ω ƻŎǘŀƘŜŘǊŀƭ ǎǘŀŎƪƛƴƎ ŘŜǎŎǊƛōŜŘ ŀǎ ΨhмΩ when f<0.7 [58], [60]. 
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¢ƘŜ ǘǊŀƴǎƛǘƛƻƴ ŦǊƻƳ ΨhоΩ ǎǘŀŎƪƛƴƎ ǘƻ ΨhмΩ ǎǘŀŎƪƛƴƎ ŜƴŎƻƳǇŀǎǎŜǎ four phase transitions during 

(de)lithiation as the migration of lithium causes structural changes: H1, M, H2 and H3 [59]. 

Visualisation of these changes can be found in Appendix A.2a) and A.2b). For near-full lithiation 

states (where f>0.85) LifNixMnyCozO2 exists in the first ƘŜȄŀƎƻƴŀƭ ΨH1Ω phase. The monoclinic ΨaΩ 

phase represents a temporary phase transition to a less symmetrical monoclinic phase at 0.5<f<0.8 

ǿƘƛŎƘ ƛƴŎǳǊǎ ŘŜǘǊƛƳŜƴǘŀƭ hΩо ǎǘŀŎƪƛƴƎ ŎŀǳǎŜŘ ōȅ WŀƘƴ-Teller distortions, which can cause mechanical 

strain and micro-cracking [47]. One prominent example of this was the H2-H3 phase transition which 

occurs at 4.2 V and causes a significant c-axis lattice contraction that incurs an irreversible loss of 

capacity that occurs when fҒ0.25. A further H3-H4 phase transition can occur when lithiation levels 

drop below f<0.06, with the O3 stacking forming an O1 stacking fault that minimises oxygen p 

orbitals overlapping. The O1 structure can cause irreversible lithium inventory loss via the formation 

of MO2 [9], [50]. Although the H2-H3 and H3-H4 phase changes occur in LiNiO2, there is no evidence 

of a O3-O1 phase transition in NMC materials  [59], [61] 

 

The oxidation of nickel from Ni2+ to Ni3+ occurs as lithium is extracted from the compound in order to 

balance the charge [62]. As oxidation occurs, the transition metal layer contracts due to the smaller 

ionic radius of Ni3+ (0.56 Å) compared to Ni2+ (0.69 Å) and the charge density increases, repelling 

adjacent transition metal layers with similar positive charge densities [9]. This leads to a gradual 

increase in the c/a ratio during charging until delithiation reaches approximately 75% in 

LifNixMnyCozO2, and a significant contraction in the c-axis occurs due to the H2-H3 transition, leading 

to unit cell shrinkage and mechanical strain on the crystal structure [63]. This volume change can 

facilitate Li+/Ni2+ Ŏŀǘƛƻƴ ƳƛȄƛƴƎΣ ŀŎŎŜƭŜǊŀǘƛƴƎ ǘƘŜ ŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭ ŎŀǇŀŎƛǘȅ ŘŜƎǊŀŘŀǘƛƻƴ ƻǾŜǊ ǘƘŜ ŎŜƭƭΩǎ 

lifetime. 

 

The c-axis distortion within the structure results in a hexagonal structure with the lattice parameters 

being a=b=2.88 Å and c=14.19 Å. The c/a ratio represents this c-axis distortion relative to the 3a and 

3b layers, with larger c/a ratios indicating a more layered material. A cubic system has a c/a of 4.9, 

whereas the c/a ratio for a hexagonal structure was slightly larger, in the range of 4.93-4.98, with 

LNO having a smaller c/a ratio of 4.93 compared to NMC materials, with NMC-111 having a ratio of 

4.98 [9], [64], [65]. This ratio was typically acquired via X-ray diffraction (XRD) analysis, an example 

of which can be seen in Figure 1.5. 
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Figure 1.5: An X-ray diffraction pattern of NMC-811 with each Bragg peak labelled according to the 

hkl Miller indices. 

 

There are indicators within the XRD pattern that can allude to the degree of crystallinity and degree 

of layering within the crystalline structure. Sharp, narrow peaks generally indicate a structure with 

good crystallinity, particularly with respect to the separation of peak doublets, for example the 

(006)/ (012) and (108)/ (110) doublets. Good peak separation in the (006)/ (012) and (108)/ (110) 

doublets can indicate good hexagonal ordering.  

 

The intensity of peaks can qualitatively indicate features of the crystalline structure, for example the 

ordering of the transition metal layers and the degree of cation mixing. Specifically, the degree of 

cation mixing is qualitatively represented by the (003)/(104) ratio in transition metal oxides, with a 

ratio above 1.2 indicating a reduced degree of mixing [66]. Rietveld refinement can be conducted on 

XRD patterns in order to establish unit cell dimensions and volumes and can quantify the degree of 

cation mixing within the structure. Cation mixing values for Ni-rich cathodes are typically higher due 

to the reduction in cobalt content, with NMC-811 showing similar levels of nickel in the lithium 3a 

sites (2.6%) compared to NMC-622 (2.5%) and NMC-802 having less cation mixing (0.5%) [67]. 

Doping nickel-rich cathodes such as LNO can reduce the degree of cation mixing, as evidenced by 

NMC, but other dopants with high valence states (e.g. tungsten, W6+) can increase the Ni2+ in the 

system, promoting cation mixing [68], [69], [70]. 



34 
 

 

Lithium ions migrate in and out of a layered transition metal oxide structure in their two-

dimensional ab planes through site hopping, typically done by two mechanisms: oxygen dumbbell 

hopping (ODH) and tetrahedral site hopping (TSH) [71]. The ODH mechanism involves lithium ions 

hopping directly between octahedral sites via ǘƘŜ ƻȄȅƎŜƴ ΨŘǳƳōōŜƭƭΩ bond that makes up one edge 

of the octahedral site, as seen in Figure 1.6. This typically occurs when an isolated vacancy was 

available at low levels of delithiation (f<0.25 in Li1-fMO2) due to the electrostatic repulsion between 

the migrating Li-ion and the adjacent transition metal ions. The alternative mechanism, tetrahedral 

site hopping, occurs at higher delithiation levels (f>0.25 in Li1-fMO2) when divacancies allow the 

migrating Li-ion to hop via a tetrahedral site, also seen in Figure 1.6 [72], [73].  

 

 

Figure 1.6: A depiction of the lithium-ƛƻƴ ƳƛƎǊŀǘƛƻƴ ƳŜŎƘŀƴƛǎƳǎ ŘǳǊƛƴƎ ŎȅŎƭƛƴƎΣ ƴŀƳŜƭȅ ΨƻȄȅƎŜƴ 

ŘǳƳōōŜƭƭ ƘƻǇǇƛƴƎΩ όh5Iύ ŀƴŘ ΨǘŜǘǊŀƘŜŘǊŀƭ ǎƛǘŜ ƘƻǇǇƛƴƎΩ ό¢{Iύ [64]. 

 

As the delithiation level increases, the transition metal oxidation state increases, and the activation 

barrier to both pathways increase, with this being more significant in the ODH mechanism. This, 

along with the increase in vacant lithium sites and probability of divacancies occurring, means that 

the TSH mechanism becomes more favourable. There is ŀ ΨǎǘǊŀƛƴ ŜŦŦŜŎǘΩ ŜȄǇŜǊƛŜƴŎŜŘ ōȅ ǘƘŜ 

transition metal structure during the lithium migration mechanism, which occurs around the length 

of the oxygen bond (in the case of the ODH mechanism) or the tetrahedral site (in the case of the 

TSH mechanism). This naturally decreases during delithiation as the transition metal layers repel 

each other and the lithium interplanar gallery expands, favouring the TSH mechanism [71], [72], 

[73]. 
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From a particle level, the delithiation process has been observed by Grey et al. using optical 

scattering microscopy. This work shows that as the charging mechanism occurs, delithiation first 

occurs in the periphery of the particle, with the core of the particle lagging behind. Once the core 

has approximately 20% level of delithiation, the overall particle delithiation increases uniformly until 

fully discharged. During discharging, the lithiation rate was uniform across the particle, with the 

centre having a marginally higher lithiation rate and the peripheral of the particle lagging [74].  

 

The cycling rate at which lithium is extracted from electrodes can result in increased temperatures, 

chance of overpotential from higher currents promoting the formation, and thickening of solid 

electrolyte interfaces (SEIs) [75]. SEIs are formed naturally in the first few cycles from reactions 

between the electrodes and the electrolyte and consist of stable but electrochemically inactive 

lithium compounds such as lithium carbonate (Li2CO3) and other lithium-based polymers from excess 

ΨǊŜǎƛŘǳŀƭΩ ƭƛǘƘƛǳƳ ŘǳǊƛƴƎ ǎȅƴǘƘŜǎƛǎ [9], [76], [77]. Gases such as H2, C2H4, CO and CO2 can also be 

produced as by-products from the SEI formation [78].  Water is sensitive to reduction in this 

environment, even during SEI formation, with the presence of OH- and H+ ions creating additional 

reaction pathways to lithium polymers and carbonates. The same has been found for CO2, which was 

an impurity in the system but can react to form lithium carbonates [76], [78]. 

 

The formation of this layer protects the cathode active material from further reaction with 

ŜƭŜŎǘǊƻƭȅǘŜ ōǳǘ ƛƴŎǳǊǎ ŀ ΨŎƘŀǊƎŜ ǘǊŀƴǎŦŜǊ ǊŜǎƛǎǘŀƴŎŜΩ ŀǘ ǘƘŜ {9L ƭŀȅŜǊ ǘƘŀǘ ǊŜŘǳŎŜǎ ƭƛǘƘƛǳƳ ŘƛŦŦǳǎƛǾƛǘȅ 

and can generate heat as the ions pass through it [47], [79]. If allowed to form appropriately, the SEI 

will allow metal ions to migrate through without further degradation. Typical cycling programmes 

ƘŀǾŜ ǎƭƻǿŜǊ ŎȅŎƭƛƴƎ ǊŀǘŜǎ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ǘǿƻ ŎȅŎƭŜǎΣ ǘȅǇƛŎŀƭƭȅ ŎŀƭƭŜŘ άŦƻǊƳŀǘƛƻƴ ŎȅŎƭŜǎέ ǘƻ ŘŜƴƻǘŜ ǘƘŜ 

formation of the passivating SEI. At the anode, a fully-passivated SEI can mitigate lithium plating and 

dendrite formation [76], [80], [81] . If the SEI was not formed correctly, it will continue to react and 

consume lithium inventory in the cathode and electrolyte, limiting the capacity the cell was able to 

achieve. 

 

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) are two methods 

of visualising and analysing the physical structure and morphology of crystals and the resulting 

primary and secondary particles. TEM works by an electron source firing electrons through a vacuum 

and passing through the sample, which scatters some of the electrons. The un-scattered electrons 

reveal a shadow of the crystalline structure. Combined with energy-dispersive spectrometry (EDS), 

which uses X-rays to determine the elements in the sample, TEM can be used to visually identify the 
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layers of transition metals and lithium as well as observe the crystalline change to rocksalt structure 

and the formation of an SEI layer, as seen in Figure 1.6 [82].  

 

 

Figure 1.7:  A high-resolution TEM image of NMC-811 depicting (a) the layered LiNi0.8Mn0.1Co0.1O2 

crystalline structure, identified by the parallel lines at site A and B; and (b) the change in crystalline 

structure from layered LiNi0.8Mn0.1Co0.1O2 at site B to rocksalt LiNi0.8Mn0.1Co0.1O at site A. Reproduced 

with permission from [82]. 

 

SEM is used for the analysis of primary and secondary particle morphology. SEM works by firing 

electrons at a sample through a vacuum, which then interacts with surface atoms and creates 

secondary electrons, backscattered electrons and X-rays which are collected, processed, and 

produce a highly magnified image of the sample. LiMO2 particles typically consist of small 

nanometre-sized primary particles which agglomerate to form quasi-spherical secondary particles, 

seen in Figure 1.8a. SEM can also be combined with EDS to determine the spatial distribution and 

quantities of different elements across primary and secondary particles. 

 

Where primary particles tend to be on the order of 10-100 nm, secondary particles form 

quasi-spherical shapes with sizes typically ranging from 1-20 µm, as seen in Figure 1.8b. Poor control 

of the synthesis conditions can lead to secondary particles agglomerating to form 3-50 µm irregular 

ΨŎƭǳǎǘŜǊsΩ ǎŜŜƴ ƛƴ Figure 1.8c. The size and shape of secondary particles can be tuned during 

synthesis, with increased control yielding more uniform, quasi-spherical secondary particles. 

Homogeneous, quasi-spherical particles are preferred due to their uniform shape and subsequent 

lithium diffusion pathways out of each particle [55], [83]. This is discussed further below in Section 

1.3. 
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Figure 1.8: SEM images of (a) NMC-811 primary particles within the secondary assembly; (b) 

NMC-811 secondary particles with a quasi-spherical morphology (c) agglomerated ΨŎƭǳǎǘŜǊǎΩ ƻŦ 

secondary NMC-811 particles. These materials were synthesised in-house at the University of 

Sheffield by Thomas Entwistle and Dr Nirmalesh Anthonisamy. 

 

1.2.2 ς NMC-811 as a Commercial Goal 

 
Two NMC ratios containing 60% (NMC-622) and 80% nickel (NMC-811) were highlighted as 

commercially viable materials, being able to produce a capacity of approximately 160 and 

180 mAh g-1 respectively [12], [37], [78], [84], [85]. NMC-622 is the more stable chemistry, with an 

initial capacity in the region of 150-170 mAh g-1 but a better capacity retention over 300 cycles (95% 

retention vs 66% for NMC-811 at 3.0-4.2 V) [33], [37]. However, a material energy density 

benchmark of 180-200 mAh g-1 was set by consumers of electric vehicles, who required a range of 

300 miles to overcome their range anxiety [5], [84]. NMC-811 was the material with the lowest 

nickel content to satisfy this, yielding initial capacities of 170-200 mAh g-1 depending on cycling 

conditions [33], and was more stable than the 90%+ nickel alternatives and 100% nickel (LNO), 

yielding a capacity of ca. 230 mAh g-1 (cycled at 0.1C, 2.7-4.3 V) and ca. 246 mAh g-1 (cycled at 0.1C, 

2.7-4.3 V) respectively [86], [87]. 

 

Reducing the levels of stabilising elements manganese and cobalt within the cathode active material 

exaggerates the chemical, structural and morphological instabilities, aggravating capacity 

degradation of the material over its lifetime. High cut-off voltages are evidence of this, with 

NMC-811 having a reduced capacity retention at higher voltage cut-offs compared to NMC-622 and 

NMC-111 due to the collapse in the c-axis at ca. 4.2 V [78] [88] [67]. At this high voltage, the c-axis of 

the lattice structure collapses due to the level of delithiation (approx. 80%) which can lead to 

irreversible capacity loss [86]. The anisotropic volume expansion and contraction leads to 
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intergranular mechanical strain that can form and propagate microcracking within the secondary 

particle, eventually leading to particle pulverisation [88].  

 

Should these penetrate the surface, electrolyte can perforate into the interior of the particle, 

resulting in more SEI formation, loss of active material, and increased degree of capacity fading. In 

severe events, cracking can result in the severe reduction in electrical contact of active material from 

a secondary particle formation, which can be seen below in Figure 1.9. It has been shown that the 

increase in nickel content can increase the width and surface penetration of the microcracks, 

particularly at Ni >90% [9], [88]. Dopants have been shown to alleviate microcracking, either by 

limiting the c-axis contraction, with magnesium, or by aligning the primary particles such that the 

anisotropic expansion causes minimal mechanical strain, such as tungsten or boron [89], [90], [91], 

[92]. 

 

 

Figure 1.9: A LiNi0.8Mn0.1Co0.1O2 particle that has undergone an extreme cracking event post-cycling. 

Microcracks can be seen on the right side of the particle, with a larger crack on the upper side of the 

image. These materials were synthesised in-house at the University of Sheffield by Thomas Entwistle 

and Dr Nirmalesh Anthonisamy. 

 

Cation mixing is another degradation mechanism that occurs at high degrees of delithiation. The Ni2+ 

ion migration can to lithium 3a ƻŎǘŀƘŜŘǊŀƭ ǎƛǘŜǎ ŀŎǘ ŀǎ ŀ άǇƛƭƭŀǊέ ǘƻ ǇǊŜǾŜƴǘ ǎǘǊǳŎǘǳǊŀƭ ŎƻƭƭŀǇǎŜ 

through electrostatic repulsions. This is due to the similar ionic radii of Ni2+ (0.74 Å vs 0.76 Å for Li+) 

of divalent nickel. This mechanism is generally reversible, but as the structure reaches higher levels 

of delithiation, nickel migration to the intermediate tetrahedral sites becomes energetically 

favourable but is irreversible [93].  
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Excessive voltages can cause decomposition of residual lithium compounds (e.g. Li2CO3), and 

electrolytic components such as the lithium salts and organic solvents. Above 4 V, the decomposition 

of these electrolyte components incurs a thickening of the SEI, which increases electrode diffusion 

resistances and inhibits the capacity and cycling rate capabilities [94]. One of the salts, lithium 

hexafluorophosphate (LiPF6), commonly breaks down in the presence of water to form lithium 

fluoride (LiF), which can deposit on an electrode to form/thicken an SEI or can react with water to 

form hydrofluoric acid (HF) [85], [94], [95]. HF has a detrimental effect on the stoichiometry of the 

cathode lattice, reacting with the surface to dissolve manganese and cobalt into the electrolyte. The 

dissolved transition metals can migrate to the anode and poison the anodic SEI and degrade the 

separator, increasing capacity decay and the potential for short-circuiting and thermal runaway. 

Different techniques have been employed to mitigate this that revolve around the scavenging water 

and HF from the electrolyte, including lithium phosphate (Li3PO4) coatings and metal-organic 

framework additives in the electrolyte [96], [97]. 

 

The breakdown of electrolyte is exacerbated by the presence of delithiated cathode, with the 

Ni4+ being particularly reactive [98]. A parasitic reaction between tetravalent nickel and the 

electrolyte results in oxygen loss from the lattice structure, causing a surface phase transformation 

from the layered transition metal oxide to a spinel or rocksalt structure, incurring an increase in 

electrochemical impedance in the form of surface-film resistances [88], [99]. The spinel-rocksalt 

formation occurs at high temperatures (above 200 °C depending on the cathode composition) and 

involves the oxygen loss as the stoichiometry of the lattice changes from LiMO2 (layered) to LiM2O4 

(spinel) as delithiation reaches x=0.5, and LiMO (rocksalt) [99], [100]. 

 

Thermal decomposition of the cathode material can also result in the detrimental 

layered-to-rocksalt phase transformation. The decomposition temperature decreases with 

increasing nickel content due to its chemical instability, and the instability increases during 

delithiation [101]. When delithiation levels exceed 50%, the rocksalt formation has been shown to 

become exothermic, increasing the temperature of the system and likelihood of thermal runaway 

[102]. Both the temperature and the rate of temperature increase are factors that determine the 

potential for thermal runaway, with temperatures above 130 °C decomposing the electrolyte 

separator and triggering short-circuiting, and 180 °C triggering the breakdown of the cathode 

layered materials to rocksalt (in this case, LiCoO2). Once the temperature increase rate exceeds 10 °C 

per minute, thermal runaway was decreed [99]. 
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Thermogravimetric analysis (TGA) combined with mass spectrometry (MS) has allowed further 

insight into the thermal instability of NMC cathode active materials through the identification of 

material evolution within different NMC ratios as temperature was increased. TGA-MS has shown 

that at elevated temperatures, there was a mass loss corresponding to oxygen release, with the 

increase in nickel content within the cathode material indicating a lower temperature of oxygen 

release and an increased amount of oxygen released from the structure [103]. This corresponds to 

the formation of the nickel oxide rocksalt phase and the evolution of structural lithium to lithium 

oxide (Li2O), which consequently limits the capacity both by reducing lithium inventory and through 

structural storage of lithium ions [103].  

 

This process was exacerbated if the NMC material was exposed to moisture (H2O) and carbon 

dioxide (CO2), which react with lithium to form the surface species of LiOH and Li2CO3 found on 

cathode materials. There were two main mass-loss temperature periods measured, one between 

150 °C and 450 °C which corresponds to the decomposition of LiOH and embedded H2O; and one 

above 650 °C which corresponds to the decomposition of Li2CO3. It was observed that at 150-450 °C 

there was a higher mass loss attributed to H2O through LiOH decomposition, which was increased 

for higher nickel content materials, with 2.13% mass loss observed for NMC-901, whereas NMC-532 

observed a 0.4% mass loss [103]. In the same region there was also O2 and CO2 generated. There was 

no explanation given for this low-temperature evolution of O2 gas, but CO2 generation at a 

temperature below its thermal degradation temperature of 680-780 °C was concluded to be the 

result of adsorbed CO2, with lower nickel content materials adsorbing more CO2. CO2 and O2 are also 

generated at temperatures above 650 °C, with this being attributed to the decomposition of Li2CO3 

and oxygen evolution observed in unexposed NMC materials [104]. Higher nickel content materials 

displaying an increase in mass loss at lower temperatures as a result of the presence (and 

decomposition) of more Li2CO3 and oxygen evolution [103]. 

 

 

 

1.2.3. ς Future Advances to NMC-811 

 

Doping LNO and nickel-rich NMC can improve the electrochemical performance, typically by 

improving the structural stability. Replacing cobalt in NMC with other elements that increase 

thermal and cycling stability could increase performance while simultaneously decreasing cobalt 

content. Doping 0.7% aluminium into the cobalt sites of NMC-61: 27: 12 has been shown to increase 
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the capacity retention without sacrificing specific capacity, yielding an 84.5% capacity retention after 

3000 cycles compared with the undoped sample (65.1%) [105]. Li et al. replaced all cobalt with 

aluminium in NMC materials to produce a nickel-manganese-ŀƭǳƳƛƴƛǳƳ Ψba!Ω ǎǘǊǳŎǘǳǊŜ [101]. The 

NMA system was compared to the NMC, NCA, and an Al- and Mg- doped NMC system (NMCAMg). 

The NMA had a reduced first-cycle capacity (216 mAh g-1 vs 220 mAh g-1 for NCA-88: 05: 06 at 2.8-

4.4 V, 0.1C) but increased capacity retention after 100 and 1000 cycles (82% vs commercial NMC-622 

at 80% and NCA-88 at 54%). The manganese and aluminium appear to increase the thermal stability 

of NMA relative to NCA-88 by maintaining a high exothermic event temperature and reducing 

degree of heat flow at the event [101]. 

 

Other metals have been investigated to improve cycling stability and capacity attributes of nickel-

rich cathode systems. Tungsten has been one such dopant that has shown improved capacity 

retention of NMC-811 at a higher cut-off voltage (92.1% vs 85% retention at 2.8-4.5 V, 1C charging 

after 100 cycles), reduced electrolytic attack and HF formation, and supresses the rocksalt phase 

transition [106]. Tungsten dopes the Ni2+ sites with a W6+ ions, which alters the charge balance of the 

system, decreasing the capacity slightly through cation mixing and nickel inventory displacement, 

but capacities of over 200 mAh g-1 being achieved after 100 cycles [107]. Other dopants include 

zirconium [93], titanium [9], tin [108] and tantalum [109]; all doping the transition metal layer and 

increasing the stability of the lattice structure during cycling to extend cycling life. It was important 

to consider the economic impact when researching dopants however, as the cost of the dopant will 

impact the financial viability of the product when it reaches commercialisation. Although tantalum 

may improve the stability of NMC-811 to a greater than magnesium, aluminium, and titanium, it is 

approximately 100 times more expensive and so poses a reduced commercial potential [109] [110]. 

 

Coating nickel-rich materials can also improve the capacity retention of nickel-rich cathodes, with a 

stable coating acting as an artificial SEI that shields the reactive Ni4+ ions from electrolytic attack 

[47]. These materials are electrochemically inactive and include materials like silicon and metal 

oxides, which ideally have good ionic conductive qualities to minimise the resistances applied to the 

lithium migration process [111]. Coatings are typically applied by wet or dry processing which 

involves mixing the cathode materials with the coating material aqueously or via milling before an 

additional calcination stage secures the coating to the cathode. These methods are typical due to 

their ability to be scaled for high-throughput synthesis, but do not apply the coating evenly across 

the particles. The inclusion of water may also react with Ni4+ and cause rocksalt formation from the 

layered oxide cathode [92], [112]. Alternatively, atomic layer deposition (ALD) can be used to coat 
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samples with a controllable and uniform thickness but was expensive to scale up to high throughput 

synthesis [113].  

 

Additionally, core-shell and gradient particles are one method of developing an electrochemically 

active surface coating. By changing the cathode active material between the core and surface, a 

high-capacity, nickel-rich cathode can be utilised in the core and a stable cathode material can be 

grafted to the surface of the particles, maximising the capacity yielded from the cathode materials 

whilst protecting the nickel-rich material from electrolyte exposure and degradation mechanisms. 

One consideration with the core-shell and gradient particles, as well as the coatings of these 

particles, was that they should be able to adjust to the volumetric expansion and contraction that 

occurs to the particles during cycling [114], [115], [116]. 

 

1.2.4. ς The NMC Precursor 

 

The LiMO2 layered oxide product has a precursor prior to the lithiation and calcination stage of the 

synthesis pathway. The layered precursor structure is typically synthesised in either a hydroxide 

form (M(OH)2) or hydroxy-carbonate form (M2(OH)x(CO3)y) [117]. The transition metal compound 

was then milled with a corresponding salt, LiOH or Li2CO3 respectively during lithiation prior to 

calcination and the formation of the LiMO2 layered oxide. For nickel-rich cathodes, the transition 

metal hydroxide calcined with lithium hydroxide (LiOH) is preferred due to the lower thermal 

decomposition of LiOH (400-650 °C) meaning that the lithium salt will fully decompose at the 

calcination temperature range (750-850 °C for NMC-811) [37], [104], [118]. The higher thermal 

decomposition of lithium carbonate (680-780 °C) means the lithium salt will not fully decompose 

over the calcination period. This results in a reduced amount of lithium intercalating into the NMC 

structure and a lithium deficiency, which would result in a reduced electrochemical capacity [103]. 

 

Similar to the lithiated NMC oxide, the transition metal hydroxide (abbreviated to NMC(OH)2) has a 

layered structure with trigonal symmetry and is isostructural to Ni(OH)2 with regards to 

crystallographic and morphological properties. There are two polymorphs of Ni(OH)2 denoted as 

Ψh-Ni(OH)2Ω ŀƴŘ Ψ-̡Ni(OH)2ΩΤ ǘƘŜ ƭŀǘǘŜǊ ƻŦ ǿƘƛŎƘ was more commonly involved with the synthesis of 

NMC cathode materials [119], [120]. The ̡ -Ni(OH)2 ΨōǊǳŎƛǘŜΩ ǇƻƭȅƳƻǊǇƘ Ŏƻƴǎƛǎǘǎ ƻŦ ǘǊƛƎƻƴŀƭ ƭŀȅŜǊǎ 

stacked in the ab plane that are stacked in parallel, whereas -hNi(OH)2 consists of ̡ -Ni(OH)2 layers 

with water intercalated between layers as seen in Figure 1.10 a) and b) respectively [119]. There is a 

third polymorph prevalent in doped Ni(OH)2 that arises from the inclusion of trivalent transition 
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metals (i.e. manganese and cobalt) called layered double hydroxide (LDH). Structurally, it is similar to 

-hNi(OH)2 that consists of the ̡-Ni(OH)2 layers but with anions intercalated between layers. The 

additional positive charge from the trivalent transition metal needs to be balanced, hence the 

intercalation of anions, which can be OH- (hydroxide), NO3- (nitrate) or CH3COO- (acetate) ions 

depending on the solution in which the Ni(OH)2 was synthesised in [119], [121], [122]. This enlarges 

the interplanar gallery spacing, just as -hNi(OH)2 does.  

 

                 

Figure 1.10: A crystallographic representation of (a) ʰ bƛόhIύ2, which can be appropriated as the 

layered double hydroxide structure; and (b) ʲ bƛόhIύ2. These images were prepared using Vesta 

version 3.5.8 [14] using appropriate CIF files. 

 

The water and anion intercalation between the transition metal layers mean that -hNi(OH)2 and LDH 

have a more turbostratic crystallographic structure than the ̡-Ni(OH)2 alternative. This is visualised 

as fewer peaks in the XRD diffraction patterns, seen in Figure 1.11. The splitting of the (001) peak 

from the beta- to the (001) and (002) alpha- polymorph is indicative of the water/anionic disruption 

to the crystalline structure between the transition metal layers. This interlayer disruption was also 

seen by the reduction of lattice planes orientated through the c-axis. The unlabelled peaks in the 

alpha polymorph are attributed to aluminium of the XRD stage [119]. 
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Figure 1.11: The XRD pattern for alpha- and beta- Ni(OH)2 with key peaks labelled. The peaks 

labelled with an asterisk in the alpha polymorph are attributed to aluminium of the XRD stage. 

 

Structural disorder can occur in both the -hNi(OH)2, -̡Ni(OH)2 and LDH polymorphs. Rotational and 

translation stacking faults are prevalent in -̡Ni(OH)2, and result in the stretching of the O-H bonds 

and broadening in the (101) and (102) XRD diffraction peaks. The partial intercalation of water and 

ŀƴƛƻƴǎ Ŏŀƴ ŎǊŜŀǘŜ ŀ ƘȅōǊƛŘ ΨƛƴǘŜǊǎǘǊŀǘƛŦƛŜŘΩ /h  ̡Ni(OH)2, in which the two polymorphs are present in 

the same structure and the misalignment of layers can occur as the transition metal layer spacing 

changes [119], [122], [123]. In these two-phase systems, the two h-Ni(OH)2 (00L) peaks can be 

present in the ̡ -Ni(OH)2 diffraction pattern, labelled as (003) and (006) accordingly [121]. These 

samples were prepared with an aluminium XRD stage, with some Al Bragg peaks being detected, 

identified by cross-referencing with a CIF file from ICSD, and labelled with an asterisk [124] 

 

Ni(OH)2 and NMC(OH)2, in both polymorphs, have been synthesised using a variety of pathways 

including sol-gel, hydrothermal and co-precipitation. These methods form thin nanosheet and 

nanoribbon primary particles that assemble to form secondary assemblies, which depending on the 

control of the synthesis conditions, the secondary morphology can be controlled to form either a 

quasi-spherical secondary particle, faceted, or irregular ΨŎƭǳǎǘŜǊŜŘΩ ƳƻǊǇƘƻƭƻƎƛŜǎ [119], [125], [126], 

[127].  



45 
 

1.3. ς Synthesis Techniques 
 
Layered transition-metal oxides have been synthesised via many pathways, generally involving 

chemical mixing or reaction followed by high temperature calcination. Originally, LCO and LNO were 

synthesised via a solid-state route, milling the transition metal salt and lithium salt together and 

exposing it to a high temperature treatment to form the LiMO2 desired [8], [128]. This method had 

limited control and often resulted in off-stoichiometric product, especially when LNO was being 

synthesised which yielded lower capacity values both initially and after 10 cycles due to cation 

mixing of the Ni2+ ions [51], [129].   

 

Other methods have been used to synthesise layered transition-metal oxides including sol-gel 

(forming a gel-like mixture before evaporating and calcining) [130], [131] and molten salt synthesis 

(high-temperature heating of a solution before chemically precipitating the product) [132], [133], 

[134]. Although effective, the conditions within these reactions were difficult to control, which is 

particularly important for nickel-rich cathode materials as they are more sensitive to oxygen and 

water. The increased presence of Ni4+ can cause structural and chemical instabilities that result in 

reactions with electrolyte which could generate oxygen gas, a critical substance in the thermal 

runaway mechanism [78], [88]. These instabilities are present throughout the synthesis process, 

which needs to be carefully controlled. 

 

Two alternative synthesis pathways, co-precipitation (reacting a solution to produce a precursor, 

before lithiation and high temperature heat treatment) and hydrothermal (using high temperatures 

and pressures to synthesize a precursor before heat treatment) [135], [136] have been investigated 

due to their ability to control the particle growth and morphology as well as their ability to be used 

for high-throughput synthesis, with many companies using co-precipitation [137], [138].  

 

The commercially desired NMC product has average particle size of <0.5-20 µm, with polycrystalline 

particles with a quasi-spherical morphology having a secondary particle assembly (i.e. multiple 

primary particles agglomerating together) and a larger diameter of approximately 5-20 µm; and 

ƳƻƴƻŎǊȅǎǘŀƭƭƛƴŜ ΨǎƛƴƎƭŜ-ŎǊȅǎǘŀƭΩ ǇŀǊǘƛŎƭŜǎΣ ǿƘƛŎƘ Ŏƻƴǎƛǎǘ ƻŦ ŀ ŦŀŎŜǘŜŘΣ ǇǊƛƳŀǊȅ ǇŀǊǘƛŎƭŜ ǿƘƛŎƘ ǘȅǇƛŎŀƭƭȅ 

have a particle size of <0.5-5 µm, which is synthesised with the addition of a surfactant agent [139], 

[140], [141]. Smaller particles (0.1-м ˃Ƴ ŘƛŀƳŜǘŜǊύ ƘŀǾŜ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƘŀǾŜ ŀƴ ƛƳǇǊƻǾŜŘ ŎŀǇŀŎƛǘȅ 

and rate capabilities due to shorter lithium diffusion pathways, but a lower cycling retention 

ŎƻƳǇŀǊŜŘ ǘƻ ƭŀǊƎŜǊ ǇŀǊǘƛŎƭŜǎ όмл ˃Ƴ ŘƛŀƳŜǘŜǊύ [136], [142]. The focus of previous research in 

literature regarding the synthesis of NMC-811 has been particle size and morphology control, with 
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quasi-spherical, polycrystalline particles with a particle size diameter of approximately 10 µm 

desired, with larger particles yielding a higher tap density [142]. Tap density is the density of a 

material after vibrations (or tapping) has occurred, which results in the optimal positioning of 

ǇŀǊǘƛŎƭŜǎ ǘƻ ǊŜŘǳŎŜ ǾƻƛŘŀƎŜ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ƻǇǘƛƳƛǎŜ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ŘŜƴǎƛǘȅ ƻǊ ΨǇŀŎƪƛƴƎΩ ƻŦ ǎŀƛŘ ǇŀǊǘƛŎƭŜǎΦ 

¢ƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ƳƻƴƻŎǊȅǎǘŀƭƭƛƴŜΣ ΨǎƛƴƎƭŜ-ŎǊȅǎǘŀƭΩ ǇŀǊǘƛŎƭŜs is mentioned out of completeness of this 

literature review but is beyond the scope of this thesis. 

 

1.3.1. ς Particle Nucleation and Growth 

 

The construction of a cathode active material particle has been researched, with a high tap density, 

uniform particle size and quasi-spherical morphology being preferred for LiMO2 particles [143], 

[144]. The development of these particles is ǘȅǇƛŎŀƭƭȅ ŘŜǎŎǊƛōŜŘ ōȅ [ŀaŜǊΩǎ ƳŜŎƘŀƴƛǎƳΣ ǿƘƛŎƘ 

consists of two stages of particle formation: nucleation and particle growth. Nucleation involves the 

formation of a particle from solution and its growth to the critical nucleus (the size above which 

particle can survive in solution without re-dissolving). This was followed by particle growth, which 

involves the ripening of the surviving particles that mature to form the desired dense, quasi-

spherical morphology in the secondary particles. The synthesis conditions can affect the particle 

density, morphology and size and should be controlled in order to tailor particles [145]. 

 

Nucleation typically occurs in a mass-nucleation event where monomers nucleate to form a solution 

ǿƛǘƘ ŀƴ άŜŦŦŜŎǘƛǾŜƭȅ ƛƴŦƛƴƛǘŜέ ŎƻƴŎŜƴǘǊŀǘƛƻƴΣ ŀŦǘŜǊ ǿƘƛŎƘ ƴǳŎƭŜŀǘƛƻƴ ŘƻŜǎ ƴƻǘ ŦǊŜǉǳŜƴǘƭȅ ƻŎŎǳǊΦ 

Nucleation can occur homogenously (where the particle forms uniformly through the parent phase) 

or heterogeneously (where the particle forms at a system abnormality, such as container surface, 

impurity, or boundary), with the stable surface making heterogeneous nucleation more favourable 

[145] [146]. Following the nucleation event, ripening and growth occurs, via one of Ostwald ripening 

or digestive ripening. Ostwald ripening involves smaller particles dissolving into the solution to allow 

the larger particles to grow, leading to a particle size distribution. Digestive ripening involves the 

larger particles being consumed by the solution to allow the smaller particles to grow, reducing the 

particle size distribution [145], [147]. 

 

The free energy of the system determines whether the particle re-dissolves, which was the sum of 

the surface free energy and the bulk volume free energy. Once the critical nucleus has been reached, 

the bulk volume free energy dominates the surface free energy and the particle will grow [145], 
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[148]. The final stage of nucleation, where the particles were controlled by the diffusion of 

ƳƻƴƻƳŜǊǎ ǘƘǊƻǳƎƘ CƛŎƪΩǎ ŦƛǊǎǘ ƭŀǿ ƻŦ ŘƛŦŦǳǎƛƻƴ [145], [149].  

 

1.3.2. ς Co-precipitation Synthesis Route 

 

A co-precipitation reaction involves the controlled concurrent precipitation of transition metals from 

their salt precursor via the addition of a base solution and a complexing agent. The dissolved salt 

releases metal cations which form complexes with the complexing agent before its reaction and 

precipitation due to the basicity of the solution. The reaction conditions within a stirred tank reactor 

(STR) can be carefully controlled, with the temperature, pH, atmosphere, stirring speed and ratio of 

transition metal: base: complexing agent all affecting the precipitation mechanism. The metal 

precipitates formed can be harvested from the waste aqueous solution and washed. 

 

 

Figure 1.12: A schematic of the co-precipitation synthesis pathway for NMC materials, including the 

chemical reaction to form ǘƘŜ ΨƎǊŜŜƴΩ NiXMnYCoZ(OH)2  and the calcination to form the ΨōƭǳŜΩ 

LiNiXMnYCoZO2 (n.b. these colours are not representative of the actual colours of the materials) [83]. 

 

For NMC materials, stoichiometric amounts of nickel, manganese, and cobalt sulphates are dissolved 

in deoxygenated, deionised water and reacted with a base solution typically consisting of either 

sodium hydroxide or sodium carbonate, depending on the desire for a hydroxide or carbonate NMC 
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precursor. Sodium hydroxide is the most common choice for nickel-rich materials as it complements 

the lithium hydroxide salt used in its calcination. The pH, a metric for the proportion of H+ ions in the 

system and its acidity, is an important factor that controls the rate of reaction (precipitation) of the 

acidic component (TM sulphate) and base component (sodium hydroxide) of the co-precipitation 

reaction. 

 

A complexing agent, ammonia, is also used to agglomerate transition metal ions within the solution 

prior to the precipitation of the Ni0.8Mn0.1Co0.1(OH)2 solid [67], [137]. The temperature, ratio of 

transition metal and pH all impact the development and growth of the particles and need to be 

tailored to the NMC ratio due to the solubility of each transition metal at each pH [143], [150]. The 

precipitate is washed and filtered to remove salts formed during the co-precipitation reaction, 

before introducing lithium to the system via milling with a lithium salt (typically lithium hydroxide 

because of a suitably low thermal decomposition temperature) [151]. 

 

An example of the reaction/reactor configuration can be seen in Figure 1.12, with the reaction 

typically occurring in a stirred tank reactor (STR), which allows the control over temperature, pH, 

atmosphere, and agitation rate. The transition metal, base and ammonia solutions addition rate can 

be controlled to cater for desired pH control and reaction times, with the addition of the base 

solution being used in a feedback loop controlled by the pH meter recordings. Nitrogen gas is added 

via a sparger, which maximises the dispersion of nitrogen within the solution. The vessel was kept at 

atmospheric pressure, with a condenser unit mitigating losses through evaporation.  

 

1.3.2.1. ς Chemical Parameters Affecting the Co-Precipitation reaction 

 

Control over the reaction conditions for nickel-rich NMC materials (e.g. NMC-811) is critical due to 

the readiness for Ni2+ and Mn2+ to oxidise. The reaction solution is basic, which increases the 

sensitivity for nickel and manganese to oxidise, as evidenced by Pourbaix diagrams in Figure 1.13, 

which map the transition metal valences at various redox environments. An inert, nitrogen 

atmosphere and use of deoxygenated water would reduce the redox potential of Mn2+ and Ni2+ and 

promote the Ni(OH)2 and Mn(OH)2 ǇƘŀǎŜǎ ŀǘ ƘƛƎƘ ǇIΩǎ ǿƘƛŎƘ ŦƻǊƳ ǘƘŜ ǇǊŜŦŜǊǊŜŘ ƭŀȅŜǊŜŘ ǇǊŜŎǳǊǎƻǊΦ 

Oxidation of the Mn2+ and Ni2+ ions can lead to the formation of layered-double hydroxide, metal 

oxide or spinel Mn3O4 phase impurities that disrupts the ordering of the desired Ni0.8Mn0.1Co0.1(OH)2 

layered structure [137], [152].  
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Figure 1.13: Pourbaix diagrams depicting the different Nickel (a) [153] and Manganese (b) [154] 

species present at different pH and redox states. 

 

The temperature of the precursor synthesis also relates to the oxidation states of nickel and 

manganese, with an increase in temperature resulting in the increase in redox potential according to 

the Nernst equation seen in Equation 1.5. below. E and E0 represent the cell potential and standard 

cell potential respectively, R and F represent the universal gas constant (8.314 J mol-1 K-1) and 

Faraday constant (96,485 C mol-1), n was the number of moles of electrons involved and T was 

temperature in Kelvin [155]. As per the Pourbaix diagrams of Figure 1.13, an increase in cell potential 

can expose the transition metal to the possibility of oxidising and forming undesired phases. For 

NMC systems, an ideal temperature range of between 50 and 60 °C has been reported without 

oxidising the manganese, which occurs above 60 °C [118]. It has been found that synthesis of 

NMC-811 at 45 ɕC has yielded smaller primary particles and lower tap density [118], [156]. 

 

    Ὁ  Ὁ
 

 
 ÌÎ ὗ                    Equation 1.5. 

 

Another conclusion drawn from Figure 1.13 is that the formation of the M(OH)2 phase requires a 

high pH of between 9 and 13. This is accomplished through the inclusion of sodium hydroxide and 

ammonia in the solution. A 2-stage reaction scheme described in Equation 1.6 and 1.7 details the 

dissolution of the transition metal ions and their subsequent complexation with ammonia and water 

atoms, before the basicity of the solution allows the M(OH)2 phase to form through the introduction 

of OH- ions [137], [157], [158]. The transition metals have a 6-coordination ligand, hence the sum of 

ΨƴΩ and ΨƧΩ equal 6. An increase in pH would increase the concentration of hydroxyl ions and shift the 

equilibrium of Equation 1.7 to the right, increasing the yield of the M(OH)2 phase. 

 

           ὓ ὲὔὌ ὮὌὕ P  ὓὔὌ Ὄὕ               Equation 1.6. 
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 ὓὔὌ Ὄὕ ςὕὌ  P  ὓὕὌ  ὲὔὌ ὮὌὕ             Equation 1.7. 

 

Van Bommel et al. reported that an optimal pH range of 10.0-11.5 was preferred for the synthesis of 

nickel-rich hydroxides with a high tap density (1.5 ς 1.75 g cm-3), with a pH of 10.6 producing a more 

uniform, quasi-spherical secondary particle morphology [157]. A pH above 11.4 yielded lower tap 

densities of 0.7-0.8 g cm-3 and irregular particle morphologies. This was supported by Lee et al., who 

found that synthesis of NMC-111 at pH 11.0 produced a higher tap density (1.79 g cm-3) and larger, 

more uniform, and spherical secondary particles than at pH 11.5 and 12.0 (1.12 and 1.11 g cm-3 

respectively) [156]. A pH of 10.6 was compared to 11.4 for the synthesis of NMC-111 to find that the 

10.6 pH had a larger, more uniform particle size (modal average particle diameter of 16 µm 

compared to 8 µm) with increased tap density (1.23 g cm-3 vs 0.3 g cm-3, after 3 hours of reaction 

and capacity retention (96.5% vs 93.6% for the 11.4 pH sample after 50 cycles, 0.1C) [159]. 

 

For nickel-rich materials, Liang et al. concluded a pH of 11.2 was optimal for Ni0.6Mn0.2Co0.2(OH)2, 

yielding quasi-spherical particles with a tap density of 1.65 g cm-3, with reduced tap densities of 1.47 

and 1.08 g cm-3 at pH 11.5 and 11.8, and a reduction in particle morphology and size control [160]. 

Vu et al. found that for NMC-811 synthesis, larger (average diameter of 16 µm), more spherical, 

denser (1.91 g cm-3) particles were yielded at a pH of 11.5 compared with 11.2 and 11.8. A loss of 

uniformity and a smaller size was observed with the alternative pH values, with the 11.8 pH sample 

yielding a tap density of 1.26 g cm-3 [118]. 

 

The complexation qualities of ammonia to form [M(NH3)n]2+ allows the agglomeration of dissolved 

transition metal ions prior to precipitation, encouraging a uniform precipitation rate of all three 

transition metals to form a single particle [157], [160]. The NaOH: NH3 ratio in the reactor can help 

control the particle tap density and morphology. Wang et al. have shown that a ratio of 1:1 shows 

increased tap density (1.5 g cm-3 vs 0.53 - 0.84 g cm-3) and more spherical, uniform particle 

morphologies [158].  

 

The relationship between nickel, manganese and the water-ammonia system was investigated 

during the synthesis of Ni0.3Mn0.7CO3, where sodium carbonate acted as the base. It was found that 

between pH 5.0 and 7.5 the carbonate co-precipitation reaction was dominant and both nickel and 

manganese exist as a carbonate, but with excess residual ions existing in the solution. Between 7.5 

and 9.8, the readiness for nickel and manganese to form ammonium complexes increases, with the 
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formation of [M(NH3)n]2+ dominating during this range and consequently re-dissolution of transition 

metal ions back into the solution increases. Above 9.8, hydroxyl ions are sufficiently concentrated to 

incur the formation of M(OH)2, with this causing a reduction in residual ions in the solution with 

increasing pH values [161]. 

 

The transition metal: ammonia ratio was a more common ratio referred to during the optimisation 

of synthesis pathways, due to the direct influence on the formation of the [M(NH3)n(H2O)j]2+ ligand 

complex. The equilibrium constant, Kn, for the complexation of transition metals with ammonia 

varies for each transition metal due to their varying solubility over the pH range, with the largest 

equilibrium constant for nickel occurring when it has 6 ammonia compounds complexing with it (i.e. 

n = 6), manganese at n = 3, and cobalt at n = 5 [157]. The M: NH3 ratio can affect the particle 

morphology and tap density, evidenced by Cheralathan et al., who found that when synthesizing 

Ni0.8Co0.15Mn0.05(OH)2 at pH 11.5-11.6, a ratio of 1:1 yielded quasi-spherical, dense particles (2.00 g 

cm-3) compared to ratios of 1: 0.6, 0.8 and 1.2 (1.50, 1.58 and 1.50 g cm-3 respectively) [162]. The 

primary particles for all ammonia ratios were needle-like, with the 1:1 ratio yielding larger, more 

distinct primary particles. Contrarily, Vu et al. found that M: NH3 ratios of 1: 0.8, 1.0 and 1.2 yielded 

NMC-811 with quasi-spherical particles at pH 11.5, with nanoplate primary particles, with more 

uniform secondary particles at the 1:1 ratio [118]. 

 

Liang et al. found that increasing the concentration of ammonia added to a co-precipitation reaction 

synthesizing NMC-622 changed the morphology of the primary particles from thin, low-density 

nanoplates (1.29 g cm-3) at 0.3 M ammonia to denser, needle-like particles at 0.6 and 1.0 M 

(1.76 and 1.66 g cm-3 respectively), where the concentration of transition metal added was 1.5 M 

and the pH was 11.2 [160]. Lee et al. also found that an increase in ammonia concentration relative 

to a 2 M transition metal solution of NMC-111 with a pH of 11.0 increased the tap density of the 

resultant hydroxide particles (1.42, 1.57, 1.70 g cm-3 for 0.12, 0.24 and 0.36 mol dm-3) [156]. 

Additionally, the secondary particle morphology was more spherical.  

 

A common transition metal concentration was stoichiometrically summed to form a typical 

concentration of 2.0 M, with the ratio of transition metals varying from NMC-1:1:1 to 

NMC-95:2.5:2.5 M [157], [159], [163], [164], [165]. This was typically coupled with a 4.0 ς 5.0 M 

concentration of sodium hydroxide, with an ideal molar flow ratio of 2.0 [87], [88], [152], [166]. 

!ƳƳƻƴƛŀΩǎ ǊƻƭŜ ƛƴ ǘƘŜ Ŏŀƴ ǘŀƪŜ ǘǿƻ ŦƻǊƳǎΥ ŀƭƭ of the ammonia can be added concurrently with the 

transition metal and base solution; or some of the ammonia can be added concurrently, some of it 
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acting as ŀƴ Ψƛƴƛǘƛŀƭ ǎƻƭǳǘƛƻƴΩ ǘƘŀǘ was situated in the reactor prior to transition metal addition. The 

ƭŀǘǘŜǊΣ Ψƛƴƛǘƛŀƭ ǎƻƭǳǘƛƻƴΩ ƳŜǘƘƻŘƻƭƻƎȅ Ŏŀƴ ƛƴǾƻƭǾŜ ŀ м a ǎƻƭǳǘƛƻƴ ƻŦ bI3 initially, with a concentrated 

5 - 10 M solution of NH3 added concurrently [67], [157]. If the ammonia was only added to the 

reaction, a similar, high concentration of 10.5 M was used [167]. The volumes have been 

inconsistently reported (either as volumes or volumetric flow rates with addition times) therefore 

molar quantities and ratios cannot be determined. 

 

What can be summarised from this was that pH and ammonia: TM ratio are related. Increasing the 

ammonia concentration within the solution can help agglomerate the transition metals due to the 

increased amount of the complexing agent. This can increase the tap density, but the ammonia: TM 

ratio should be moderated with the amount of sodium hydroxide in the system to ensure optimal 

particle sizes can be yielded. 

 

1.3.2.2. ς Physical Parameters Affecting the Co-Precipitation reaction 

 

Another factor that increases the tap density was the reaction duration, with Van Bommel et al. and 

Zhu et al. finding that the tap density increases with duration as the particles grow and mature until 

it reaches an asymptotic maximum [157], [163]. Van Bommel et al. found that the tap density of 

synthesised Ni(OH)2 plateaued after a residence time 20 hours, specifying a continuous flow system 

via  overflow control to keep a constant volume [143], [157].  This concurs with other literature, 

which reports addition and/or reaction times of 18-27 hours, but they do not specify the system in 

which the reactions occur [165], [168], [169], [170]. The stirred tank reactor can be operated in a 

continuous (CSTR) system, where reactants are continuously pumped in and out of the reactor, with 

ŀ ΨǊŜǎƛŘŜƴŎŜ ǘƛƳŜΩ ŘƛŎǘŀǘƛƴƎ ǘƘŜ ŘǳǊŀǘƛƻƴ ƻŦ ǿƘƛŎƘ ǘƘŜȅ ǊŜŀŎǘΤ ƻǊ ŀ semi-batch fed reactor (SBFR) 

system, with gradual addition of reactants occurring over aƴ ΨŀŘŘƛǘƛƻƴ ǘƛƳŜΩ ōŜŦƻǊŜ ǘƘŜ 

NixMnYCoZ(OH)2 ǇǊƻŘǳŎǘ ōŜƛƴƎ ȅƛŜƭŘŜŘ ŀŦǘŜǊ ŀ ŎŜǊǘŀƛƴ Ψmaturation ǘƛƳŜΩ that sum to produce the 

ΨǊŜŀŎǘƛƻƴ ǘƛƳŜΩ. This terminology needs to be acknowledged when considering quantitative reaction 

durations to provide suitable context to the reaction system, with a semi-batch reactor system 

having a transient reactor concentration and volume, whereas a CSTR system contains a constant 

concentration and volume of reactants. Given the influence of reactant concentration and pH on the 

system as described above, the operation of a BR or CSTR system may impact the particle growth 

mechanics, but there was not enough information to form a conclusion [159]. 
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Stirring is another feature of a co-precipitation reaction that affects the reaction mechanism, both 

with respect to the type of agitator and the stirring speed. Zhu et al. investigated the effect of the 

impellor blade design on the precipitation of NMC-622 in a 4-baffled reactor vessel, with an axial 

mixing propeller turbine (PT), radially mixing flat blade turbine (FBT) and Rushton turbine (RT), and 

an axial and radial mixing pitched blade turbine (PBT) being compared [163]. The impellor blade and 

mixing regime was found to affect the primary particle morphology, particle size, tap density and 

crystal structure. The PT hydroxide was found to have larger secondary particles than FBT, RT and 

PBT samples, with an average diameter of 12 µm (vs <5 µm, <5 µm and 8 µm respectively) and a 

higher tap density of 2 g cm-3 than the other samples, which had a density of <1 g cm-3 [163].  

 

Morphologically, all NMC-622 hydroxides synthesised from the different impellor blades formed 

quasi-spherical secondary particles, with the main distinction coming from the primary particle 

morphology, with the PT sample forming needle-like particles, whereas the PBT, FBT and RT samples 

formed nanoplate primary particles, which displayed a lower tap density. The PBT sample had 

smaller nanoplate primary particles that were randomly aligned, with these smaller voids between 

primary particles indicating the minor increase in tap density observed between PBT vs FBT and RT. 

It was found that radial-dominated turbines (FBT and RT) formed an -hNi0.6Mn0.2Co0.2(OH)2 crystal 

structure, with the axial-dominated turbine (PT) forming the ̡-Ni0.6Mn0.2Co0.2(OH)2 phase and the 

PBT forming a combination of the two [163]. 

 

The agitation speed was found to have an effect on the size of the resultant secondary particles, 

with Vu et al. finding that an increased stirring speed from 500-800 rpm during the co-precipitation 

synthesis of NMC-811 reduces the average particle diameter from 20 µm to 13 µm. The lower 

stirring speed of 500 rpm also observes more agglomeration between particles leading to a larger 

size distribution [118]. Lee et al. concurs, concluding similar findings that during the optimisation of 

the synthesis of NMC-111, with smaller, denser particles seen at 1000 rpm (vs 400 and 600 rpm), 

with a tap density of 1.79 g cm-3 (vs 1.45 and 1.68 g cm-3 respectively) [156]. This suggests that 

agitation speed is independent of NMC chemistry. 

 

1.3.3. ς Hydrothermal synthesis route 

 

The hydrothermal (using water as a solution) and solvothermal (using a mixed water-organic 

solution) method are syntheses that promote crystal nucleation and growth through exposure to 

increased temperature and pressure by heating a solution past its boiling point in a pressurised 
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vessel, with the resultant vapour head creating pressure within the vessel. These methodologies 

behave similarly, and can control the particle size, morphology, and crystallinity of the product, with 

increased temperatures achieving larger particles and improved crystallinity [171].  

 

The exposure to high temperatures during hydrothermal and solvothermal syntheses causes many 

properties of the solvent (for example water) to change, with density and the dielectric constant 

decreasing linearly with an increase in temperature until the critical temperature at 374 °C, above 

which the supercritical properties cause a significant reduction in density and dielectric constant. 

Above the critical temperature, lower pressures cause a steeper drop in density and dielectric 

constant [172], [173]. The dielectric constant is the relative permittivity of a substance, and 

consequently is an indicator of a substances ability to contain electrical charge. A high dielectric 

constant in a solvent would be able to hold large quantities of ions dissolved within it, and therefore 

Ŏŀƴ ōŜ ŀ ŎƻƳƳŜƴǘŀǊȅ ƻƴ ǘƘŜ ǎƻƭǾŜƴǘΩǎ ǎƻƭǳōƛƭƛǘȅ ƻŦ ǎŀƭǘǎ [173]. Applying this to hydro-/solvo- thermal 

reactions means reactants can dissolve into the solvent at room temperature, then as the solution is 

heated and reacted, the solution promotes crystallisation (as opposed to precipitation due to the 

change in solubility rather than chemical reaction) which yields a highly crystalline product [172].  

 

With respect to the synthesis of NMC materials, hydro-/solvo- thermal reactions involve dissolving 

transition metal salt reactants (typically acetates or sulphates) into deionised water and/or ethylene 

glycol, the latter of which can regulate the particle growth [150], [174]. A precipitating agent can be 

added (e.g. urea, ammonium bicarbonate) before the mixture was autoclaved at high temperature 

(140-200 °C) for 6-24 hours in an oven [171], [174], [175]Φ ¢ƘŜ ŀǳǘƻŎƭŀǾŜ ŀƴŘ ƘȅŘǊƻǘƘŜǊƳŀƭ ΨōƻƳōΩ 

reaction vessel allows an increased pressure to be achieved [150], [171], [176]. Once the precursor 

has formed, the autoclaved precipitate was washed with deionised water.  

 

Ni0.33Mn0.33Co0.33CO3 was synthesised using nickel, manganese and cobalt acetate precursors 

dissolved in a 35:45 mL ratio of distilled water to ethylene glycol to form a 1 M solution, with 2.4 g 

Urea being added as a precipitating agent [174]. This gave a urea: transition metal ratio of 5:1 in the 

solution. The solution was sealed into an autoclave and annealed at 140 °C for 10 hours. The 

resulting reaction mechanism could be described by Equations 1.8 - 1.10 and involves the 

decomposition of urea into ammonia and carbon dioxide [174], [177]. The basic environment 

promotes the formation of carbonate ions, which react with the transition metal ions to form 

Ni1/3Mn1/3Co1/3CO3. 
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   ὔὌὅὕὔὌ  σὌὕ O  ςὔὌ ςὕὌ ὅὕ           Equation 1.8. 

 

    ὅὕ ςὕὌ  O ὅὕ  Ὄὕ        Equation 1.9. 

 

ὔὭ  ὓὲ  ὅέ  ὅὕ  O  ὔὭȾὓὲȾὅέȾὅὕ      Equation 1.10. 

 

The reaction yields a morphology that consists of quasi-spherical secondary particles comprising of 

faceted primary particles. After a 700 °C calcination with a stoichiometric quantity of Li2CO3, the 

quasi-ǎǇƘŜǊƛŎŀƭ ǇŀǊǘƛŎƭŜǎ ŦǳǎŜ ǿƛǘƘ ƻƴŜ ŀŘƧŀŎŜƴǘ ǇŀǊǘƛŎƭŜ ǘƻ ŦƻǊƳ ŀ ΨŘǳƳōōŜƭƭΩ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜΣ 

with the developing grains and nodules on their surface as lithium carbonate decomposes and 

evacuates from the particle, causing densification of the resultant structure [174].  

 

Comparing the solvothermal synthesised NMC-111 (SH-NMC) with an equivalent co-precipitation 

synthesised NMC-111 (C-NMC, synthesised with ammonia bicarbonate), Brunauer-Emmet-Teller 

(BET) analysis determined the surface area of SH-NMC was approximately double that of C-NMC 

(Ḑ9.2 vs 4.4 m2 g-1). From an electrochemical perspective, the first cycle discharge capacity of 

SH-NMC was also greater than the C-NMC, with a capacity of 171 mAh g-1 compared to 159 mAh g-1. 

The 50-cycle capacity retention for SH-NMC was 87.7% compared to 67.9% for C-NMC, with both 

Galvanostatic cycling regimes conducted at 0.1C over a voltage window of 2.5-4.5 V [174]. 

 

NMC-622 has been synthesised using transition metal acetates (0.1 M), urea (0.2 M), and 

cetyltrimethyl ammonium bromide (CTAB, 0.1 M) dissolved in a 1:1 ratio of deionised water and 

ethanol. An autoclaving procedure was conducted over a period of 5 hours at 150 °C before being 

washed and dried. XRD analysis concluded the solvothermal reaction produced a transition metal 

hydroxide precursor. Morphological analysis via SEM showed quasi-spherical secondary particles 

with a nanoplate primary particle morphology with three-dimensional pathways, which promotes 

lithium-ion (de)intercalation during the calcination stage. These pathways are a result of the 

stabilisation of surface energy caused by CTAB. Calcination caused these nanoplates to thicken and 

form 100 ƴƳ ΨƴŀƴƻōǊƛŎƪǎΩ [178]. 

 

A nickel-rich cathode material, LiNi0.9Mn0.05Al0.05O2 (NMA) was synthesised via an ethanol 

solvothermal process and a co-doped calcination method. The solvothermal method used a 

Ni(NO3)2·6H2O reactant dissolved in ethanol and autoclaved the solution at 180 °C for 24 hours until 

ŀƴ ʰ-3Ni(OH)2·2H2O was produced, which was washed and dried. This was dissolved with 
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stoichiometric quantities of Al(NO3)3 and Mn(NO3)3, and a 2 mol% excess amount of LiOH in ethanol, 

stirred and evaporated to form a lithiated LiNi0.9Mn0.05Al0.05(OH)2 precursor, which was calcined at 

500 °C for 12 hours in air and 750 °C for 20 hours in an oxygen rich atmosphere. The use of nitrates 

throughout this reaction in combination with ethanol was because ethanol dissolves the metal 

nitrates and produces hydroxide ions, which facilitate the formation of the desired M(OH)2 phase, as 

seen in Equations 1.11 and 1.12 below [179].  

 

χὅὌὅὌὕὌ  τὔὕ  O  χὅὌὅὌὕ  ςὔὕ ὔὕ τὕὌ  υὌὕ          Equation 1.11. 

 

       σὔὭ  ςὌὕ φὕὌ  O σὔὭὕὌ ϽὌὕ            Equation 1.12. 

 

The formation of the h-3Ni(OH)2·2H2O layered double hydroxide phase was confirmed via XRD, with 

SEM micrographs displaying quasi-spherical secondary particles. After calcination, the Ḑ12 µm 

quasi-spherical morphology remained and XRD analysis showed good peak splitting between 

(006)/(102) and (108)/(110) doublets, indicating good crystallinity. Rietveld refinement of this 

material indicated the Ni2+/Li+ cation mixing was approximately 5%. The material underwent 

electrochemical testing, with cyclic voltammetry testing indicating stable H1-M-H2-H3 phase 

transitions over the first 5 cycles for voltage windows 3.0ς4.3, 3.0-4.4 and 3.0-4.5 V. Galvanostatic 

cycling for these voltage windows were also conducted at 0.3C, with first cycle discharge capacities 

of 182, 191 and 200 mAh g-1 being achieved for 4.3 V, 4.4 V and 4.5 V respectively and 83%, 91% and 

76% of the capacity being retained after 100 cycles [179]. 

 

1.3.4. ς Lithiation and Calcination of the NixMnyCoz(OH)2 precursor 

 

Once the NMC precursor was synthesised, it is typically washed with deionised water and filtered 

and/or dried to remove the residual sodium and sulphur species [158]. The precursor is then mixed 

with a source of lithium, commonly referred to as lithiation, which can be done via hand milling or 

ŀƴ ŀǉǳŜƻǳǎ Řƛǎǎƻƭǳǘƛƻƴ ƻŦ ŀ ƭƛǘƘƛǳƳ ǎƻǳǊŎŜ ǿƛǘƘ ǘƘŜ ǇǊŜŎǳǊǎƻǊΦ ! ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ ΨŎŀƭŎƛƴŀǘƛƻƴΩ ƘŜŀǘ 

treatment follows, which initiates a reaction between the lithium and transition metal species until 

the desired product, LiNixMnyCozO2, is formed. The high temperature and oxygen-rich atmosphere 

causes the transition metal to oxidise and the evolution of the layered transition metal oxide phase 

to change to intermediate lithium-deficient rocksalt or spinel oxide phases. As the lithium source 

thermally decomposes at higher temperatures (above 473 °C for LiOH), lithium is released into the 
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system and incorporates into the transition metal compound, with the oxygen-rich atmosphere 

providing a source of oxygen to form the final LiNixMnyCozO2 phase [152]. 

 

Aqueous lithiation of a material involves dispersing the M(OH)2 precursor and a lithium source in a 

solution. Belharouak et al. achieved this by dissolving the h-3Ni(OH)2·2H2O precursor with soluble 

dopants and 2 mol% excess LiOH·H2O in ethanol, before mixing for 2 hours at 40 °C to evaporate the 

solvent. Water can also be used as a solvent, dissolving Ni(NO3)·6H2O and LiOH·H2O and mixing it 

prior to calcination at 800 °C for 12 hours [180]. This methodology was investigated by Arai et al. 

with a 1: 1 and 1: 4 transition metal: lithium ratio being compared. It was found that in order to 

synthesise near-stoichiometric Li1-zNi1+zO2, optimised conditions involve mixing the 1:1 M: Li solution 

for 8 hours (which produced LNO with z = 0.033) or mixing the 1:4 M: Li solution for 2 hours (LNO 

with z = 0.031) [51].  

 

The more common method for the lithiation of transition metal precursors involves hand milling 

dried precursor and a lithium source. Typically, an excess of lithium source was used to the 

stoichiometric amount, with a Li: M ratio of 1.01-1.05: 1 used to ensure integration into the cathode 

structure and to compensate for loss of lithium at high temperatures as it vaporises to form Li2O, 

which results in the formation of a lithium- and oxygen- deficient rock-salt phase [9], [87], [88], 

[181]. This milling was conducted for 15-30 minutes with a pestle and mortar or mechanical grinding 

equivalent (e.g. ball mill) in order to maximise the surface area to volume ratio of the materials, 

reducing the lithium pathway during the lithiating calcination mechanism [150], [182], [183]. A small 

amount of solvent, for example ethanol, can be added to dissolve the lithium hydroxide, allowing it 

to further reduce the penetrate the transition metal precursor and minimise the lithium pathway 

[183]. The thermal decomposition temperature range of lithium carbonate was 700-1100 °C, making 

it potentially unsuitable for the synthesis of nickel-rich cathode materials as not all of the lithium 

carbonate may decompose and lithiate the NMC/ LNO material [104]. Lithium hydroxide, which 

decomposes at 400-600 °C, is preferred for the calcination of nickel-rich cathodes. 

 

Should the degree of excess lithium be too high, lithium oxide (Li2O) can form on the surface of the 

secondary NMC particles during calcination [85], [184]. This Li2O reacts with the CO2 or H2O in air to 

form Li2CO3 or LiOH, which can increase the pH of the electrode slurry and interact with the 

polyvinylidene fluoride (PVdF) causing gelation of the electrode slurry, complicating their handling 

and casting. Furthermore, these impurities such as LiOH with can react LiPF6 electrolyte to form 

hydrofluoric (HF) acid, which dissolves metal in the cathode and gasifies the anionic component 
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during cycling, forming CO, CO2 or O2, which leads to swelling within the cells and a potential safety 

risk if the cell ruptures [85], [184], [185].  

 

Residual lithium compounds are more present in nickel-rich NMC materials, with Noh et al. 

measuring the quantities of residual lithium via titration to find that there was a significant increase 

in both LiOH and Li2CO3 when the nickel content was above 70%. NMC-111 had a total residual 

lithium concentration of 1798 ppm, with the concentration increasing for other NMC materials 

(NMC-622, 4908 ppm; NMC-701515, 11,054 ppm; NMC-811, 23,819 ppm) [37]. One more practical 

method for identifying these residual lithium compounds was through their presence in XRD profiles 

of LiNixMnyCozO2, as seen in Figure 1.14, where Li2CO3 exists between the (003) and (101) peak as a 

phase impurity. 

 

In order to remove these residual lithium compounds, the current practice was to wash the lithiated 

sample post-calcination, but as these compounds are more common amongst nickel-rich cathodes. 

This risks hampering the electrochemical performance due to the sensitivity of nickel to water and 

oxygen [37], [85]. One alternative option was investigated by Jo et al. who dissolved phosphoric acid 

(H3PO4) into ethanol, then added pre-synthesised LiNi0.6Mn0.2Co0.2O2 and heated to 80 °C to slowly 

evaporate the solvent. The lithium reacts with the phosphate ion to form a coating of conductive 

Li3PO4, which in turn improved the capacity retention of the NMC-622 from 76.1% (bare) to 94.1% 

(coated) after 150 cycles at 1C (3.0-4.3 V) [186]. A non-aqueous solution to the formation of residual 

lithium compounds was researched by Seong et al. who introduced SO2 gas into the calcination 

system of LiNi0.91Mn0.03Co0.06O2 such that the Li2O formed a coating of Li2SO4, which stabilised the 

electrode slurry during mixing, preventing gelation, and stabilised the Galvanostatic cycling such that 

after 100 cycles of 0.1C (3.0 ς 4.3 V), the Li2SO4 coated cell retained 91% capacity, whereas the 

uncoated sample saw a drop off in capacity [184]. 
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Figure 1.14: An XRD profile showing the presence of Li2CO3 between the (003) and (101) peaks in a 

sample of LiNi0.8Mn0.1Co0.1O2. 

 

Once the solid lithium and NMC hydroxide mixture is ŘŜŜƳŜŘ ΨƘƻƳƻƎŜƴƻǳǎΩΣ ŀ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ 

treatment of the precursor to allow the incorporation of oxygen and lithium into the structure 

through the loss of water via OH- ŜǾƻƭǳǘƛƻƴΦ ¢ƘŜ ŘŜǎƛǊŜŘ ǇƘŀǎŜ ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ǘƘƛǎ ΨŎŀƭŎƛƴŀǘƛƻƴΩ ƻŦ ǘƘŜ 

transition metal precursor was the -hNaFeO2 layered transition metal oxide (LiMO2) described in 

Section 1.2.1, although poor control over conditions such as temperature could lead to phase 

impurities such as a lithiated transition metal rocksalt (LiMO), non-lithiated rocksalt (MO) or a 

spinel-phase transition metal (M3O4) [103], [187], [188].  

 

When calcined alone, the M(OH)2 layered structure (P3m) can oxidise via a reaction mechanism 

described in Equation 1.13 to form a MOOH phase at approximately 100 °C, which can have to 

crystal phases: R3m and C2/m. The resulting M(OH)2 or MOOH species reacts to form a transition 

metal oxide with a spinel or rocksalt structure between 300 and 500 °C, coinciding with the 

vaporisation of water from the material, seen in Equation 1.14 [103], [152]. Co(OH)2 and low-nickel 

M(OH)2 species react to form a dominant M3O4 spinel phase (Fd3m), but as the nickel content 

increases within the M(OH)2 precursor, the spinel phase was replaced by a MO rocksalt phase 

(Fm3m), with only the rocksalt MO phase synthesised for Ni(OH)2 [152].  
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The inclusion of a lithium source, for example lithium hydroxide (LiOH) allows the full reaction to 

take place and the LiMO2 layered structure (R3m phase) to dominate, with the overall reaction for 

this seen in Equation 1.15 [152]. The desired LiMO2 phase can also be obtained through calcination 

from any one of the lithiated intermediates and non-lithiated alternatives (calcined with a lithium 

source) including M3O4 and MO, although due to the higher thermal stability of these reactants, 

phase dominance of LiMO2 tends to be achieved at a higher temperature [152], [189]. Consequently, 

a minimum temperature should be achieved to ensure the layered R3m structure was phase pure, 

which Lin et al. has been reported to be 600 °C (in air) for the formation of LNO from Li2CO3 and NiO 

reactants. Below this temperature, unreacted NiO and Li2CO3 were present [189]. 

 

             ὔὭὓὲὅέὕὌ  ὕ 
 Ј
ựựự ὔὭὓὲὅέὕὕὌ Ὄὕ           Equation 1.13. 

 

           σὔὭὓὲὅέὕὕὌ 
 Ј

ựựựựựựự ὔὭὓὲὅέ ὕ  Ὄὕ  ὕ            Equation 1.14. 

 

      ὔὭὓὲὅέὕὌ ὒὭὕὌϽὌὕ 
 Ј

ựựựựựựựự ὒὭὔὭὓὲὅέὕ  Ὄὕ  ὕ    Equation 1.15. 

 

In order to balance the charge in the LiNi1-x-yMnxCoyO2 structure, the transition metals oxidise from 

their +2 oxidation states (in M(OH)2) in the hydroxide precursor to their Ni2+/3+/4+, Mn4+ and Co3+/4+ 

during calcination [62], [190]. The manganese (Mn4+) and cobalt (Co3+/4+) content of the cathode 

determines the oxidation state of the nickel, with an increase in nickel content promoting the 

formation of the less stable Ni3+/4+ ions in favour of Ni2+ in order to balance the electrostatic charge. 

The presence of Ni2+ ions in the final LiNixMnyCozO2 product can be indicated by the degree of cation 

mixing within the pristine (i.e. uncycled) product. The ratio of the (003) and (104) intensities 

(I(003)/ I(104) ratio) can be a qualitative indicator of the Ni2+ ions that intercalate into the Li layer. This 

compares a purely c-axis measurement, (003), with a parameter that cuts diagonally across the unit 

cell, (104), that is affected by the a and b axis. An increase in cation mixing would cause a shrinkage 

in the ab plane due to the smaller Ni2+ ions (0.69 Å, vs 0.76 Å for Li+ ions), resulting in a smaller 

I(003)/ I(104) ratio.  Rietveld refinement can determine the degree of cation mixing quantitatively.  

 

The instability of Ni3+/4+ ions create difficulties in maintaining nickel in its tri-/tetra- valent state, 

introducing the need for oxygen gas or an oxidising agent during the calcination stage to maximise 

this oxidation reaction and encourage good cation ordering. This was highlighted by Idris et al. who 

calcined NMC-811 in oxygen gas and nitrogen gas at various temperatures [191], [192]. They found 
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that the presence of oxygen increased the I(003)/I (104) ratio of oxygen calcined samples (approx. 

1.0-1.2, 850-950 °C) compared to nitrogen samples (approx. 0.6-0.4, 850-950 °C). This suggested an 

increase in cation ordering within the superstructure, which was supported by the unit cell volume, 

which increases from 101-102 Å3 for oxygen samples (low cation mixing 3.3-6.2%), to 103-104 Å3 

(11.1-22.3% cation mixing) for the nitrogen calcined samples, which is consistent with literature 

[191], [193]. Park et al. showed that an increase in oxygen gas flow rate during the calcination of 

LNO increased the I003/I104 ratio, with larger ratios of 1.599-1.616 observed for oxygen flow rates 

above 500 sccm (standard cubic centimetres per minute). This in turn had an impact on the specific 

capacity, with the 500 and 800 sccm yielding a first cycle discharge capacity of 139 and 163 mAh g-1 

(compared to a 300 sccm sample producing 56 mAh g-1, and a 35-cycle capacity retention of <20%, 

95% and 90% for the 300, 500 and 800 sccm samples [194]. 

 

Low-nickel content materials such as NMC-111 can been calcined in air due to the tendency for 

nickel to remain in its divalent state, whereas nickel-rich materials such as NMC-811 and LNO require 

Ni3+/4+ ions in order balance the electrostatic charge and require an oxygen atmosphere due to the 

lower reduction potential for nickel compared to manganese and cobalt [195]. Shim et al. calcined 

LiNi0.8Mn0.05Co0.15O2 with oxygen and air and confirmed the increased degree of cation mixing in the 

air sample via Rietveld refinement (3.67% for the air-calcined sample, 3.00% for the oxygen-calcined 

sample). The effect on the electrochemical performance included an increase in first-cycle discharge 

capacity for the oxygen sample (193.7 mAh g-1 vs 185.2 mAh g-1), an increased 50-cycle capacity 

retention (95.6% vs 92.6%, cycled at C/2, 2.8-4.3 V) and an increased rate capability [192]. 

 

Excessive temperature can cause oxygen evolution and loss from the layered structure to degrade 

and form off-stoichiometries (Li1-zM1+zO2) and a rocksalt phase impurity [9], [191]. This evolution 

begins at different temperatures depending on the nickel content, with Ni3+ reducing to Ni2+ in 

NMC-901 at 625 °C, at ~700 °C in NMC-811, and at 800 °C in NMC-532, which coincides with a spike 

in oxygen release as Li2O and O2 was formed [9], [103], [196]. The temperature of the heat 

treatment should vary with the nickel content of the material, with LNO typically being calcined at 

650-700 °C and NMC-111 at 900 °C (Table 1.1) [142], [169]. Calcining below 650 °C forms lithium-

nickel impurities including lithium carbonate and the rocksalt phase and calcining below 600 °C can 

leave unreacted NiO in the system [9], [152]. One deviation from this method was to calcined 

nickel-rich materials in two stages, firstly at 400-500 oC, then at 700-800 °C [88], [187], [197], [198]. 

The initial 500 °C temperature was to breakdown the lithium hydroxide to form Li2O and release any 

incorporated water and carbonates, indicated by mass loss during the process [101], [152].  
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Table 1.1: A summary of the most frequently used temperatures for common versions of NMC, 

accompanied by their sources. 

Nickel content (with a typical 

NMC composition) 

Optimum temperature (°C) Literature Reference 

33% (e.g. NMC-111) 850-1000 [37], [156], [199] 

50% (e.g. NMC-532) 900-950 [37], [150] 

60% (e.g. NMC-622) 800-920 [37], [67], [88] 

80% (e.g. NMC-811) 780-850 [37], [118], [200] 

90% 700-750 [70], [87], [184] 

100% (LNO) 650-700 [9], [52], [187], [201], [202] 

 

From a morphological perspective, secondary particle assemblies remain relatively unchanged 

throughout calcination, with little change in size and morphology [118], [156]. Primary particles 

however tend to thicken and densify, regardless of needle-like or nanoplate morphology, to form 

ƛƴŘƛǾƛŘǳŀƭ ΨƴŀƴƻōǊƛŎƪǎΩ ƻǊ ŦǳǎŜ ǘƻƎŜǘƘŜǊ ǿƛǘƘƛƴ ǘƘŜ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜ ǘƻ ŦƻǊƳ ŀ ΨƳŜŀǘōŀƭƭΩ ƭƛƪŜ 

particle [118], [178], [202]. Temperature can affect the size of the faceted primary particles, and 

consequently the surface area for the particle/ sample, which in turn can increase the capacity and 

capacity retention (with an increase in area). Vu et al. reported that NMC-811 calcined at 800 °C was 

found to have a larger surface area and achieve a first-cycle capacity of 193.9 mAh g-1 

(0.1C, 3.0-4.3 V) compared to a capacity of 185.6 and 186.2 mAh g-1 obtained by calcination at 780 

and 820 °C respectively. The capacity retention at 1C after 100 cycles are 84.5% for the 780 °C 

NMC-811, 90.4% for the 800 °C, and 80.9% for 820 °C [118]. 

 

Zheng et al. also reported a similar finding for the calcination of LiNi0.76Mn0.14Co0.10O2 at 

temperatures ranging from 725-900 °C, with a reduced Ni/Li cation mixing was observed at 775 °C 

(3.65%, vs 5.16% for 900 ɕ/) and an increased I(003)/I (104) ratio (1.33, vs 1.23 for 900 ɕ/) indicating 

increased crystallinity [203]. Morphologically, calcinations at 725-775 °C yielded smaller primary 

particles of 100-300 nm, with a cuboidal shape and minimal voidage within the quasi-spherical 

secondary assembly. Above 800 °C, primary particle size increased from ca. 500 nm at 800 °C to 1-

2 µm for 850-900 °C. Smaller particle sizes (i.e. 725-775 °C) yielded larger capacities of ca. 

220 mAh g-1, vs ca. 200 mAh g-1 for samples calcined at 850-900 ɕ/Σ ŎȅŎƭŜŘ нΦт-4.5 V at a rate of C/10. 

Additionally the 725-775 ɕ/ ŎŀƭŎƛƴŜŘ ǎŀƳǇƭŜǎ ƘŀŘ ƘƛƎher capacity retentions when cycled at a rate of 

C/3, with a retention of 80.1-78.7% compared to higher temperatures (72.9%, 56.4% and 41.9% for 
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800, 850 and 900 °C respectively) when cycled between 2.7-4.5 V. Increased rate performances were 

also observed, with the 750 °C sample observing a capacity of 168 mAh g-1 at 10C, compared to 164, 

125 and 47 mAh g-1 for 775, 850 and 900 °C [203]. Lower temperatures tend to produce materials 

with poor crystallinity, whereas excessive temperatures will sinter the primary particles, decreasing 

the Li diffusion pathways and reducing the rate performance and coulombic efficiency. 

 

A similar investigation was conducted by Kurzhals et al. into the calcination of LNO at 680-720 °C 

with a range of lithium source content, with 0.98, 1.01 and 1.04 (relative to the Ni(OH)2 precursor) 

used. They found that crystalline LNO with a layered, h -NaFeO2 phase was formed for all three 

lithium contents, for temperatures of 680, 700 and 720 °C. Cation mixing was reduced in samples 

with a higher lithium content, with 1.04 lithium content yielding a cation mixing of 1.6% when 

calcined at 720 °C, compared to 1.01 and 0.98 (2.2% and 3.5% respectively). This is because excess 

lithium within the system pushes the reaction equilibrium to form LiNiO2 rather than LiNiO, 

ŀŎŎƻǊŘƛƴƎ ǘƻ [Ŝ /ƘŀǘŜƭƛŜǊΩǎ ǇǊƛƴŎƛǇƭŜΦ ¢ƘŜ ǘƘǊŜŜ ǘŜƳǇŜǊŀǘǳǊŜ ǎŀƳǇƭŜǎ όсулΣ тлл ŀƴŘ тнл °C) yielded 

similar degrees of cation mixing, but the higher temperatures yielded larger primary particles within 

the secondary particle assembly, due to the higher temperature growing larger crystals [187].   

 

Morphological analysis on this LNO material was conducted by Riewald et al., who concluded that 

the secondary particle agglomeration occurs during calcination due to the increase in mean average 

diameter of the particle (d50), which occurs more significantly in smaller particles, with 4.3 µm 

precursor (d50) increasing to an average size of 9.1 µm; and 11.1 µm Ni(OH)2 particles (d50) increasing 

to an average value of 13.6 µm post-calcination. It was confirmed that an increase in calcination 

temperature increased the mean primary particle size from 200-300 nm at 680 °C to 350-500 nm at 

720 °C. Translating this to electrochemical performance, LNO/graphite full cells were constructed 

and cycled at 1C, with intermittent C/3 and C/10 cycles, with all three samples yielding similar 

first-cycle discharge capacities (210-220 mAh g-1, C/10). Over 120 subsequent cycles, the 680 °C 

samples saw a larger capacity retention, yielding a capacity of ca. 170 mAh g-1, whereas 700 and 

720 °C samples yielded capacities of ca. 145 and 120 mAh g-1 respectively [202]. 

 

The duration of calcination was another parameter that was contested amongst literature. Many 

reports use a time of 10-15 hours for calcination, irrespective of composition or oxidising 

atmosphere [37], [88], [118], [167]. An investigation into the effect of calcination duration of 

NMC-111 was conducted by Habibi et al. over a period of 5-15 hours. XRD and Rietveld analysis 

shows that regardless of temperature (750, 850 and 950 °C), larger peaks, and an increased I(003)/I (104) 
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ratio was observed for 15 hours (1.38, 1.36 and 1.09 respectively), indicating greater crystallinity and 

less cation mixing. Longer calcination times and higher temperatures also increased primary particle 

size, which reduced particle agglomeration due to less surface energy (relative to shorter calcination 

times and lower temperatures) [199]. Due to the solution combustion synthesis of the NMC-111 

precursor, there was no obvious secondary particle morphology. The 15-hour samples displayed a 

higher discharge capacity of 160.5 mAh g-1 (850 °C, 0.05C, 2.5-4.3 V) relative to the shorter 

calcination periods (15.5 and 47.4 mAh g-1 for 5- and 10-hour durations respectively). For the 

15- hour calcination sample, a temperature of 850 °C was determined to be optimal with a discharge 

capacity of 160.5 mAh g-1 (vs 155.9 and 141.4 mAh g-1), further evidenced by rate capability 

(36 mAh g-1 vs <25 mAh g-1 for both 750 and 950 °C at 5C cycling rate), and capacity retention (86% 

retention after 50 cycles of 2.5-4.3 V cycling at 1C, compared to 65% and 43% retention for 750 °C 

and 950 °C respectively) analysis [199]. 

 

-hNMC(OH)2 and layered double hydroxides can have an adverse effect on the formation of layered 

transition metal oxides due to irregularities in the layered hydroxide structure. Xu et al. synthesised 

-hNMC(OH)2 6:2:2 precursor using sodium DL lactate in place of ammonia as a chelating agent, 

which was calcined at 850 °C for 15 hours to form layered NMC-622 oxide [204]. XRD analysis 

showed samples prepared at a higher pH (11.5) displayed a larger proportion of -̡NMC(OH)2 

impurity within the -hNMC(OH)2 phase. Calcination gave rise to the desired h -NaFeO2 layered 

structure, with no phase impurities present and the pH 11.5 sample having a higher I003/I104 ratio of 

1.575 (compared to the pH 10.5 sample having a ratio of 1.487), indicating a smaller degree of cation 

mixing. The synthesis of layered double and h -polymorph hydroxides in the context of NMC- and 

nickel- based battery structures was rare, and consequently the resultant effect of calcination of 

these materials was just as rare, but Xu et al. confirm that from a crystallographic perspective, the 

presence of layered double and h -polymorph hydroxides does not impact the formation of h -NaFeO2 

layered structure with a low degree of cation mixing [204]. Zhu et al. have investigated the effect of 

calcining Mg/Al-CO3 layered double hydroxides to form layered double oxides. The X-ray diffraction 

studies suggested the formation of a low-crystalline structure with no interlayer anions/ water [205].  

 

 

 

 

1.4. Stirred Tank Reactors ς A Gateway to High-Throughput Synthesis 
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Stirred tank reactors (STRs) are vessels that allow great control over the reactions that occur within 

them through the utilisation of sensors and control loops to accurately maintain parameters. This 

becomes advantageous for the synthesis of many materials from a biological and chemical 

perspective, with the earliest use of stirred tank reactors relating to the production of alcohol 

through the use of yeast and cereals. In a modern chemical landscape, STRs are often used for 

aqueous reactions that are being upscaled from small, laboratory configurations in beakers such as a 

round bottom flask, up to industrial production of chemicals.  

 

1.4.1. - Stirred Tank Reactors 

Stirred tank reactors can be configured to three different system operations: a batch reaction (BR), a 

semi-batch fed reactor (SBFR) and a continuous stirred tank reactor (CSTR). A batch reactor system 

involves inputting all reactants into the reactor before the reaction, allowing the reaction to run to 

completion without any reactants or products entering/ leaving the system, before the extraction of 

the product after the reaction has run to its completion. A semi-batch fed reaction (SBFR) involves 

an open system over the course of the reaction, with reactants continuously added to promote the 

reaction occurring, but the final reactants being extracted only once the reaction has completed. A 

continuous stirred tank reactor operates by continuous addition of reactants and removal of 

products in order to keep the contents of the reactor at a steady-state (i.e., no accumulation of 

material or change in concentration) [206]. From a reaction perspective, BRs and SBFRs have a 

changing concentration throughout the reaction due to the absence of product extraction, whereas 

the CSTR systems have a quasi-constant steady-state concentration [159]. 

 

There are two main factors that differentiate between the three operational modes: the transient/ 

steady-state nature of the system, and the degree of throughput that the configurations allow. Batch 

and semi-batch systems have a fixed start and end time, limiting the throughput of the reactor 

vessel due to the downtime that occurs between reactions. Steady-state systems observed in CSTRs 

are desirable due to the constant conditions that the reaction was conducted under, meaning the 

product have consistent properties and can operate continuously for periods of time without the 

product dropping in quality. This can increase the throughput capabilities of the reactor relative to 

BRs and SBFRs. This also improves product consistency, as there was one continuous batch rather 

than separate batches for inconsistency to arise [206]. 

 

Controlling the conditions within a STR system, regardless of the configuration, can be done using 

control loops. This is typically done via a feedback loop, where a sensor (e.g. thermocouple) will 
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record a parameter (e.g. temperature) within the system in real-time and compare it to a pre-set 

value. The computer was then connected to another aspect of the system that relates to the control 

loop parameter (in this case, the reactor heater) in order to alter the output of the unit to guide the 

parameter closer to the pre-set value.  

 

1.4.2. ς The Design and Operation of a STR 

 

The configuration of the STR are key factors to consider when sizing the reactor. For BRs and SFBRs, 

which have a fixed reaction time (time taken for the reaction to complete) and the throughput is 

restricted to the operational volume of the reactor; whereas in CSTR systems, the throughput is 

determined by both the volume and the residence time (the average time taken a particle spends in 

the reactor).  

 

The shape of a CSTR is typically a domed cylindrical vessel, with either a dished or hemispherical 

bottom. The type of dome, as well as the operational volume of the vessel can affect the flow regime 

within the vessel and consequently the agitation within the vessel.  These flow regimes indicate the 

degree of mixing, with laminar flow typically having parallel fluid flow paths and suffering reduced 

mixing, whereas the turbulent flow regime introduces the formation of eddies and the crossing of 

fluid flow paths, increasing the mixing within the system [207]. The flow regime within a reactor is 

ŘŜǎŎǊƛōŜŘ ǘƘǊƻǳƎƘ ǘƘŜ wŜȅƴƻƭŘΩǎ ƴǳƳōŜǊ όRe) executed through the stirring of an agitator applying 

the force upon the fluid, thus the characteristic length was the diameter of this impellor (DI). The 

speed of the agitator in revolutions per second (N) relative to the dynamic viscosity (µ) can form 

Equation 1.16. It is worth noting that the dynamic viscosity (µ, a metric for force) can be converted 

to the kinematic viscosity (˄, a metric for velocity), which can be more applicable to the STR scenario 

due to the force exerted by the impellor blade during agitation via Equation 1.17 [208]. 

 

        ὙὩ  
ᶻᶻ

              Equation 1.16. 

 

                    ὑὭὲὩάὥὸὭὧ ὠὭίὧέίὭὸώ ʉ ὈzὩὲίὭὸώ ”  ὈώὲὥάὭὧ ὠὭίὧέίὭὸώ ‘          Equation 1.17. 

 

The area (A) of the impellor blade impacts the inertia imparted onto the system, as denoted in 

Equation 1.18Σ ǿƘŜǊŜ ΨǳΩ ƛǎ ǘƘŜ ǾŜƭƻŎƛǘȅ ƻŦ ǘƘŜ ōƭŀŘŜ. This relates to the dispersion of particles, 

characterised through Froude number (Fr), seen in Equation 1.19, which describes the ratio of inertia 
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(involving the rotational speed of the agitator, n, in rpm; and impellor diameter, DI) and gravity (g = 

9.81 m s2). Below this critical velocity, particles begin to settle as the flow becomes tranquil, and 

above the critical velocity, particles distribute within the fluid under a rapid flow regime [207]. The 

minimum velocity for particle suspension was investigated first by Zwietering et al. and later by Baldi 

et al., the latter developing Equation 1.20, and describes the minimum velocity for all particles to be 

suspended within a system [209], [210]. The factors include particle concentration (B), particle and 

liquid density (́P and ́ L respectively), particle diameter (Dp) and impellor diameter (DI) [211]. 

 

         ὍὲὩὶὸὭὥὰ ὊέὶὧὩ Ὂ  ”z ὃᶻ               Equation 1.18. 

 

          ὊὶέόὨὩ ὔόάὦὩὶ Ὂὶ  
ᶻ

            Equation 1.19. 

 

                    ὔ  
Ȣ Ȣ Ȣ Ȣ

Ȣ Ȣ              Equation 1.20. 

 

Increasing the agitation rate can lead to a turbulent regime during mixing, resulting in the formation 

of eddy currents and an increased change in momentum and an increase in shear stress (Ry) in the 

system, as described in Equation 1.21, where E was the eddy kinematic viscosity and, ux was the 

random fluctuations in the fluid perpendicular to the direction y [207]. Vortexes can also arise from 

vigorous agitation within a system, limiting the degree of mixing that can occur within this system. 

Vortex formation increases with depth [212]. To counteract vortex formation, the STR vessel shape 

can change to a more angular square perimeter; the agitator axle and impellor blade can be 

positioned off-centre within the reactor vessel; or most commonly, baffles can be added to the 

reactor vessel [207]. Baffles disrupt the circular motion of fluid, causing dispersion of the 

quasi-parallel fluid flow lines in the axial and radial direction, thus discouraging the formation of a 

vortex. Different impellor blades promote different variations of axial and radial flow, as discussed in 

Section 1.3.2., with propeller turbines (PT) causing axial flow, flat blade turbine (FBT) and Rushton 

turbine (RT) causing radial flow, and pitched blade turbine (PBT) causing both types of flow [163].  

 

                Ὑ  Ὁ              Equation 1.21. 

 

The type of impellor blade also impacts the power (P) needed to drive the agitator, which was 

described in Equation 1.22 below, where NP was the dimensionless power number, attained 

graphically from power curves, which is exemplified in Appendix A.3 [213]. Agitators act as a pump 
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during the mixing displacing a volume of fluid displaced (VD) during its rotation. The volume flow 

pumping rate (Q, m3 s-1) is described in Equation 1.23 and relates to the efficiency at which the 

impellor blade pumps fluid (́), which can also be described as the agitator factor (NQ), visually 

determined using dimensionless graphs. Correlations between the power number (Np), agitator 

factor, and Reynolds number found they were independent, resulting in a constant agitator factor 

across all regimes, which for a 45ɕ pitched propeller, was NQ = 0.87 [214], [215]. 

 

            ὖ  ὔ Ὀ  ὔ ”                          Equation 1.22. 

 

   ὗ  ὔ Ὀ  ὔ  ʂ ὠ ὔ           Equation 1.23. 

 

The volume flow pumping rate, Q, for the agitator can be used to determine a mixing time (t t) for the 

system, defined as the time taken for a particle flow path to return to the agitator. This is typically 

denoted alongside the agitator speed as Ntt due to the correlation between the two factors. There 

have been a number of models used to determine the mixing time factor (Ntt), one of which was 

derived experimentally (see Equation 1.24), another model by Fox and Gex used for high efficiency 

impellers in the turbulent regime (Equation 1.25). The experimental model operates under the basis 

that the mixing time is approximately one-fifth of the residence time from a 6-blade turbine, 

determined experimentally from the equalisation of concentration in a tracer experiment, modified 

for a 45ɕ pitched propeller (NQ = 0.87). The Fox and Gex model accounts for inertial and gravitational 

forces within the system through the inclusion of Froude number and Reynolds number in its 

derivation [215], [216].  

 

    ὔὸ τȢυ               Equation 1.24. 

 

  ὔὸ  ὊὶȾ Ⱦ  
Ⱦ
 

Ⱦ
                            Equation 1.25. 

 

It can be seen that in both models there is a reliance on the geometry of the stirred tank reactor, 

namely the tank diameter (DT), impellor diameter (DI) and the height of the fluid in the tank (H). In 

turbulent systems, the Fox and Gex model can be simplified to Equation 1.26 below. Heuristically, 

most systems are designed such that the tank diameter and fluid height are equal, and the agitator 

diameter was one-third of the tank diameter. This gives the value of Ntt (dimensionless) to be 40.5 

and 105.5 for the experimental and Fox and Gex model respectively. 
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       ὔὸ  ρφȢω 
Ⱦ
 

Ⱦ
                            Equation 1.26. 

 

 

1.5. ς Microwave Technology 
 
The heating properties of microwaves were first discovered by Percy Spencer in 1945 and have since 

been developed and refined the technology to produce food and chemical processing units. The 

ǾŀŎǳǳƳ ǘǳōŜ ǳǎŜŘ ōȅ {ǇŜƴŎŜǊΣ ŎŀƭƭŜŘ ŀ ΨƳŀƎƴŜǘǊƻƴΩΣ ŜƳƛǘǎ ŀ ƘƛƎƘ ŦǊŜǉǳŜƴŎȅ ƳƛŎǊƻǿŀǾŜ ǊŀŘƛŀǘƛƻƴ 

that interacts with and heats the target. This has led the purpose of the processing units to be 

primarily heating, drying and chemical extraction by partial evaporation, with a big commercial 

advantage of the technology being the reduced time and energy used to conduct the heating. Most 

commercial applications focus on the interaction between microwave radiation and water 

molecules, with the interaction typically heating the water to boiling point causing evaporation.  

 

1.5.1 ς Microwave Heating  

 

The benefit of microwave heating technology to chemical synthesis centres around the precise 

mechanism of microwave assisted heating. The magnetron emits high frequency microwave 

radiation in the order of 2.45 GHz which has a corresponding wavelength in the order of molecular 

bond lengths [217], [218]. In polar molecules, where there is a charge disparity over the length of a 

bond, the molecule can align with the microwave radiation according to the alternating electric field 

generated by the radiation, as seen in Figure 1.15. The resulting change in alignment with 

neighbouring molecules causes resistance between adjacent particles with opposing charges, which 

generates localised heating [219]. Ionic liquids experience a similar heating effect called ionic 

conduction, with the charged particles moving spatially to align with the alternating electric field, 

with the adjacent opposing charges generating heat. 

 

This heating mechanism, known as dielectric heating, is an energy conversion as opposed to heat 

transfer, and performs molecular-level heating throughout the system with while minimising the 

need for slower heating mechanisms such as conduction or convection. Dielectric heating relies on 

two properties of a target materialΥ ƛǘΩǎ ΨǊŜŀƭΩ ŘƛŜƭŜŎǘǊƛŎ Ŏƻƴǎǘŀƴǘ όᶽΤ Ƙƻǿ ǊŜŀŘƛƭȅ ŀ ƳŀǘŜǊƛŀƭ ǇƻƭŀǊƛǎŜǎ 

ǿƛǘƘƛƴ ŀƴ ŜƭŜŎǘǊƛŎ ŦƛŜƭŘύ ŀƴŘ ǘƘŜ ƛƳŀƎƛƴŀǊȅ ŘƛŜƭŜŎǘǊƛŎ ƭƻǎǎ όᶽέΤ ƛǎ ǘƘŜ ƘŜŀǘ ŘƛǎǎƛǇŀǘƛƻƴ ŦǊƻƳ ŀ 

microwave-heated sample). The suitability of a material to convert electromagnetic energy into heat 
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ƛǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ Ǌŀǘƛƻ ƻŦ ŘƛŜƭŜŎǘǊƛŎ ƭƻǎǎ ǘƻ ǘƘŜ ŘƛŜƭŜŎǘǊƛŎ ŎƻƴǎǘŀƴǘΣ ŘŜŦƛƴŜŘ ŀǎ ǘŀƴόʵύΣ ƛƴ 9ǉǳŀǘƛƻƴ 

1.27. This allows for rapid heating to occur, reducing the time needed for reactions to complete, 

which increases the applicability of microwave technology to high-throughput synthesis pathways.   

 

Ὕὥὲ‏  
ͼ
              Equation 1.27. 

 

¢ƘŜǊŜ ŀǊŜ ǘǿƻ ΨƳƻŘŜǎΩ ƛƴ ǿƘƛŎƘ ǘƘƛǎ ƘŜŀǘƛƴƎ Ŏŀƴ ƻŎŎǳǊΣ ƛƴǾƻƭǾƛƴƎ ǘƘŜ ƳŀƎƴŜǘǊƻƴ ƳƛŎǊƻǿŀǾŜ 

generator and a waveguide, which guides the waves from the magnetron to the reactor. Firstly, 

monomode involves the magnetron generating the microwaves, and the reactor was situated within 

the waveguide. This results in standing waves being formed, with designated hot and cold spots 

depending on the position of the reactor within the alternating electric field. The reactor / 

microwave equipment is typically designed such that the sample needing to be heated is positioned 

in a hot spot.  

 

The second mode, multimode, has the waveguide direct the microwaves into a cavity, where 

refraction and reflection of the microwave radiation occurs, creating a more homogenous 

microwave distribution and heating [218], [219]. Although a multimode system provides a 

quasi-homogeneous distribution of microwaves, inhomogeneities within a system can led to 

ŦƭǳŎǘǳŀǘƛƻƴǎ ƛƴ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀƴŘ ŎƻƴǎŜǉǳŜƴǘƭȅ ΨƘƻǘǎǇƻǘǎΩ ŦƻǊƳƛƴƎ. This is due to the increased 

polarisation at the higher amplitudes of the microwave, with the excessive temperatures potentially 

giving rise to parasitic reaction that occurs above the reaction temperature [219].  

 

 

Figure 1.15: A graphical depiction between the interaction between polar molecules and the 

alternating electric field generated by microwave radiation. The changing of alignment was 
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highlighted to cause resistance between adjacent particles, which was the cause of microwave 

heating technology. 

 

Power is supplied to the vacuum tube filament to emit electrons, with their electric field interacting 

with the magnets within the magnetron to curve the accelerating electrons into cavities, which 

causes a charge disparity across the cavity and the formation of microwave radiation due to the 

resonant frequencies of the cavities. The power of the microwave can be adjusted via pulsed or 

unpulsed modulation of the power supply to the vacuum tube. In a pulsed power supply, the 

ΨƳŀȄƛƳǳƳΩ ǇƻǿŜǊ is supplied to the vacuum tube filament in pulsed bursts, discretely supplying/ not 

ǎǳǇǇƭȅƛƴƎ ǘƘŜ ΨƳŀȄƛƳǳƳΩ ǇƻǿŜǊ ƻŦ ǘƘŜ ƳƛŎǊƻǿŀǾŜΣ ǿƛǘƘ ǘƘŜ ǇǊƻǇƻǊǘƛƻƴ ƻŦ ƻƴκƻŦŦ ǘƛƳŜ ōŜƛƴƎ 

proportional to the percentage of max power the desired power was set to. Unpulsed microwave 

power is used for technical systems to prevent the reactants overheating with the microwave 

technology due to the excess intensity. This system continuously alters the power supplied to the 

ŦƛƭŀƳŜƴǘΣ ŀƭƭƻǿƛƴƎ ŀ ǇŜǊŎŜƴǘŀƎŜ ƻŦ ǘƘŜ ΨƳŀȄƛƳǳƳΩ ƴǳƳōŜǊ ƻŦ ŜƭŜŎǘǊƻƴǎ ǘƻ ōŜ ǇǊƻŘǳŎŜŘΣ ŀƭƭƻǿƛƴƎ ŀ 

continuous variation of microwave intensity to be produced and thus a more accurate power 

supply/ heat supply to the system [219], [220]. Unpulsed power supply allows a greater energy 

efficiency to be achieved due to the low, constant power supply.  

 

With regards to high temperature microwave heating, microwave absorbing materials, known as 

susceptors, are used to aid the energy conversion of the microwaves. The microwave absorption of 

some materials has been investigated, with diesel particles, NaY zeolite, and solvents (e.g. water, 

glycerol, and paraffin oil) only had a microwave absorption of 5.65-14.64%, 10.3% and ca. 0.9% 

respectively. In order to maximise the energy conversion of these materials and increase the heating 

rate and temperature, microwave absorbing materials such as silicon carbide (SiC) can be used to 

absorb more microwaves, convert more energy and thus facilitate a greater degree of heating [221]. 

The power needed to operate a magnetron is also less than a conventional heater/ reactor, meaning 

that as well as reducing the reaction time, the energy needed to fuel the reaction was also reduced. 

This was particularly important with respect to the net-zero emissions targets [219].  

 

1.5.2 ς Microwave Technology Applications & Benefits 

 

Microwave technology has been applied in the synthesis of metal oxides and hydroxides, with the 

hydrothermal synthesis of aluminium oxide and the microwave flow synthesis of silver, copper, and 

tin oxide [222], [223]. The hydrothermal synthesis of Al2O3 was compared to a conventional (i.e. 
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non-microwave) synthesis route, which confirmed the microwave synthesis was able to synthesise 

phase pure ɹ-Al2O3 with a shorter synthesis time of 40 minutes (compared to 3 hours). Microwave 

synthesis producing smaller particles than conventional synthesis, with a diameter of 0.8-1.2 µm 

compared to 3-4 µm, meaning the sample had a larger specific surface area (242 vs 148 m2 g-1) [224]. 

Nickel hydroxide can also be synthesised through microwave-assisted hydrothermal synthesis, with 

uniform nanoparticles being formed. Methodologies described by Hall et al. involve dissolving a 

nickel nitrate reactant in a solvent (e.g. water, ethanol) and other complexing agents (e.g. urea, 

ammonia and PEG-20,000) to synthesise nickel hydroxide with a nanoflower morphology, consisting 

of nanoflakes/ nanosheets, with the crystallography ascribed to the -̡Ni(OH)2 phase [119]. 

 

NMC materials have also been synthesised via microwave-assisted hydrothermal synthesis, with 

Li1.2Mn0.56Ni0.16Co0.08O2 synthesised using ammonium bicarbonate, ethanol, and water, with the 

reaction occurring at 200 ɕC for 30 minutes.  The microwave-assisted synthesis of the NixMnyCozCO3 

precursor was compared to a conventional (i.e. non-microwave) co-precipitation procedure. After a 

calcination procedure of 800 ɕC for 16 hours, a layered h -NaFeO2 Li1.2Mn0.56Ni0.16Co0.08O2 phase was 

produced with LiMn6 impurities. Rietveld refinement confirmed less cation mixing was observed in 

the microwave hydrothermal sample, with 1.75% nickel in the lithium 3a sites (compared to 4.24% 

for co-precipitation synthesis). The secondary particle morphology of both samples was 

quasi-spherical, with less primary particle agglomeration observed in the microwave sample, 

revealing a narrow primary particle size range of 150-250 nm (compared to 150-450 nm). This 

yielded an increased first-cycle specific capacity for the microwave hydrothermal sample 

(229.8 mAh g-1 vs 157.8 mAh g-1) but a lower 100-cycle capacity retention (80.6%, 100 cycles at 

2.5-4.8 V, 200 mA g-1) [223].  

 

One common precursor in the presence of ammonium bicarbonate and urea is NixMnyCozCO3 due to 

their degradation to form carbonate ions within the solution [150]. Li et al. showed that reducing the 

urea content from 500% to 200% excess led to a change in phase formation from Ni(HCO3)2 to 

Ni(OH)2 through the hydroxide synthesis mechanism described below in Equations 1.27-1.28 

(compared to the mechanism described in equations 1.8-1.10) [225]. 

 

  ὅὕὔὌ σὌὕ O ςὔὌ  ςὕὌ  ὅὕ           Equation 1.27. 

 

               ὔὭ ςὕὌ O ὔὭὕὌ              Equation 1.28. 
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An investigation by Shi et al. into the urea-based, microwave-assisted hydrothermal synthesis of 

NMC-532. Using urea as a complexing agent, the temperature, hydrothermal duration, and urea: 

transition metal ratio were optimised to form a Ni0.5Mn0.3Co0.2CO3 precursor. The optimal urea: 

transition metal ratio was determined via ICP elemental analysis, which determined a ratio of 5: 2 

produced the most accurate Ni: Mn: Co precipitant ratio of 4.986: 3.012: 2.000 (compared to 2: 1, 

yielding a 4.60: 2.90: 2.00 ratio; and 3: 1 ratio yielding a 4.71: 2.91: 2.00 ratio). Longer reaction times 

reduced the residual transition metal content within the solution post-synthesis, with a 6-hour 

reaction time having 0.21 mg L-1 relative to a 24-hour reaction time (0.13 mg L-1) [150]. 

  

The optimal synthesis conditions were determined to be 200 ɕC for 18 hours with a 5:2 urea: 

transition metal ratio. These conditions produced a sample with the most accurate NMC 

composition (5.006: 2.994: 2.000), but the tap density and morphology remained similar for samples 

reacted for greater than 12 hours, with a tap density of 2.54-2.56 g cm-3 being achieved and 

quasi-spherical secondary particle assemblies being yielded. Crystallographic analysis via XRD and 

Rietveld refinement found a longer reaction time of 24 hours to have the smallest degree of cation 

mixing (4.40% vs 6.39 and 5.87% for 12- and 18- hour syntheses). Electrochemical analysis also 

reveals the longer reaction time of 24 hours has a greater initial discharge capacity (158.6 mAh g-1, vs 

145.3 and 153.9 mAh g-1) and capacity retention (92.6%, vs 89.5% and 91.0%) compared to 12- and 

18- hour samples, cycled at 20 mA g-1 between 3.0-4.3 V for 50 cycles. The increased capacity 

retention was attributed to better nickel penetration into the core of the particle, with the 12-hour 

synthesis sample having a higher nickel content toward the surface of the particle, which are 

reactive with the electrolyte and facilitate degradation mechanisms which cause irreversible 

capacity loss [150]. 

 

Microwave-assisted co-precipitation synthesis has been trialled by Liu et al. who synthesised 

LiNi0.85Mn0.1Co0.05O2 using a two-hour microwave-assisted co-precipitation reaction (at 55 °C) in a 

round bottomed flask followed by either a four-hour conventional hydrothermal reaction (at 120 °C) 

or four-hour room temperature stirring reaction. These methodologies were compared to a 12-hour 

co-precipitation reaction conducted at 55 °C, controlled to a pH of 11.3 ± 0.1. These samples were 

then lithiated with 8 mol% excess LiOH·H2O at 550 °C for 6 hours followed by 760 °C for 12 hours. 

XRD analysis of the lithiated NMC oxide showed a higher I(003)/I (104) ratio for the microwave 

hydrothermal sample (NMC-MH, 1.44) compared to the microwave-assisted co-precipitation 

(NMC-MC, 1.37), and the conventional co-precipitation (NMC-CC, 1.23), which suggests a reduced 

degree of cation mixing for NMC-MH. The three samples had similar quasi-spherical secondary 
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particle assemblies and tap densities of 2.16, 2.12 and 2.08 g cm-3 (for NMC-MH, -MC, -CC 

respectively). Galvanostatic cycling of NMC-MH between 2.75-4.2 V at 0.2C produced a larger initial 

discharge capacity of 197.1 mAh g-1 (vs 185.7 and 189.5 mAh g-1 for NMC-CC and ςMC respectively). 

The capacity retention of this cycling after 100 cycles yielded similar retention values for the 

microwave samples (84.8% and 83.9% for NMC-MC and ςMH respectively) whereas NMC-CC had a 

retention of 73.0%. Similar trends were observed for Galvanostatic cycling at an increased rate of 1C 

over the same voltage window with NMC-MH yielding an initial capacity of 169.2 mAh g-1 (88.3% 

retention after 200 cycles), compared with NMC-MC (163.9 mAh g-1, with 82.1% retention) and 

NMC-CC (157.5 mAh g-1, with 79.7% retention) [226].  
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1.6. Aims & Experimental Objectives 
 
Literature and societal needs have established the relevance of high-throughput synthesis and the 

need for continuous stirred tank reactors (CSTRs) to synthesise nickel-rich cathode active materials. 

Nickel-manganese-cobalt 811 (NMC-811) has been identified as a material that can achieve the 

ŎƻƳƳŜǊŎƛŀƭ Ǝƻŀƭǎ ƻŦ ƻǾŜǊŎƻƳƛƴƎ ΨǊŀƴƎŜ ŀƴȄƛŜǘȅΩ ƛƴ ŎƻƴǎǳƳŜǊǎ ǿƘƛƭŜ ǊŜƳŀƛƴƛƴƎ ǎǘŀōƭŜ ŜƴƻǳƎƘ ǘƻ ȅƛŜƭŘ 

competitive capacities throughout its lifetime. This thesis will investigate the applicability of 

microwave heating technology on the synthesis of this NMC-811 material, assessing and validating 

the use of microwave technology in the two synthesis stages: the NMC hydroxide chemical synthesis 

and the calcination of the hydroxide to form the lithiated NMC oxide product. Once the viability of 

microwave technology was assessed, the overall aim of the project was to design and commission a 

novel co-precipitation reactor vessel that was suitable for the high-throughput, microwave synthesis 

of the NMC-811 hydroxide precursor via a Microwave Stirred Tank Reactor (MiSTR) system. 

 

The synthesis of the NMC-811 hydroxide precursor will be investigated by applying microwave 

technology to a hydrothermal pathway in an attempt to investigate some of the characteristics of 

microwave synthesis. The nature of the precipitation and the products formed during the reaction 

can lead to insights into the microwave synthesis mechanism, and consequently inform the future 

design of the co-precipitation reactor and reaction conditions. The final objective, is the 

development of a Microwave Stirred Tank Reactor (MiSTR) system, will be designed to increase the 

throughput of the NMC-811 hydroxide precursor synthesis via a co-precipitation synthesis, with a 1 L 

vessel placed inside the microwave reactor able to replicate the conventional co-precipitation 

reaction that was widely used in literature with the aim of decreasing the reaction time and energy 

usage. 

 

With respect to the calcination aspect of the synthesis pathway, microwave heating technology will 

be assessed by comparing the crystallographic, morphological, and electrochemical properties of the 

final lithiated NMC-811 oxide product with samples heated in a microwave furnace compared to 

that of an oxygen furnace. This set of experiments will use NMC-811 hydroxide precursor obtained 

through conventional co-precipitation synthesis to maximise the uniformity of the precursor sample 

and validity of the comparison. The objective was to optimise the synthesis procedure for 

microwave technology and minimise the cell capacity penalty associated with microwave treatment 

by generating an oxygen atmosphere during calcination, as a supply of oxygen gas cannot be safely 

supplied during the reaction.   
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2. Experimental Method 
 

This chapter contains the detail and methodology for each experiment and the corresponding 

analytical techniques, as well as applicable information regarding the equipment used in the 

synthesis, for example the microwave furnace and microwave reactor. However, the design and 

operation of the novel microwave batch reactor system will be included in chapter 5. 

 

2.1. ς Materials 
 

The following chemicals were purchased and employed without further purification. 

 Co(CH3CO2)2 · 4 H2O (98%), CoSO4 · 7 H2O (98%), LiOH · H2O (>98%), Li2O2 (95%), 

Mn(CH3CO2)2 · 4 H2O (>99%), Ni(CH3CO2)2 · 4 H2O (>98%), Urea (CH4N2O, >99%) were purchased from 

Alfa Aesar. Ethanol (99.9%), MnSO4 · H2O (>98%), and NaOH (>98% anhydrous pellets) were 

purchased from Sigma Aldrich. NiSO4 · 4 H2O (99%) was purchased from Thermoscientific, 2-

propanol (99.8%) was purchased from Honeywell and ammonia (28-30 wt%) was purchased from 

Supelco. 

 Compressed oxygen and compressed argon were purchased from BOC Ltd. 

Ni0.8Mn0.1Co0.1(OH)2 was synthesised in-house by a PDRA, Dr Nirmalesh Anthonisamy, and 

utilised in the calcination experiments. 

Cathode active material slurries were prepared using C-65 carbon black (purchased from 

Imerys), Polyvinylidene Fluoride (PVDF, purchased from Sigma Aldrich), and N-methyl-2-Pyrrolidone 

(NMP, 99.5% anhydrous, purchased from Sigma Aldrich), and coated onto carbon-coated aluminium 

foil. The following materials were used in the manufacture of coin cells: 1 M lithium 

hexafluorophosphate in ethylene carbonate (EC) and ethylmethyl carbonate (EMC) 3:7 v/v + 2% vinyl 

carbonate (VC) (electrolyte solution purchased from solivonics), lithium metal ribbon (purchased 

from Cambridge energy solutions) and a Whatman glass microfiber filter as separator. Stainless steel 

coin cell components were utilised to make the 2032 cells, including the positive and negative 

casings, the conical spring and spacer. The operando cell assembly method used modified stainless 

steel 2032 coin cell casings with Kapton/polyimide windows. Dimethyl carbonate (99%, Sigma 

Aldrich) was used to clean the cathodes during the post-mortem preparation of cycled coin cells. 
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2.2. ς Experimental Equipment 
 

The two pieces of microwave equipment used in these methodologies are a microwave furnace 

(CEM Phoenix) and a microwave reactor (CEM Mars6 Synthesis). The CEM Phoenix is a muffle 

furnace with a silicon carbide microwave-absorbing heating element surrounded by an insulator, 

which rapidly heats the interior of the heating zone, as previously described in Section 1.5.1. The 

CEM Mars6 Synthesis was a microwave reactor that is designed for multiple vessels and 

methodologies, including hydrothermal reactions (using the EasyPrep Plus vessels) and 

open-atmosphere reactions, such as co-precipitation reactions (using microwave-transparent vessels 

and beakers, e.g. glass or temperature-resistant plastics).  

 

 

Figure 2.0.1: A picture of the CEM Mars6 Synthesis with 4 EasyPrep Plus vessels installed with the 

quartz thermocouple and pressure sensor. The two waveguides that emit the microwave radiation 

from their respective magnetrons are annotated in red and the temperature and pressure sensors 

are indicated in blue and green respectively. 

 

Waveguide 

Pressure 

Sensor 

Temperature 

Sensor 



78 
 

The CEM Mars6 shown in Figure 2.0.1 has a dual-magnetron system, generating microwaves via 

800 W and 1000 W magnetrons that are guided to the internal cavity by waveguide before 

irradiating the cavity and sample. The cavity was surrounded by a stainless-steel construction which 

acts as a Faraday cage to prevent the leakage of microwave radiation. The power and reaction 

volume needs to be controlled in order to prevent microwave leakage, which was most prevalent in 

the window of the glass door and should be kept below 5 mW cm-2 at 5 cm from the surface (as 

established in the EN 60335-2-25 European Standard). The microwave power output occurs at a 

frequency of 2.45 GHz, which equates to a wavelength of 12.2 cm. The I/O port that extends out of 

the top of the microwave was perpendicular to the waveguide and was longer than 12.2 cm, 

meaning that the microwave radiation cannot travel down the port and leak. 

 

Infrared (IR) temperature sensing works by focusing the IR radiation emitted by the heated reactor 

vessel using lenses [227]. The lenses transmit the focussed IR radiation outside the faraday cage 

where thermocouples can measure the temperature of the system by converting the IR energy to a 

voltage output and comparing it to a standard. There are multiple IR sensors for each EasyPrep Plus 

reactor vessel that can record IR temperature simultaneously, whereas there was only one fibre 

optic temperature sensor. The fibre optic sensor was inserted into a sapphire thermowell protection 

sleeve and contains a gallium arsenide (GaAs) semiconductor, which transmits white light at 

different wavelengths depending on the temperature. As the temperature increases, the energy of 

ǘƘŜ ǎȅǎǘŜƳ ƛƴŎǊŜŀǎŜǎΣ ǿƘƛŎƘ ǊŜƭŀǘŜǎ ǘƻ tƭŀƴŎƪΩǎ ƭŀǿ ǎǳŎƘ ǘƘŀǘ ǘƘŜ wavelength at which the white light 

was transmitted increases, thus emissivity increases. The wavelength of the transmitted light is 

sensed by a fibre optic cable and converted to an electronic signal, which is quantified as a numerical 

temperature value [228]. The pressure was measured using an Electronic Sensor for Pressure (ESP), 

which measures the pressure as a force applied through a capillary tube connecting the control 

vessel to a pressure transducer [229]. The resultant electronic signal can be quantified and 

displayed. 
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2.3. ς Synthesis Procedures 
 

2.3.1. ς Optimisation of the microwave calcination of Ni0.8Mn0.1Co0.1(OH)2 

 

The dependence of oxygen to oxidise nickel to its divalent state during calcination poses a problem 

to the CEM Phoenix microwave furnace, due to the physical layout of the furnace preventing a safe 

flow of oxygen through the furnace. To overcome this, it was hypothesised that lithium peroxide 

(Li2O2) would be able to lithiate the NMC-811(OH)2 and generate oxygen gas during its thermal 

decomposition at 280-400 °C, as per Equation 2.1 below [104]. 

 

  ὒὭὕ  O  ὒὭὕ  ὕ                 Equation 2.1. 

 

To exercise this theory, a series of optimisation experiments were conducted to compare the impact 

of lithium peroxide on the calcination of NMC-811(OH)2 to the standard lithium salt used in the 

calcination of nickel-rich cathode materials, lithium hydroxide (LiOH). This involved investigating the 

effect of temperature, duration, crucible size, lithium peroxide excess, milling, and heating rate on 

the material. Samples optimised in these conditions were then compared to samples prepared in 

oxygen-supplied and air-supplied tube furnaces to gauge the effectiveness of both microwave 

furnace technology and lithium peroxide. 

 

The NMC-811(OH)2 used in this reaction was synthesised in-house by Dr Nirmalesh Anthonisamy 

using a co-precipitation technique in an Eppendorf BioFlo 320 stirred tank reactor. Stoichiometric 

quantities of transition metal sulphates, nickel sulphate (NiSO4 · 6 H2O), manganese sulphate 

(MnSO4 · H2O), and cobalt sulphate (CoSO4 · 7H2O) were weighed and dissolved in 560 mL of 

deoxygenated, deionised water using the same methodology described in Section 2.3.1. 800 mL of 

1 M ammonia was placed in the reactor before the transition metal and 10 M ammonia (NH4OH) 

solution was added concurrently at a rate of 0.7 mL min-1 and 0.1 mL min-1 respectively. This equates 

the molar ratio of transition metal ions to ammonia to be 1: 1.4. 10 M sodium hydroxide (NaOH) 

solution was added via a base cascade with a varying rate to control the pH to 11. This addition time 

took 14 hours, but the total time for the reaction was 41.5 hours which includes the reaction/ 

particle maturation time after the addition of the reactants. The solution was washed via filtration 

with deionised water and dried in open air. 
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During the optimisation of different parameters, cylindrical alumina crucibles were used, as seen in 

Appendix A.4. The heating rate of the oxygen-supplied tube furnaces was kept consistent at 

5 °C min-1 and the oxygen flow rate in the furnace was 50 cm3 min-1 throughout all experiments. In 

the microwave furnace, the ƘŜŀǘƛƴƎ ǇŜǊƛƻŘ ǿŀǎ м ƘƻǳǊ όŜǉǳŀǘƛƴƎ ǘƻ ŀ ƘŜŀǘƛƴƎ ǊŀǘŜ ƻŦ ҒмнΦн °C min-1 

depending on operational temperature) unless otherwise stated. These samples are clearly labelled 

in the discussion. In both furnaces, cooling was natural (i.e. not controlled), and samples were 

extracted at 200 °C and placed into a glove box, which stored the samples in an argon atmosphere 

with <0.5 ppm of H2O and O2. 

 

Due to the production of oxygen gas during the thermal decomposition of lithium peroxide, a lid was 

used on all lithium peroxide experiments in an attempt to trap the oxygen in the alumina crucible, 

but these were not air-tight. To maximise the partial pressure of the oxygen within the crucible, the 

amount of Li2O2 was increased from 1 mmol to 4 mmol, which increases the oxygen volume from 

approximately 46.1 mL to 184.3 mL (at 850 °C, atmospheric pressure). Additionally, the crucible 

volume can be decreased from 20 mL to 2.5 mL, in order to maximise the partial pressure and the 

residence time of oxygen within the crucible, with this exemplified by the cylindrical alumina 

crucibles (Appendix A.3). The molar excess of lithium peroxide was investigated across a range of 1 -

 7 mol%, milled with 4 mmol of NMC-811(OH)2 powder and calcined at 750 °C for 5 hours in the CEM 

Phoenix microwave furnace. This is based on a lithium excess of 1-5 mol% being used for the 

calcination of LiOH in literature [9], [87], [88], [181]. 

 

Temperature and duration are two parameters that were investigated to determine the most 

suitable conditions for the microwave reaction. Temperatures reported for oxygen-supplied tube 

furnaces range from 750 ς 850 °C, which was extended to 650 ς 900 °C in the initial optimisation 

using 20 mL crucibles, with 1 mmol of NMC-811(OH)2 powder being milled with 3 mol% excess of 

either LiOH or Li2O2. The duration of the microwave calcination was investigated over a period of 

1.5 ς 6 hours (based on a 3-hour heuristic) for the 20 mL crucible, with 2 mmol being calcined at 

750 °C. These parameters were refined to the 750 ς 850 °C over a period of 3 ς 5 hours for the 

smaller 2.5 mL crucible and the amount of NMC-811(OH)2 calcined was increased to 4 mmol. Once 

the procedure was optimised to a set of conditions for the microwave furnace (775 °C for 4 hours), 

ŀƴ ŜǉǳƛǾŀƭŜƴǘ ǇǊƻŎŜŘǳǊŜ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ŦƻǊ ΨŎƻƴǾŜƴǘƛƻƴŀƭΩ ǘǳōŜ ŦǳǊƴŀŎŜǎΣ ǿƛǘƘ ōƻǘƘ ŀƛǊ-supplied 

and oxygen-supplied tube furnaces undertaking the calcination of NMC-811(OH)2 milled with either 

LiOH or Li2O2 in a boat alumina crucible for 12 hours at 775 °C. The matrix of microwave calcination 

conditions of which the optimisation was carried out can be seen below in Table 2.0.1.  
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Table 2.0.1: The array of conditions tested during the temperature and duration optimisation of the 

microwave calcination of NMC-811(OH)2 with LiOH and Li2O2. The blue cells indicate trials run in the 

20 mL and 2.5 mL crucibles; orange indicates trials run in the 20 mL crucible. 

 650 °C 700 °C 750 °C 775 °C 800 °C 825 °C 850 °C 900 °C 

1.5 hours   20 mL      

2 hours   20 mL      

3 hours 20 mL 20 mL 20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

4 hours   20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

2.5 mL 

 

5 hours   20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

2.5 mL 

20 mL 

2.5 mL 

 

6 hours   20 mL      

 

The milling procedure for all trials mentioned involves 15 minutes of hand milling in a pestle and 

mortar to reduce the particle agglomeration size of the lithium source and NMC-811(OH)2 to reduce 

the diffusion pathway of the lithium. During the 20 Ƴ[ ŎǊǳŎƛōƭŜ ǎŜǊƛŜǎ ƻŦ ǊŜŀŎǘƛƻƴǎΣ ΨŘǊȅ-ƳƛƭƭƛƴƎΩ ǿŀǎ 

conducted, with the lithium salt and NMC-811(OH)2 milled alone; but it was found that the addition 

of acetone allowed the partial dissolution of the lithium salt with the transition metal powder, 

creating a smoother powder and better lithium mixing, while mitigating loss of powders as the 

wetted mixture contains them. Consequently, the 2.5 Ƴ[ ŎǊǳŎƛōƭŜ ǎŜǊƛŜǎ ƛƴǘǊƻŘǳŎŜŘ ΨǿŜǘ-ƳƛƭƭƛƴƎΩΣ 

with acetone added to the procedure initially (t = 0 minutes) and at the half-way point (t = 7.5 

minutes), allowing two opportunities for the powder mixture to be wetted before its evaporation. 

 

2.3.2. ς Hydrothermal synthesis of Ni0.8Mn0.1Co0.1(OH)2 

 

This optimisation experiment was based on the work of Shi et al. in which transition metal acetates 

(TM(Ac)2) were reacted with urea and water under high temperatures of 180-200 °C for 6-24 h in a 

conventional (i.e. non-microwave) hydrothermal bomb reactor to synthesise NMC-532. They 

concluded that the optimum conditions were reacting a ratio of 5: 2 urea: TM reactants at 200 °C for 

24 h due to the reduced cation mixing, increased capacity and rate capabilities [150]. This work 

needs to be translated to the application of microwave technology and the NMC-811 chemistry, 

which requires the optimisation of reaction conditions. 
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!ǇǇǊƻȄƛƳŀǘŜƭȅ м [ ƻŦ ŘŜƛƻƴƛǎŜŘ ǿŀǘŜǊ όϤмсΦпму ƳʍΣ tǳǊƛǘŜ {ŜƭŜŎǘ Cǳǎƛƻƴύ ǿŀǎ ŘŜƻȄȅƎŜƴŀǘŜŘ ōȅ 

bubbling argon through it at a rate of ~1 L min-1 for 30 minutes. This method was based on the work 

of Butler et al., who recorded a deoxygenation level of 0.47-0.56 ppm after 5 minutes of bubbling 

nitrogen at a rate of 25 mL s-1, compared to boiling water for 30 minutes, which achieved an oxygen 

level of 0.87-1.21 [230]. Due to the exposure to air, it was unknown how long the water remains 

deoxygenated. CƻǊ ŎƭŀǊƛǘȅΣ ǘƘŜ ŦǳǘǳǊŜ ǳǎŜ ƻŦ ΨŘŜƻȄȅƎŜƴŀǘŜŘΩ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǿŀǘŜǊ ƛƴ ǘƘƛǎ 

experiment and the co-precipitation experiments described in Section 2.3.3. applies the assumption 

that the water / solution maintains an acceptable level of deoxygenation such that manganese does 

not oxidise during the transfer between vessels and during laminar (vortex-inducing) mixing. Any 

turbulent agitation or re-oxygenation of will be clearly notified, and the assumption ceases to apply 

to that scenario. 

 

Stoichiometric masses of Nickel acetate tetrahydrate (Ni(CH3CO2)2 · 4 H2O, NiAc), manganese acetate 

tetrahydrate (Mn(CH3CO2)2 · 4 H2O, MnAc) and cobalt acetate tetrahydrate (Co(CH3CO2)2 · 4 H2O, 

CoAc) were weighed such that 0.002 moles (0.0016 mol, 0.002 mol, 0.002 mol respectively) of 

transition metal acetate were stirred in 10 mL of the deoxygenated, deionised water until dissolved. 

This mixing was conducted in an open atmosphere, so it is unknown whether a deoxygenated 

system was maintained. This was typically mixed with a 2.9:1 molar ratio of Urea (0.0058 mol), 

based on the hypothesis that NMC-811 needed a higher Urea: TM ratio than NMC-532 (optimised to 

2.5:1) [150], [157]. The specified urea was also dissolved in deoxygenated, deionised water. The 

mass values used for the series of experiments can be seen in Table 2.0.2. 

 

Table 2.0.2: A table showing the mass values used for the experiments, with each Urea ratio 

specified. 

Column Reaction 

volume (mL) 

Urea: TM 

ratio 

Mass of 

Urea (g) 

Mass of 

NiAc (g) 

Mass of 

MnAc (g) 

Mass of 

CoAc (g) 

1 20 mL 2.9:1 0.348 0.3982 0.049 0.049 

2 20 mL 2.5:1 0.300 0.3982 0.049 0.049 

3 20 mL 5.0:1 0.600 0.3982 0.049 0.049 

4 20 mL 3.0:1 0.360 0.3982 0.049 0.049 

5 20 mL 1.0:1 0.120 0.3982 0.049 0.049 

6 40 mL 2.9:1 0.696 0.7964 0.098 0.098 
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Once the solid reactants had fully dissolved, the two solutions were mixed, forming a transition 

metal- urea solution, which was repeated 3 times, such that 4 reactor vessels were used, satisfying 

the minimum cavity volume for the Mars6. The pH of these solutions was measured using a Mettler 

Toledo FiveEasy Plus meter, which was stored in a 3 M KCl solution and calibrated at room 

temperature with pH 7.00, 9.21 and 10.00 buffer solution. Once recorded, the solutions were 

decanted into the EasyPrep Plus hydrothermal vessels and sealed with an 84 PSI torque wrench. 

 

The hydrothermal procedures were experimentally designed to optimise the reaction conditions of 

the microwave reaction, namely: temperature, duration, volume, urea: TM ratio, pH, and pressure. 

According to literature, temperature and duration are two key parameters that control the outcome 

of the reaction. The temperatures chosen were based on the heuristic described by CEM that for 

microwave hydrothermal reactions, the reaction temperature should be approximately double that 

of the boiling point of the solvent, ±10% (180 °C, 200 °C and 220 °C), to prevent over-pressurisation. 

Equally, the range of durations selected was based on recommendations by CEM based on their 

previous experience. The Mars6 was rated to operate at high power for approximately 1 hour, thus 

as mid-range power used in these experiments, 3 hours was deemed a suitable maximum value, 

with appropriate intervals selected below this value. The reaction times quoted for the microwave 

hydrothermal experiments (1-3 h) are significantly less than those quoted in literature by Shi et al. 

for similar reactions (24 h), indicating the benefits of microwave hydrothermal reactions should this 

methodology be scaled for high-throughput/ commercial syntheses. The Table 2.0.3 highlights the 

matrix table for experimental optimisation of temperature and duration, and the volumes used 

under the corresponding conditions.  

 

Table 2.0.3: A table depicting the matrix of temperature and reaction duration ranges used to 

determine optimum values for the reaction. 

Duration (across) / 

Temperature 

(below) 

30 minutes 45 minutes 1 hour 2 hours 3 hours 

180 °C 20 mL, 40 mL 20 mL, 40 mL 20 mL 20 mL 20 mL 

200 °C 20 mL 20 mL 20 mL, 40 mL 20 mL, 40 mL 20 mL, 40 mL 

220 °C 20 mL 20 mL 20 mL 20 mL 20 mL 

 

 



84 
 

The volume used in the reaction vessel indicates the power and pressure of the system during the 

reaction, due to the pressure head generated upon boiling of the solvent. The 100 mL EasyPrep Plus 

hydrothermal vessels have a working volume for the Mars6 vessels was 20 mL, which is represented 

by the light blue ǎƘŀŘŜŘ ΨŦƭǳƛŘΩ ƛƴ ǘƘŜ ƭŜŦǘ-hand vessel in Figure 2.0.2Figure 2.0.2: A technical drawing 

of the EasyPrep Plus control vessel, complete with stirrer bar, volume of reactants and fibre optic 

temperature sensor. All dimensions are quantified in millimetres (mm).. However, given the scope of 

the project was to target high-throughput synthesis, 40 mL experiments were run to investigate the 

scalability of the reaction, with the additional volume indicated with the additional dark blue shaded 

ΨŦƭǳƛŘΩ ǾƻƭǳƳŜ ƛƴ Figure 2.0.2. Mixing within the reaction was conducted by a 13x 2.5 mm magnetic 

ǎǘƛǊǊŜǊ ōŀǊ ƻǇŜǊŀǘƛƴƎ ǿƛǘƘ ŀƴ ŀǊōƛǘǊŀǊȅ ΨƘƛƎƘΩ ǎǘƛǊǊƛƴƎ ǎǇŜŜŘ ǎŜǘ ōȅ ǘƘŜ /9a ǇǊƻƎǊŀƳƳƛƴƎΦ  

 

The hydrothermal vessel with a magnetic stirrer bar and reaction solution was placed (left, Figure 

2.0.2) into a Kevlar housing sleeve and a chamber with pressure and thermocouple housing closes 

the vessel (centre, Figure 2.0.2. These are then placed with a screw well housing unit into the vessel 

(right, Figure 2.0.2), where it was tightened to 84 PSI. These were then loaded symmetrically into the 

Mars6 reactor to maximise the uniformity of heating. The magnetic stirrer bar is Teflon-coated, so 

although it absorbs microwaves, Teflon is thermally insulative, controlling the transfer of heat from 

the superheated metal to the surrounding water [231]. 

 

The chemical parameters of the reaction, urea: TM ratio (which corresponds to the ammonia 

concentration due to the thermal degradation of urea) and the pH, can determine the nucleation 

and growth of particles, as discussed in Section 1.3.1. [232]. The optimisation of the urea: TM ratio 

investigated ratios ranging from 1:1 to 5:1 and was reacted for 45 minutes at 200 °C. The 

optimisation of the pH reacted for 3-hour duration at 200 °C and investigated pH values ranging 

10.5-11.5. In order to ensure the volume of each reaction vessel of the pH optimisation experiment 

remained constant, a 0.5 M solution of sodium hydroxide was prepared by dissolving anhydrous 

pellets into deoxygenated, deionised water and added dropwise to a 10 mL transition metal-urea 

solution from a pipette, monitoring the volume added. A volume of deoxygenated, deionised water 

was added to total the volume to 20 mL. pH was measured continuously during this procedure to 

ensure it was tailored to the desired values of 10.5, 11.0 and 11.5.  
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Figure 2.0.2: A technical drawing of the EasyPrep Plus control vessel, complete with stirrer bar, 

volume of reactants and fibre optic temperature sensor. All dimensions are quantified in millimetres 

(mm). 

 

Typically, the power was automatically tuned to meet a predetermined temperature during 

experiments due to its relation to reaction kinetics and excessive temperatures driving 

parasitic-reactions. Due to the hydrothermal vessel being a closed system (i.e. a fixed volume within 

ǘƘŜ ǾŜǎǎŜƭύΣ /ƘŀǊƭŜǎΩ ƭŀǿ ŘƛŎǘŀǘŜǎ ǘƘŀǘ ǘƘŜ ǎȅǎǘŜƳ ǇǊŜǎǎǳǊŜ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ŀǊŜ ƛƴǾŜǊǎŜƭȅ 

proportional to one another in order to maintain the constant volume. An experiment was 

conducted to tune the power ramps the sample to a certain pressure, 400 PSI (50% of the maximum 

pressure capability of the hydrothermal vessels). 20 mL of solution was measured (see column 1 of 

Table 2.0.2 for dissolved masses of urea and transition metal), placed in the hydrothermal vessel 

tightened to 84 PSI, and reacted for 3 hours at 400 PSI.  
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After each reaction, samples were washed and centrifuged, with each vessel washed in a separate 

tube. Three washes using 20 mL deionised water were conducted followed by one wash using 10 mL 

of ethanol. The centrifuge programme involved a 2-minute ramp to 6000 rpm, where it was held at 

that speed for 4 minutes, before decelerating in 2 minutes to a stop. Prior to centrifuge, the solution 

and washing medium were placed on a vortex generator for 10 seconds to suitably disperse the two 

phases. The wetted Ni0.8Mn0.1Co0.1(OH)2 powder was dried in an oven overnight before undergoing 

X-ray diffractometry to ensure each of the vessels for each experiment were the same phase before 

mixing the 4 powders together in order to achieve a greater sample size (0.145-0.165 g yielded per 

vessel). A portion of the resultant powder was heat treated at high temperature with one of two 

lithium salts (LiOH or Li2O2) to form the lithiated NMC-811 oxide product, LiNi0.8Mn0.1Co0.1O2. 

 

The two lithium salts used (LiOH or Li2O2) are the standard lithium source used for nickel-rich 

cathode materials and the novel Li source that thermally decomposes to form oxygen gas. The 

NMC-811(OH)2 powder was hand-milled with 3 mol% excess of the lithium source for 15 minutes in a 

pestle and mortar, with the powder wetted with acetone to prevent aerial dispersion of particles 

and aid mixing through the partial dissolution of the lithium hydroxide. The acetone evaporates off 

leaving a dried powder. This lithiated powder was placed into a 2.5 mL alumina cylindrical crucible 

(depicted in Appendix A.4) and placed into one of two furnaces for high temperature heat 

treatment.  !ƴ ΨƻȄȅƎŜƴ-ǎǳǇǇƭƛŜŘ ǘǳōŜ ŦǳǊƴŀŎŜΩ ǿŀǎ ǎǳǇǇƭƛŜŘ ǿƛǘƘ рл cm3 min-1 of oxygen gas and 

heated at 5 °C min-1 to a temperature of 775 °C, where it was held for 12 hours. Alternatively, a 

microwave furnace was heated to 775 °C over a 2-hour period, then held at the high temperature for 

4 hours. The sample was then cooled to 200 °C, extracted and placed into a glove box, which stored 

the samples in an argon atmosphere with <0.5 ppm of H2O and O2. 
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2.3.3. ς Microwave Co-precipitation synthesis of Ni0.8Mn0.1Co0.1(OH)2 

 

In order to increase the scale of synthesis of NMC-811(OH)2, a co-precipitation methodology was 

developed. This involved using a 3D-printed reactor vessel made from FormLabs Clear Resin 

(consisting of urethane dimethacrylate, methacryl monomers and diphenyl 

(2,4,6-trimethylbenzoyl)phosphine oxide) [233]. A lid with seven holes to allow the safe insertion of 

multiple tubes and sensors, one of which was for the fibre optic temperature sensor, which was 

protected by a glass capillary tube. Due to the open vessel reaction and contact with the 

atmosphere, there was oxygen exposure throughout the reaction and evaporation of the content 

can occur. Peristaltic pumps and a pH probe were utilised from the Eppendorf Bioflo 320 system, 

with one pump supplying a transition metal sulphate solution, one pump a basic solution and two 

pumps created a feedback loop pumping reactor solution to a remote pH sensor on a stirrer hot-

plate. This system was depicted via the process flow diagram in Figure 2.0.3. 

 

The co-precipitation reaction inside the microwave reactor consisted of the addition of a transition 

ƳŜǘŀƭ ǎǳƭǇƘŀǘŜ ǎƻƭǳǘƛƻƴ ǘƻ ŀƴ ΨƛƴƛǘƛŀƭΩ ŀƳƳƻƴƛŀ ǎƻƭǳǘƛƻƴ ŀƭƻƴƎǎƛŘŜ ŀ ōŀǎƛŎ ǎƻƭǳǘƛƻƴ ǘƘŀǘ ŎƻƴǎƛǎǘŜŘ ƻŦ 

sodium hydroxide and ammonia. This reaction occurs at 60 °C heated through a power rating of 

400 ²Σ ōǳǘ ǿƛǘƘ ŀ ΨƭƻǿΩ ǎǘƛǊǊƛƴƎ ǎǇŜŜŘ όōŀǎŜŘ ƻƴ ǘƘŜ ŀǊōƛǘǊŀǊȅ /9a aŀǊǎс ǎǘƛǊǊƛƴƎ ǎǇŜŜŘǎύ ǘƻ 

minimise the possibility of the stirrer bar smashing the glass capillary tube housing the fibre optic 

temperature probe. The transition metal sulphate solution was prepared by weighing stoichiometric 

quantities of nickel sulphate (NiSO4 · 6 H2O), manganese sulphate (MnSO4 · H2O), and cobalt sulphate 

(CoSO4 · 7H2O) and dissolving them in 200 mL of deoxygenated, deionised water, to form a 0.8: 0.1: 

0.1 M (Ni: Mn: Co) solution, aside from the third trial, which formed a 0.4: 0.05: 0.05 M solution, 

detailed in Table 2.0.4. Deoxygenation was achieved by bubbling argon through a volume of water at 

a rate of 1 L min-1 for 30 minutes [230].  
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Figure 2.0.3: A process flow diagram depicting the layout of the batch microwave reactor system.
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An additional 150 mL was added to this solution to account for the loss of water through 

evaporation over the course of the reaction, leading to an overall concentration of 0.57 M. This was 

due to a previous test that indicated an evaporation rate of 50 mL h-1 through heating deionised 

water to 60 °C at a power rating of 400 W over an extended period of time.  A 300 mL, 0.747 M 

ammonia solution was initially added to the reactor vessel. The molar ratio of ammonia to the three 

transition metals (Ni, Mn, Co) in the solution was 1: 1.2 to compensate for any ammonia lost 

through evaporation in the reactor vessel. The base solution consists of varying concentrations of 

anhydrous sodium hydroxide (5 M, 3 M, and 1 M for each of the three trials respectively) in 

deoxygenated, deionised water, as detailed in Table 2.0.4.  

 

Table 2.0.4: A table describing the masses and volumes of the reactants that are used in the three 

trials of the batch microwave reactor reaction experiments. 

 Trial 1 Trial 2 Trial 3 

Moles of nickel sulphate (g) 0.16 0.16 0.08 

Moles of manganese sulphate (g) 0.02 0.02 0.01 

Moles of cobalt sulphate (g) 0.02 0.02 0.01 

Volume of transition metal solution 

(mL) 

350 350 350 

/ƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ ΨƛƴƛǘƛŀƭΩ ŀƳƳƻƴƛŀ 

solution (M) 

0.747 0.747 0.373 

¢ƻǘŀƭ ǾƻƭǳƳŜ ƻŦ ΨƛƴƛǘƛŀƭΩ ŀƳƳƻƴƛŀ 

solution (mL) 

300 300 300 

Concentration of sodium hydroxide in 

the base solution (M) 

5.0 2.0 1.0 

Concentration of ammonia in the base 

solution (M) 

0.299 0.299 0.112 

Total volume of base solution (mL) 100 150 300 

 

During this proof-of-concept experimental series, three trials were conducted in an attempt to 

control two characteristics of the co-precipitation reaction: pH control and transition metal addition 

rate. pH was measured using a Mettler Toledo InPro 3250i probe and initially calibrated using pH 

7.00 and 9.21 buffer solutions at room temperature for the first two trials but was calibrated at 60 °C 

using pH 7.00 and 12.46 buffer solutions for the final trial to improve the accuracy of the readings. 

The solution in the reactor was continuously pumped in a quasi-steady state nature along 2 m of 
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tubing to a beaker with the pH probe and back along another 2 m of tubing to the reactor vessel. 

The beaker with the pH probe was continuously stirred using a stirrer bar to avoid sedimentation, 

promoting a homogenous temperature for the pH reading (in the first two trials temperature was 

not controlled, with an ethanol thermometer measuring 35-40 °C; and the third trial the 

temperature was controlled at 60 °C using the hot plate and thermocouple). 

 

Controlling the pH and transition metal addition rate to maintain a pH of 11.0 was attempted by 

adjusting different parameters. The first two trials attempted to control pH using a dual acid-base 

cascade feedback loop, with there being a standard flow rate of transition metal solution (which 

acted as an acid) of 2.0 mL min-1 and base solution flow rate of 0.2 mL min-1, but these flow rates 

vary depending on the pH of the system. The minimum and maximum flow rates are indicated in 

Table 2.0.5. One problem identified from the first trial was the lag in measuring the pH compared to 

the actual pH in the system causing overcompensation to occur in the response, so in subsequent 

trials, larger diameter tubing and more dilute base solution were employed to maximise control over 

the pH, as seen in Table 2.0.5. In the third trial, the transition metal flow rate was fixed at 

1.4 mL min-1 and the base solution flow rate was manually controlled until an equilibrium at pH 11.0 

was achieved. A small, weak base cascade was added following this, with the base solution flow rate 

increasing from 1.0 mL min-1 to 1.2 mL min-1 if pH 11.1 was exceeded. 

 
Table 2.0.5: A table describing the different reaction times, tube diameters and corresponding flow 

rates and their effect on the pH range measured throughout the trial.  
 

Trial 1 Trial 2 Trial 3 

Addition Time (hours) 4 5 3.5 

Maturation Time (hours) 1 1 2 

Base Solution Pump; ID (mm) / flow 
rate (mL min-1) 

0.8 mm / 0.0-0.8  1.6 mm / 0.0-0.8  1.6 mm / 1.0-1.4 

Transition Metal Solution Pump 2; ID 
(mm) / flow rate (mL min-1) 

1.6 mm / 0.0ς7.0 1.6 mm / 0.0-4.0 1.6 mm / 1.4 

pH Pump (out of reactor); ID (mm) / 
flow rate (mL min-1) 

1.6 mm / 3.0 4.8 mm / 15.0 4.8 mm / 15.0 

pH Pump (into reactor); ID (mm) / 
flow rate (mL min-1) 

1.6 mm / 3.0 4.8 mm / 15.0 4.8 mm / 15.0 

pH Range 9.9 ς 12.4 10.1 ς 12.3 10.5 ς 11.7 

 

hƴŎŜ ǘƘŜ ŀŘŘƛǘƛƻƴ ǘƛƳŜ ƘŀŘ ōŜŜƴ ŎƻƳǇƭŜǘŜŘΣ ǘƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ƭŜŦǘ ǘƻ ƳŀǘǳǊŜ ŦƻǊ ŀ ΨƳŀǘǳǊŀǘƛƻƴ ǘƛƳŜΩ 

before being pumped out and washed via vacuum filtration. For this, a wetted Whatman glass 

microfiber filter with a diameter of 257 mm was used, and the reaction solution was pumped onto 
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the surface of the filter. Additionally, 1.5-2.0 L of deionised water was added to wash the solution, 

with the pH of the filtrate measured via litmus paper after every 500 mL was added until it was 

pH 7.0-8. The filter cake produced was then dried in an oven at 80 °C overnight. The lithiation and 

calcination protocols followed the same procedure as previously mentioned in Section 2.3.2., with 

3 mol% excess lithium salt being hand milled with the NMC-811(OH)2 powder for 15 minutes prior to 

calcination in an oxygen-supplied tube furnace (at 775 ɕ/ ŦƻǊ мн ƘƻǳǊǎύ or a microwave furnace (at 

775 ɕ/ ŦƻǊ п ƘƻǳǊǎύ. All samples were removed from the furnace at 200 °C and placed in an argon 

filled glove box with H2O <0.5 ppm and O2 <0.5ppm. 

 

 

2.4. ς Characterisation techniques 
 

Based on the literature and the crystalline products expected from the microwave synthesis 

methods, crystalline and morphological analysis would be necessary to characterise the reaction 

products. Electrochemical testing was also conducted to assess the practical characteristics of select 

materials as well as providing insight into mechanisms present during the electrochemical cycling of 

the material.  

 

2.4.1. ς X-Ray Diffraction Analysis 

 

The 3-dimensional crystalline structure of the layered transition metal oxides materials are 

important to the electrochemical performance of NMC-811 cathodes, with crystal phase degradation 

mechanisms and cation mixing between the transition metal and lithium layers indicating loss of 

electrochemical capacity of the cathode active material. One form of analysis that can identify 

crystallographic information from the product is X-ray diffractometry (XRD), which can identify the 

crystal phases and qualitative information from a sample, with further Rietveld refinement attaining 

quantitative lattice parameters of the unit cell. 

 

2.4.1.1. ς Powder X-Ray Diffraction (PXRD) 

 

X-rays are a form of electromagnetic radiation that have a wavelength of 0.01 ς 10 nm (1-100 Å), 

which was within the order of magnitude of chemical bonds. This factor allows X-ray radiation to 

interact with crystalline structures, revealing information on the crystalline phase of the material 
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and other structural properties. X-ray generation involves a cathode and anode, with the cathode 

tube containing a tungsten filament (chosen due to its high melting point) which was heated until it 

produces electrons, which are then accelerated down a vacuum chamber by a potential of 10-60 kV 

towards an anodic target metal source (e.g. copper, molybdenum, chromium), which generates 

X-rays upon the collision with a wavelength that corresponds to the target material. 

 

This collision with the target materials produces two types of radiation seen in Figure 2.4: 

characteristic X-ray radiation and Bremsstrahlung ǊŀŘƛŀǘƛƻƴΦ ¢ƘŜ ŦƛǊǎǘΣ ƳƻǊŜ ŘŜǎƛǊŀōƭŜΣ ΨŎƘŀǊŀŎǘŜǊƛǎǘƛŎΩ 

X-ray radiation is generated from the collision between the incident cathodic electron and the target 

ƳŀǘŜǊƛŀƭΩǎ ŀƴƻŘƛŎ ŜƭŜŎǘǊƻƴ ǇƻǎƛǘƛƻƴŜŘ ƛƴ ŀƴ ƛƴƴŜǊ ǎƘŜƭƭΦ .ƻǘƘ ǘƘŜ ŎŀǘƘƻŘƛŎ ŀƴŘ ŀƴƻŘƛŎ ŜƭŜŎǘǊƻƴ ŀǊŜ 

ejected from the target atom, with an electron in the outer shell filling the space, losing energy in 

the form of X-ray photons with a discrete energy band and wavelength, typically denoted K,h K̡  or Lh  

depending on the electron orbital transition (L- to K- electron shell transition, M- to K- electron shell 

transition and M- to L- electron shell transition respectively) [234]. A common example of this was 

the use of copper in the anode target material, which produces a K hradiation with a wavelength of 

1.541 Å, and K̡ radiation with a wavelength of 1.544 Å. The Bremsstrahlung radiation is a result of 

the cathodic incident X-ray passing too close to the nucleus, causing deceleration and the production 

of broad-spectrum X-ray radiation.  

 

 

Figure 2.0.4: An image depicting the variation in intensity of the Bremsstrahlung radiation with 

ǇƘƻǘƻŜƴŜǊƎȅΦ /ƘŀǊŀŎǘŜǊƛǎǘƛŎ ΨYΩh ŀƴŘ ΨYΩ̡ Ȅ-ray peaks from the electron energy level transitions are 

clearly seen within the Bremsstrahlung profile. Reproduced from PhysicsOpenLab website [235]. 
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In order to accurately analyse and determine structural characteristics of a crystallite, one 

ǿŀǾŜƭŜƴƎǘƘ ƻŦ ǊŀŘƛŀǘƛƻƴ ǎƘƻǳƭŘ ōŜ ǳǎŜŘ ƛƴ ƻǊŘŜǊ ǎŀǘƛǎŦȅ .ǊŀƎƎΩǎ ƭŀǿ όǎŜŜ 9ǉǳŀǘƛƻƴ нΦ2) and 

consequently a monochromator is used to filter out unwanted radiation wavelengths, namely the 

Bremsstrahlung and K̡ radiation. One common monochromator is a single-crystal monochromator, 

which uses a graphite, quartz or germanium crystal that was rotated such that only the specified Kʰм 

wavelength undergoes constructive interference [236]. 

 

¢ƘŜ ŀƴƻŘƛŎ ǘŀǊƎŜǘ ǎƻǳǊŎŜ ƳŜǘŀƭ Ƙŀǎ ŀ ǇŀǊǘƛŎǳƭŀǊ ŜƭŜŎǘǊƻƴƛŎ ǎǘǊǳŎǘǳǊŜ ǿƛǘƘ ŀ ƳƛƴƛƳǳƳ ΨŜȄŎƛǘŀǘƛƻƴ 

ǇƻǘŜƴǘƛŀƭΩ ǘƘŀǘ ŀƭƭƻǿǎ ǘƘŜ ŜƧŜŎǘƛƻƴ ƻŦ ŀ ŎƻǊŜ-shell electron, such as the K-shell electron of Khм X-rays. 

The target source material and excitation potential will generate characteristic X-rays of a particular 

ǿŀǾŜƭŜƴƎǘƘ ŀƴŘ ŜƴŜǊƎȅΣ ǿƛǘƘ ΨǎƻŦǘŜǊΩΣ ƭƻǿ ŜƴŜǊƎȅ ǎƻǳǊŎŜǎ ǎǳŎƘ ŀǎ ŎƻǇǇŜǊ ƘŀǾƛƴƎ ŀ ƭƻǿŜǊ ŜȄŎƛǘŀǘƛƻƴ 

potential of 8.98 kV and a longer Kʰм ǿŀǾŜƭŜƴƎǘƘ ƻŦ мΦрпм ) ŀƴŘ ƭŜǎǎ ŜƴŜǊƎȅ όŀǎ ǇŜǊ tƭŀƴŎƪΩǎ 

equation, Equation 2.3ύΤ ǿƘŜǊŜŀǎ ΨƘŀǊŘŜǊΩΣ ƘƛƎƘ-energy sources such as molybdenum have high 

excitation potential of 20.0 kV, producing higher energy X-rays with a Khм wavelength of 0.709 Å 

[236]. Softer sources have an increased degree of elastic scattering, leading to a higher resolution 

and applications in powder X-ray diffraction (PXRD), and for materials with a low atomic number. 

Harder sources have less scattering, allowing a wider range of angles to be measured at the cost of 

resolution, and their higher energy decreases the level of absorption, meaning that transmission 

XRD can be configured. 

 

ὄὶὥὫὫί ὒὥύȡ  ὲʇ  ς Ὠ  ίὭὲ—                            Equation 2.2. 

 

    ὖὰὥὲὧὯί ὩήόὥὸὭέὲȡ Ὁ  
 
                Equation 2.3. 

 

The resultant monochromatic source X-rays that interact with the sample are absorbed and 

re-radiated via elastic scattering, with the conservation of energy throughout this interaction 

meaning that only certain angles can constructively interfere and produce high-intensity signals at 

these angles. These angles are dependent on the crystal structure of the sample, with the 

synchronisation of 3-dimensional lattice planes allowing the constructive interference of parallel 

x-Ǌŀȅǎ ƛƴ ŀŎŎƻǊŘŀƴŎŜ ǿƛǘƘ .ǊŀƎƎΩǎ ƭŀǿ ό9ǉǳŀǘƛƻƴ нΦ2); where n was the absolute value for order of 

ŘƛŦŦǊŀŎǘƛƻƴΣ ˂ was the wavelength of the incident x-ray beam, dhkl was the lattice spacing and ̒ was 

the incident angle of the x-ray with respect to the sample, as seen in Figure 2.0.5.  
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The most common configuration of a diffractometer revolves around maintaining a constant Kʰм 

wavelength over a range of angles. The unit cell of the crystal has multiple lattice planes that are 

ŎƻƴǎǘǊǳŎǘƛǾŜƭȅ ŘƛŦŦǊŀŎǘŜŘ ǘƻ ǇǊƻŘǳŎŜ ŀ ΨŦƛƴƎŜǊǇǊƛƴǘΩ ǇŀǘǘŜǊƴ ƻǾŜǊ ǘƘŜ ǊŀƴƎŜ ƻŦ ŀƴƎƭŜǎΣ ǿƘƛŎƘ Ŏŀƴ ōŜ 

analysed against a database (such as the Inorganic Crystal Structure Database, ICSD) of diffraction 

patterns and can be used to identify phases and materials. The incident and diffracted radiation 

ƻŎŎǳǊ ŀǘ ǘƘŜ ǎŀƳŜ ŀƴƎƭŜΣ ʻΣ ŀǎ ŘŜǇƛŎǘŜŘ ƛƴ Figure 2.0.5, with the total ŘƛŦŦǊŀŎǘƛƻƴ ŀƴƎƭŜ ƻŦ нʻ ŀƭǎƻ 

annotated as it was this angle that was denoted in the analysis of diffraction patterns. 

 

For successful powder diffraction analyses, a random alignment of crystalline domains was needed 

in order to get an accurate representation of each lattice plane in the diffraction pattern, portrayed 

ōȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ǊŜƭŀǘƛǾŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ŘƛŦŦǊŀŎǘƛƻƴ ǇŜŀƪǎΦ ΨtǊŜŦŜǊǊŜŘ ƻǊƛŜƴǘŀǘƛƻƴΩ ƻŦ ŀ ǎŀƳǇƭŜ Ŏŀƴ 

occur, particularly in single-crystal particles, resulting from certain morphologies or sample 

preparations that can lead to an artificial representation of a certain lattice plane. Lighter elements 

such as lithium and hydrogen do not interact as heavily with X-rays due the smaller electron shell 

structure and resultant density, and consequently have lower intensity peaks on diffraction patterns. 

 

 

Figure 2.0.5: ! Ǿƛǎǳŀƭƛǎŀǘƛƻƴ ƻŦ Ȅ Ǌŀȅ ŘƛŦŦǊŀŎǘƛƻƴ ǿƛǘƘƛƴ ŀ ƭŀǘǘƛŎŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ƛǘǎ ǊŜƭŀǘƛƻƴ ǘƻ .ǊŀƎƎΩǎ 

law. 
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In this work, PXRD was conducted on a Rigaku Miniflex 600 benchtop diffractometer that utilises 

Cukh  ǎƻǳǊŎŜ ǊŀŘƛŀǘƛƻƴ ό/ǳ-Kh  = 1.541 Å) with a voltage of 40 kV and a current of 40 mA. Analyses 

were conducted between 10 and 80° with a step size of 0.02. Initial scan rates were 1.5° min-1, but 

this was reduced to 0.8° min-1 to reduce signal noise when conducting Rietveld refinements. Cathode 

discs were also analysed using a molybdenum-sourced STOE STADI P diffractometer (Mo-Kh  = 

0.709 Å) in a transmission configuration, where it was operated at a voltage of 50 kV and current of 

40 mA. Four consecutive scans were conducted per analysis over a range of 5 to 50° using a step size 

of 0.495 and scan rate of 2.0° min-1. 

 

2.4.1.2. ς Rietveld Refinement Method 

 

The Rietveld method is the computational analysis of an experimentally acquired X-ray diffraction 

pattern to obtain structural properties of the sample, including unit cell dimensions and site 

occupancies [237]. An algorithm was used to map a calculated diffraction pattern onto the 

experimentally acquired diffraction pattern via a least-squares method. A number of instrumental 

and powder parameters are accounted for, including peak width, intensity and shape (using a 

pseudo-Voigt function, Lorrentzian factors, and Gaussian factors), background parameters and 

lattice parameters. These parameters help fit the calculated data profile, y(calc), onto the observed 

data profile, y(obs), through an overall scale factor, c, modelled through a difference function, M, 

described in Equation 2.4. Where i is the ith atom and Wi is the statistical weighting factor. The 

iterative nature of the Rietveld method aids the convergence of the y(obs) and y(calc) data, thus the 

difference function should reduce to a minimum. In order to measure the convergence and accuracy 

of the fit, a weighted profile factor (Rwp), and expected factor (Rexp) are used to form the goodness of 

fit ǾŀƭǳŜ ό˔2) (Equations 2.5 to 2.7 below). Once these values have reached an iterative minimum, 

they can be used to evaluate the fit before acquiring the cell dimensions, atomic position, and site 

occupancies [236]. 

 

ὓ  Вὡ ώέὦί  ώὧὥὰὧ                  Equation 2.4. 

 

Ὑ  
 В   

В
                  Equation 2.5. 
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Ὑ  
 

В
                    Equation 2.6. 

 

…                       Equation 2.7. 

 

In the above equations, N (number of data points) should greatly exceed P (number of parameters), 

ƛƴŘƛŎŀǘƛƴƎ ǘƘŀǘ ˔2 was closely related to M, with Rwp and Rexp being approximately equal to each 

ƻǘƘŜǊΦ DƻƻŘ Ŧƛǘǎ ƘŀǾŜ ŀ ƭƻǿ ˔2 value (due to the low difference factor of M) and small R-factors [238]. 

The Rietveld analysis in this thesis was done using the GSAS-II program to refine X-ray diffraction 

patterns using the least-squares approach to attain lattice parameters and site occupation 

information [239]. A general procedure was followed to ensure consistency in the results: 

refinement of (i) the background polynomial, (ii) the unit cell, (iii) the sample displacement / zero 

parameter, (iv) profile parameters, and (v) the atomic phase parameters. 

 

 

 

2.4.1.3. ς Operando X-ray Diffraction 

 

In order to observe the changes in phase over the charging cycle, operando half-cells with a lithium 

anode and an NMC-811 cathode were constructed in an argon-filled glove box. The cathode slurry 

was synthesised by mixing 90% NMC-811 active mass, 5% carbon black and 5% PVDF powders mass 

percentage in a pestle and mortar before adding approximately 0.2 mL N-methyl-2-Pyrrolidone 

(NMP) and mixing in a Thinky mixer using the standard coin cell slurry procedure described below in 

Section 2.4.3.1. This slurry was then cast onto aluminium foil and dried in a vacuum oven before 

15 mm discs were punched using a swing arm clicker press. The operando cells were constructed by 

Dr Laurence Middlemiss with a Whatman glass fibre separator between the NMC-811 cathode and 

lithium metal anode, soaked in a 1 M lithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC) 

and ethylmethyl carbonate (EMC) 3:7 v/v + 2% vinyl carbonate (VC) electrolyte. These were encased 

in stainless steel 2032 coin cell cases with a Kapton/polyimide window, seen in Figure 2.5.a).  
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Figure 2.0.6: (a) The exploded schematic of the construction of the coin cell, and (b) An image of the 

Kapton window half-cell during operando XRD. 

 

The operando coin cell cycling procedure involved cycling the coin cell between 2.0 V and 4.3 V at a 

rate of C/20 (i.e. at a current that would fully (dis)charge the cell to its theoretical capacity) using a 

Maccor battery cycler. A PANalytical Empyrean with a silver source (Ag-Kh  = 0.56 Å) was used to 

conduct the X-ray diffraction over a range of 5-35° and step size of 0.01, with measurements taken 

every 0.1 V, seen in Figure 2.5.b). µm 

 

2.4.1.4. ς High Temperature X-ray Diffraction  

 

Powder X-ray diffraction was also conducted at high temperature using an Anton Parr BTS-500 stage 

ŀƴŘ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ3 with high temperature capabilities. The BTS-500 uses an electric heater and a 

nickel stage to heat the powder sample up to a maximum temperature of 500 °C, with Kapton 

windows surrounding the stage, which are X-ray transparent. Analytical experiments were 

conducted using NMC-811(OH)2 alone, and NMC-811(OH)2 mixed with 3 mol% excess of lithium salt 

(either lithium hydroxide or lithium peroxide), lithiation procedure described in Section 2.3.2. being 

employed. The sample was heated at a rate of 5 °C min-1, with scans completed at room 

temperature and 100-500 °C with 100 °C intervals. The BTS-500 stage was compatible with the 

Rigaku 600 Miniflex (copper source, Cu-Kh  = 1.541 Å), where measurements were taken over a range 

of 10-80° with a step size of 0.02° and scan rate of 1.5° min -1. 

 

¢ƘŜ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ3 has a copper source (Cu-Kh  = 1.541 Å) and can reach a higher temperature 

than the BTS-500, so was able to analyse the complete range of temperatures of the calcination 

procedure. Samples of NMC-811(OH)2 were hand-milled with 3 mol% excess LiOH or Li2O2 powder 
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and measured over a range of 10-80° with a step size of 0.02° at the following temperatures: 100 °C, 

500 °C, 600 °C, 700 °C, 750 °C, 800 °C and 850 °C. 

 

2.4.2. ς Electron Microscopy  

 

2.4.2.1. ς Scanning Electron Microscopy 

 

One method of analysing the morphology and chemical composition of the bulk specimen was 

through the use of scanning electron microscopy (SEM). A beam of electrons are fired at a sample, 

focused on a particular point and depending on the penetration into the sample determines the 

nature of the scattered product, with secondary electrons being a low-energy scattered electron 

released near the surface of the sample, back-scattered electrons being high-energy scattered 

electrons released from up to a few micrometres within the sample, and characteristic X-rays being 

emitted from the bulk of the sample, all depicted in Figure 2.0.7. 

 

The source of electrons originates from the thermionic release of electrons from a tungsten filament 

when exposed to high temperatures. These electrons are fired through an aperture through an 

evacuated chamber in what was colloquially known as an electron gun. This beam of electrons 

ǇŀǎǎŜǎ ǘƘǊƻǳƎƘ ΨŎƻƴŘŜƴǎŜǊΩ ŀƴŘ ΨƻōƧŜŎǘƛǾŜΩ ƭŜƴǎŜǎ ǘƘŀǘ ŦƻŎǳǎ ǘƘŜ ŜƭŜŎǘǊƻƴ ōŜŀƳ ƻƴǘƻ ŀ Ǉƻƛƴǘ ŀƴŘ 

inverse the image respectively, visualised in Figure 2.0.7. These lenses deflect the electron beam via 

electrostatic or electromagnetic repulsion, with the electrons having a force applied to them 

perpendicular to the direction of the motion band electric/ magnetic field. The resultant focal length 

and lens alignment can be adjusted through sample and lens positioning to account for astigmatism 

and image focus [240], [241]. 

 

As the electron beam was being refined, scan coils are utilised to divert the beam across an area of 

the sample using a cathode ray tube, which scans a rectangular area divided up into an array of 

square units. Magnification can be calculated by comparing the relative size of the raster area on the 

sample as it was displayed on the display screen, with a 1 µm x 1 µm sample-raster area being 

displayed on a 10 mm x 10 mm display screen having a magnification of 10,000x [240], [241]. 

 

Backscattered electrons are the result of the elastic scattering of the primary electrons throughout 

the sample, with the absence of energy loss from the collisions allowing the electrons to penetrate 
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further into the sample, with the penetration depth depending on the atomic number of the sample, 

with a heavier atom having a shorter penetration depth. For example, the mean free path of carbon, 

Z = 6, was 150 nm; and mean free path of gold, Z = 79, having a penetration of 5 nm. Secondary 

electrons are generated from a sample via inelastic scattering of a primary sample at the surface of 

the sample, resulting in energy loss of the primary energy via heat transfer to the sample. This 

results in a short mean free path in the order of 10-9 to 10-10 m into the sample, hence secondary 

electron analysis is most commonly used to analyse surface characteristics and topography/ particle 

morphology [240], [241].  

 

These backscattered and secondary electrons are detected using the Everhart-Thornley scintillator-

photomultiplier system that fluoresces upon contact. The phosphorous-based detector emits a light 

that was transmitted to a photomultiplier, which converts it into pulses of electrons that are relayed 

onto a display screen, with each portion of the raster array correlating to a pixel. The low energy of 

secondary electrons can inhibit their ability to cause fluorescence of the scintillator. An aluminium 

foil coating was applied to the scintillator with a bias voltage across it that causes the secondary 

electrons to accelerate, increasing their energy such that they overcome the minimum energy 

needed to scintillate and generate a signal [240], [241]. 

 

The practical application of SEM with respect to this project involves preparing a powdered sample 

onto an adhesive carbon tab stuck to an aluminium stage, which was then sputter-coated with gold 

for 20 seconds in a vacuum-sealed chamber. The use of carbon and gold both aid the conduction of 

electrons in the sample, with the gold having the additional benefit of protecting it from damage 

caused by the electron beam. SEM analysis was conducted on an FEI Inspect F and Inspect F50 

microscope. The acceleration voltage (energy) applied to the sample ranged from 5-15 kV to 

moderate the energy depending on the conductivity and stability of the sample under observation, 

with a beam spot size of 3.0-4. 
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Figure 2.0.7: A schematic of a scanning electron microscope, depicting the formation, refinement, 

and impact of the electron beam onto the sample, and the resultant electrons and photons that 

result from the interactions. 

 

2.4.2.2. ς Particle Size Analysis 

 

Analysis of the primary and secondary particle sizes were measured using ImageJ software that 

allowed the identification of these particles and sizing them against a scale bar [242]. SEM images of 

secondary particle populations were loaded and saturated such that they became a two-coloured 

image, allowing the identification of particles. Once all particles were sized using the relative size of 

particles relative to a calibrated scale bar, a particle size distribution could be established.  
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2.4.2.3. ς Energy Dispersive Spectroscopy (EDS) 

 

Energy dispersive spectroscopy (EDS) harvests the characteristic X-rays released from the SEM 

sample to provide elemental composition information related to the sample. The accelerated 

voltage (incident energy) of the incident electrons needs to be sufficiently high to generate enough 

characteristic X-rays counts to get a quantification of elemental composition. This was selected to be 

15 kV, as this was the minimum voltage needed for EDS analysis and limited the damage to the 

sample. EDS analysis can be done for a single point or for a two-ŘƛƳŜƴǎƛƻƴŀƭ ǊŀǎǘŜǊ ΨƳŀǇǇƛƴƎΩ ƻŦ ǘƘŜ 

sample, both of which are employable within the FEI Inspect F50 and coupled with Oxford 

Instruments Aztec program for data collection and analysis. 

 

The release of characteristic X-rays from the sample occurs at a variety of wavelengths and energies 

depending on the atomic weight of the sample and which electron was excited (i.e. Kh, K̡ , Lh , L̡  etc., 

as described in Section 2.4.1.1.). The X-rays collide with a detector consisting of a silicon 

semiconductor, and the energy of the incident X-ray photon excites a particular number of electrons 

across the 3.8 eV band gap. The resultant voltage from the formation of the electron-hole pairs will 

induce a current pulse, which processes the magnitude of the current into one X-ray energy 

category, which forms a profile based on the number of counts and hence can quantify the 

proportion of elements within a system. As well as developing a quantification of the elemental 

X-ray signals, the two-dimensional rasterization of the sample allows the visualisation and projection 

of this quantification onto the SEM image, giving a spatial aspect to the elemental distribution and 

compositional data. 

 

The difficulty encountered with EDS analysis was the need to keep the detector crystal at 77 K, 

which requires a significant amount of cooling. Additionally, the energy resolution is poor, resulting 

in wide peaks which can obscure peaks with similar energies. There was also electronic background 

noise on the profile, which can not only hide the presence of peaks, but also impact the accuracy of 

the quantification of elemental composition, which was accounted for in the SEM-EDS analysis in 

this work.  
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2.4.3. ς Electrochemical Testing 

 

2.4.3.1. ς Cathode Slurry Synthesis and Coin Cell Manufacture 

 

Electrochemical testing conducted in this thesis used 2032 stainless-steel coin cells, manufactured as 

half-cells with a synthesised cathode disc and lithium metal chip anode counterpart. 2032 coin cells 

ŀǊŜ Ψōǳǘǘƻƴ ŎŜƭƭǎΩ ǘƘŀǘ ƘŀǾŜ ŀ нл ƳƳ ŘƛŀƳŜǘŜǊ ŀƴŘ оΦн ƳƳ height and consist of a two-part metal 

ŎŀǎƛƴƎ ǘƘŀǘ ƛǎ ΨŎǊƛƳǇŜŘΩ ǘƻƎŜǘƘŜǊ ǘƻ ŦƻǊƳ ŀƴ ŀƛǊ-tight seal to protect the sensitive chemicals from the 

atmosphere. The cathode disc was prepared through the casting of a slurry, which comprised of 

90 wt% active material (LiNi0.8Mn0.1Co0.1O2), 5 wt% polyvinylidene fluoride (PVDF) binding agent and 

5 wt% carbon black conductive agent. 150 mg of these materials (with a 125 mg: 7.5 mg: 7.5 mg 

ratio) were weighed out inside an argon-filled glove box and hand milled in a pestle and mortar for 

10 minutes. The resultant powder mix was transferred to a Thinky mixer pot, where approximately 

0.2 mL of N-methyl-2-Pyrrolidone (NMP) was added dropwise until the powder was fully mixed and 

the resultant slurry was glossy. The slurry was then transferred to a Thinky mixer, where it 

undergoes a mixing regime of 5 minutes at 2000 rpm, followed continuously by a defoaming stage of 

30 seconds at 2200 rpm, which was repeated once. The slurry was cast onto carbon coated 

aluminium foil on a vacuum plate drawdown table. A doctor blade set to 15 µm thickness was used 

to cast the slurry evenly across the drawdown table. An excess of NMP often led to either the partial 

or complete gelation of the mixture, producing an uneven, non-uniform slurry, which was 

undesirable. The cast slurry was then dried at 100 ɕ/ ŦƻǊ ŀǇǇǊƻȄƛƳŀǘŜƭȅ н ƘƻǳǊǎΣ ǘƘŜƴ ǎǘƻǊŜŘ ƛƴ ŀ 

vacuum oven overnight at 80 ɕ/ ŦƻǊ ŦǳǊǘƘŜǊ ŘǊȅƛƴƎΦ ¢ƘŜ ŘǊƛŜŘ ǎƭǳǊǊȅ was cut into 10 mm cathode 

discs with a swinging-arm hydraulic cutter, with the cathodes stored in an argon-filled glove box for 

storage.  

 

In the manufacturing of the coin cells, 2032 coin cells were assembled in an argon-filled glove box. A 

stainless-steel negative casing was used as the base, with a stainless-steel conical spring and spacer 

added to provide a pressure within the cell to ensure uniform contact between the cathode, 

separator, and anode. The lithium metal anode disc was placed atop of the spacer, with the 16 mm 

diameter Whatman glass microfibre separator wetted with 100 µl of electrolyte of 1 M of LiPF6 in 

ethylene carbonate and dimethyl carbonate (3: 7 w/w) with 2% vinyl carbonate (VC). The cathode 

disc was placed in the centre of the wetted separator, with the active mass facing the separator, and 

enclosed with the stainless-steel positive casing. The coin cell was then crimped using a hydraulic 
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press to seal the coin cell, which was then stored in a plastic zip-lock bag to prevent self-discharge 

prior to the electrochemical tests. 

 

The post-mortem analysis of the 2032 coin cells involved de-crimping of cycled cells in an 

argon-filled glove box. Once the seal had been broken, each component was sorted, with the 

cathode disc being recovered and soaked in dimethyl carbonate to clean the cathode ahead of 

analysis, while the remaining components were removed from the glove box and quenched in 

ethanol and water until all lithium had reacted. The dimethyl carbonate was drained from the 

cathode and removed with the waste coin cell components, with the wetted coin cell being left to 

dry under vacuum in the antechamber overnight. 

 

2.4.3.2. ς Galvanostatic Cycling with Potential Limitation 

 

Two common indexes for the success of a cathode active material are their specific capacity and 

capacity retention. One common method of measuring the specific capacity was through 

Galvanostatic cycling with potential limitation (GCPL), which involves charging and discharging 

(cycling) a cell at a constant current until maximum and minimum voltage limits are reached, with 

the current and voltage profiles indicated in Figure 2.0.8. 

 

 

Figure 2.0.8: The current and voltage profiles for GCPL cycling. Current was constant during cycling, 

whereas voltage increases/decreases to a maximum/ minimum. 
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The specific capacity defined in Equation 1.1 describes capacity the cathode active material can store 

per mass, hence the units of coulombs per gram (C g-1) or amp-hours per gram (Ah g-1). This can be 

used to determine the current to apply to the cells as the current applied to the cell needs to be 

normalised to the active mass of the cathode disc to ensure cells being compared are put under 

consistent electrochemical strain. This is ŘƻƴŜ ōȅ ŎŀƭŎǳƭŀǘƛƴƎ Ψ/-ǊŀǘŜǎΩΣ which determines how long a 

current was applied to the cell during cycling (in hours), for a theoretically fully charged /discharged 

cell, hence determining a normalised current for each coin cell. For example, a 1C current fully 

charges/ discharges a cell over a period of 1 hour, and C/2 fully charges/  discharges the cell over 2 

hours, and so on. The practical specific capacity can be calculated using the applied current along 

with the time taken to charge/discharge the cell and the active mass of the material, as seen in 

Equation 2.8 below. 

 

       ὖὶὥὧὸὭὧὥὰ ὛὴὩὧὭὪὭὧ ὅὥὴὥὧὭὸώ 
ᶻ

 
            Equation 2.8. 

 

A standard protocol was established for GCPL experiments that involved two solid electrolyte 

interphase (SEI) formation cycles at a current of C/20 followed by x number of cycles (most typically 

100 cycles) at a current of C/2. A rest period was included for 2 hours prior to the first charging cycle 

to allow the cell to reach an equilibrium (hence the charge profile did not start at t = 0 in Figure 

2.0.8). The potential limits selected were 3.0ς4.2 V and 3.0ς4.3 V, with the two limits assessing the 

impact of the c-axis contraction at ~4.2 V described in Section 1.2.1. These tests were either 

completed at room temperature, or in a temperature-controlled chamber at 20 °C. Similarly, a rate 

capability test was deployed to analyse the ability of different materials to cope with increasing 

cycling rates. This involved cycling a coin cell at C/20 for 5 cycles while the SEI layer was formed, 

then 5 cycles were completed at the following C-rates: C/10, C/5, C/2, 1C, 2C, 5C and 10C, before a 

final 5 cycles at C/20 were completed. The voltage window for this test was 3.0 ς 4.3 V. 

 

2.4.3.3. ς Electrochemical Impedance Spectroscopy 

 

One method of characterising degradation mechanisms that can occur within a cycling cell was 

through the non-destructive analysis of electrochemical impedance spectroscopy (EIS). When 

ŎƻƴǎƛŘŜǊƛƴƎ hƘƳΩǎ ƭŀǿ ŀƴŘ ǊŜǎƛǎǘŀƴŎŜ ǳƴŘŜǊ ŀƴ ŀƭǘŜǊƴŀǘƛƴƎ ŎǳǊǊŜƴǘΣ ǇǊŀŎǘƛŎŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎ ǊŜǎǳƭǘ ƛƴ 

inductive and capacitive effects on the sinusoidal waveform and a phase shift, , desynchronising 

the voltage (E) and current (Iύ ǇǊƻŦƛƭŜǎΦ LƳǇŜŘŀƴŎŜ Ψ½Ω ǎƘƻǳƭŘ ǘƘŜǊŜŦƻǊŜ ōŜ ǳǎŜŘ ƛƴ ǇƭŀŎŜ ƻŦ ǊŜǎƛǎǘŀƴŎŜΣ 

which was defined through hƘƳΩǎ ƭŀǿ ƛƴ 9ǉǳŀǘƛƻƴ нΦ9, where ̟  was the radial frequency. This gives 
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rise to the Lissajous Figure, which is an oval formed from the I-E plot of Equation 2.10 and can 

ǘƘŜǊŜŦƻǊŜ ƛƴǘǊƻŘǳŎŜ 9ǳƭŜǊΩǎ ǊŜƭŀǘƛƻƴǎƘƛǇ ƛƴǘƻ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴΣ ǿƛǘƘ 9ǉǳŀǘƛƻƴǎ нΦ9 and 2.10 

respectively.  

 

   ὤ   
  

           Equation 2.9. 

 

            ÅØÐὮ• ÃÏÓ• Ὦ ÓÉÎ •         Equation 2.10. 

 

           ὤ‫  ὤÅØÐὮ• ὤ ÃÏÓ• Ὦ ÓÉÎ •        Equation 2.11. 

 

Equation 2.11 gives an expression for Z that introduces complex numbers to the impedance 

interpretation, with a real and imaginary part. Plotting the real and imaginary components against 

one another (on the x-axis and y-axis respectively) gives rise to a Nyquist plot depicted in Figure 

2.0.9, with each semicircle representing a different form of impedance within the cell, and eludes to 

a particular form of degradation [243], [244].  

 

 

Figure 2.0.9: An example Nyquist plot, with examples of characteristic cell features and degradation 

mechanisms highlighted. 

 

This plot can then be fitted to an equivalent electrical circuit with each electrical component 

describing the influence of impedance for each semicircle of the plot. There are five common 
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electrical components used, namely a resistor, inductor, capacitor, and a constant phase element 

(CPE) and the Warburg element. The Warburg element is used to establish the impedances related 

to the diffusivity of the bulk material. As with conventional electrical circuit calculations, where 

placed in series, the components are summed (i.e. Z1 + Z2 + Z3 = ZT), whereas where components are 

in parallel, the inverse of the components are summed (i.e. Z1
-1 + Z2

-1 + Z3
-1 = ZT

-1). The semicircle 

features of a Nyquist plot typically consist of a resistor and capacitor/ CPE unit in parallel to form a 

Randles cell [243], [244], [245].   

 

From an experimental perspective, impedance data can be collected by applying an AC signal over a 

wide range of frequencies, ranging from µHz to MHz. Different impedance-sensitive elements of the 

cell applies the variation to the current and voltage sinusoidal curves, hence the development of the 

Lissajous figure and Nyquist plot. In the experiments conducted in this thesis, EIS procedures were 

carried out on a Biologic VMP-300 Potentiostat, with a frequency range of 100 mHz to 1 MHz. Cells 

were cycled at C/20 for two cycles followed by C/2 for 50 cycles, with EIS analysis occurring after 

cycle 0, 1, 5, 10, and every 5 cycles after that until cycle 50. The cycle was allowed to discharge to 3.0 

V, followed by a 2-hour rest period before the EIS programme ran to allow the cell to come to 

equilibrium.  

 

2.4.3.4. ς Galvanostatic Intermittent Titration Technique 

 

Although the Warburg element described in EIS analysis can establish the diffusivity of the cathode 

material, a more accurate technique for calculating this was the Galvanostatic Intermittent Titration 

Technique (GITT). GITT is used to calculate the diffusion coefficients in-situ at various states of 

charge and ƛƴǾƻƭǾŜǎ ǘƘŜ ǘŜƳǇƻǊŀǊȅ ŎƘŀǊƎƛƴƎ ƻŦ ǘƘŜ ŎŜƭƭ ŀǘ ǎƭƻǿ ǊŀǘŜΣ ƪƴƻǿƴ ŀǎ ΨŎǳǊǊŜƴǘ ǇǳƭǎŜǎΩ ǿƘƛŎƘ 

increases the voltage to a certain potential, followed by a relaxation period with no current, where 

the potential plateaus to an equilibrium. 

 

!ǘ ŀ ǇŀǊǘƛŎǳƭŀǊ ΨƛƴƛǘƛŀƭΩ ǾƻƭǘŀƎŜΣ Eit, a current pulse was applied, causing the voltage to increase 

instantaneously due to internal resistance (IR). After this, the voltage increases at an increasingly 

slower rate over the duration of this current pulse in order to maintain a constant concentration 

gradient as lithium ions deintercalate from the material. At the end of the pulse, the voltage 

achieved has a maximum voltage, Et, and the current reduces to zero triggering a second IR drop 

before the relaxation period starts. During the relaxation period, lithium ions diffuse to reach a 

homogenous state at a potential less than Et to a new equilibrium state, Es, which becomes the new 
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Eit for the next current pulse, as depicted in Figure 2.0.10 below. The reverse can be applied during 

the discharge phase of GITT experiments, with a negative current being applied causing a decrease 

in voltage to the corresponding Et potential and the relaxation period causing a minor increase in 

potential to the homogenous Es potential. 

 

The potential drop during relaxation and the potential rise during the current pulse can be used to 

ŎŀƭŎǳƭŀǘŜ ŎƘŜƳƛŎŀƭ ŘƛŦŦǳǎƛǾƛǘȅ ŀǘ ǾŀǊƛƻǳǎ ǎǘŀǘŜǎ ƻŦ ŎƘŀǊƎŜΦ ¦ǎƛƴƎ CƛŎƪΩǎ ŦƛǊǎǘ ƭŀǿ ƻŦ ŘƛŦŦǳǎƛƻƴΣ ǎǘŀǘƛƴƎ 

that the rate of diffusion is proportional to the concentration gradient with respect to the presence 

of lithium ions, the diffusion coefficient (D) can be calculated using Equation 2.12 below. † 

represents the duration of the current pulse, nmol,B represents the number of moles of the host 

material, Ψ.Ω, Vmol is the volume occupied by one mole of the host material, ɲES is the voltage change 

at steady state, and ɲEt was the total voltage change over the current pulse. Ψ{Ω is the 

electrode-electrolyte surface interface area, but due to inaccuracies in calculating this, the diffusion 

ŎƻŜŦŦƛŎƛŜƴǘ ǿŀǎ ŎƻƳƳƻƴƭȅ ǊŜǇƻǊǘŜŘ ŀǎ ΨŘƛŦŦǳǎƛƻƴ ǇŜǊ ǎǉǳŀǊŜ-ŀǊŜŀΩ ƻǊ Ψ5 s2Ω [246]. 

 

    Ὀ  z
 
 ȟ  z  

Ў 

Ў 
             Equation 2.12. 

 

The GITT experiments conducted in this thesis are conducted over a voltage window of 3.0ς4.5 V 

using a Biologic VMP-300 potentiostat. A 30-minute current pulse was applied at a C-rate of C/20, 

followed by a 2.5-hour relaxation period. Upon the upper cut-off voltage being achieved, a 3-hour 

relaxation period was undertaken prior to discharge.  
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Figure 2.0.10: A GITT plot that demonstrates the current and voltage profiles over the course of 2 

charging current pulses, with the gradual increase in potential observed. 

 

2.4.4. ς Further Characterisation Techniques 

 

2.4.4.1. ς Tap Density  

 

In a bulk material, a material will occupy a volume consisting of voids between the particles. This 

Ψōulk densityΩ corresponds to a mass of material relative to the volume occupied by the 

randomly-coordinated particles. Disturbing this system can cause realignment of particles, with 

smaller particles occupying the voids and therefore reducing the voidage of the system and 

increasing the density of the sample. This is typically done via ΨǘŀǇǎΩ ƻƴ ǘƘŜ ŎƻƴǘŀƛƴŜǊ ƻŦ ƳŀǘŜǊƛŀƭΣ 

ŎƻƛƴƛƴƎ ǘƘŜ ǘŜǊƳ ΨǘŀǇ ŘŜƴǎƛǘȅΩ ŦƻǊ ǘƘƛǎ ŘƛǎǘǳǊōŜŘ ǎȅǎǘŜƳΦ LŦ ǘƘŜ ƻǊƛƎƛƴŀƭΣ ōǳƭƪ ŘŜƴǎƛǘȅ ǾƻƭǳƳŜ ŦƻǊ ŀ 

mass of material was denoted VO, and the tap density volume was denoted Vf, then a compression 

index can be determined through Equation 2.13.  

 

                ὅέάὴὶὩίίὥὦὭὰὭὸώ ὍὲὨὩὼ ρzππ           Equation 2.13. 

 

Experimentally, the work in this thesis acquires this data using a Copley JV 200i Tap Density Tester, 

by measuring a particular mass of material into a measuring cylinder and recording the volume of 



109 
 

ǘƘŜ ƳŀǘŜǊƛŀƭ όōǳƭƪ ǾƻƭǳƳŜύΦ ¢ƘŜ /ƻǇƭŜȅ W± нллƛ ΨǘŀǇǎΩ ǘƘŜ ƳŜŀǎǳǊƛƴƎ ŎȅƭƛƴŘŜǊ ōȅ ŘǊƻǇǇƛƴƎ ƛǘ ŀ ǎƘƻǊǘ 

distance repeatedly. In these tests, the tapping protocol involved 1000 taps over a period of 5 

minutes, with the tapped volume recorded after 1000, 3000 and 5000 taps until the volume 

plateaued.  

 

2.4.4.2. - Mechanical Testing 

 

The mechanical strength of secondary particles is an indicator of the lifespan of the particles with 

electrochemical cycling due to the volumetric expansion and contraction exerting stresses on the 

secondary assembly that can be mimicked by mechanical testing via microindenter. NMC-811 

samples were prepared by suspending the secondary particles in ethanol and drop casting them 

onto a silicon wafer, which was later mounted onto an SEM stub using superglue. 

 

An Alemnis microindenter (Synton MDP, and Synton MDP with a diamond tip; tƻƛǎǎƻƴΩǎ ratio of 

лΦлтΣ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ммпл Dtŀύ ǿŀǎ ƳƻǳƴǘŜŘ ƛƴ ŀƴ C9L bƻǾŀ прл {9a ǿŀǎ ǳǎŜŘ ǘƻ ŀǇǇƭȅ ŀ 

unidirectional load of 0.1 mN s-1 to the sample until fractured, when the tip was retracted. The SEM 

stub was mounted onto a translational stage, allowing the precise positioning of the microindenter 

above one secondary particle prior to indentation in order to ensure no neighbouring particles 

incurred direct contact. This procedure was conducted by Dr Laura Wheatcroft, with SEM imaging 

ǘŀƪŜƴ ǿƛǘƘ ŀ р ƪ± ŜƭŜŎǘǊƻƴ ōŜŀƳΣ ŀǘ ŀƴ ŀƴƎƭŜ ƻŦ тлɕ tilt to the indenter axis. Analysis involved the use 

of Alemnis AMMDA software, with each load curve needing a zero-correction at zero load, and a 

polynomial-fitted load drift correction. Indentation hardness was calculated by the load at the time 

of fracture per tip contact area [247]. 
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3. Investigating oxygen-rich alternative calcination 

approaches for NMC-811 cathodes 
 

The use of conventional conduction and convection-based heating during the calcination process of 

NMC cathode material synthesis is a lengthy process, with it taking up to 10-15 hours to complete 

[37], [88], [118], [167], excluding the cooling period and any intermediate grinding stages that be 

required. Microwave heating can provide more uniform heating, increase the rate of heating, and 

reduce the dwelling period of the material within the furnace, improving the throughput of the 

synthesis route [220]. Problems arise when considering the nickel-rich cathodes used in this work, 

where NMC-811 requires an oxygen-rich atmosphere during calcination to retain nickel in its 

trivalent oxidation state and promote the formation of the layered phase. An atmosphere rich 

enough in oxygen gas can form a plasma when exposed to microwaves, with the microwaves causing 

violent oscillations within the molecule, causing adjacent molecules to collide and increase the 

possibility of ionisation. This can lead to a significant increase in temperature above 1200 °C, which 

is above the temperature limit for the furnace and would cause a loss of lithium from the system in 

the form of Li2O [248], [249]. To overcome this, it is hypothesised that lithium peroxide can be 

utilised as a lithium source for the reaction, with it decomposing to form oxygen gas via Equation 3.1 

below. This occurs at a low temperature of 280-400 °C, meaning Li2O2 will thermally decompose at a 

lower temperature than the formation of the h-NaFeO2 layered transition metal oxide phase at 

650-850 °C, as discussed in Section 1.3.4 [104]. To minimise oxygen loss, samples calcined with 

lithium peroxide were placed in a closed crucible. 

 

  ὒὭὕ  O  ὒὭὕ  ὕ               Equation 3.1. 

 

Here, optimisation of this procedure was investigated by studying the effect of lithium peroxide 

excess, temperature and duration of calcination and compared to benchmark samples prepared by 

conventional routes (a standard Li source, lithium hydroxide, in an oxygen-fed tube furnace). 

 

3.1. ς The Ni0.8Mn0.1Co0.1(OH)2 Precursor 
 

Ni0.8Mn0.1Co0.1(OH)2 was synthesised by Dr Nirmalesh Anthonisamy via a co-precipitation synthesis 

route in an Eppendorf BioFlo 320 stirred tank reactor with an optimised pH of 11.0 and temperature 

of 60 °C. The reaction was conducted over a total period of 41.5 hours, with a 13.5-hour addition 

time for the transition metal and ammonia solutions in a 1: 1.4 ratio followed by a 28-hour 
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ΨƳŀǘǳǊŀǘƛƻƴΩ ǇŜǊƛƻŘ. The resulting precipitant was washed and dried. XRD and SEM analysis was 

conducted on this sample prior to its use to optimise the calcination procedure in a microwave 

furnace. XRD analysis of the Ni0.8Mn0.1Co0.1(OH)2 precursor is shown in Figure 3.0.1, together with 

standard profiles from the Inorganic Crystal Structure Database (ICSD) for Ni(OH)2 [250] and 

Ni0.6Mn0.2Co0.2(OH)2 [152]. An initial inspection confirms the layered brucite, ̡ -M(OH)2, phase (Figure 

3.0.1.a), with closer analysis of individual peaks revealing differences in the (001) and (102) peaks 

seen in Figure 3.0.1.b) and c). 

 

 

Figure 3.0.1: XRD profiles of experimentally acquired Ni0.8Mn0.1Co0.1(OH)2 (red), with ICSD standards 

of Ni(OH)2 (green), Ni0.6Mn0.2Co0.2(OH)2 (black), and a manufactured CIF file of Ni0.8Mn0.1Co0.1(OH)2 

(red). a) depicts the full range 10-80° XRD profile, with b) showing a close-up of the (001) peak 

between 17-22°, and c) showing the (102) peak at 50-54°. 

 

Published crystallographic data exists for Ni(OH)2 and Ni0.6Mn0.2Co0.2(OH)2 [152], [250]. Ying et al. 

have applied the Ni(OH)2 model to experimentally-acquired Ni0.8Mn0.1Co0.1(OH)2 via Rietveld analysis 

[251]. Here, the published lattice parameters for Ni0.8Mn0.1Co0.1(OH)2 were used to modify the CIF file 

for Ni0.6Mn0.2Co0.2(OH)2 to better model and analyse the crystallographic data obtained in this thesis 

for Ni0.8Mn0.1Co0.1(OH)2. The modified Ni0.8Mn0.1Co0.1(OH)2 CIF file is included in Figure 3.0.1 and 

shows that the correct -̡M(OH)2 phase is formed. Individual peak analysis reveals a smaller 

difference between angles for characteristic peaks, listed in Table 3.0.1, suggesting the modified CIF 

was a better approximation of lattice parameters. Peak splitting (likely associated with the K1h and 
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Kh 2 peaks) was also observed for the modified Ni0.8Mn0.1Co0.1(OH)2 CIF file, with the angles recorded 

in Table 3.0.1 aligning to the largest intensity of the K1h peak. 

 

Table 3.0.1: A table of 2  ̒Bragg ǇŜŀƪǎ ŦƻǊ ǘƘŜ ʲ-M(OH)2 phase and corresponding angles for each of 

the analysed Ni0.8Mn0.1Co0.1(OH)2 phases, with the difference to the experimental value in brackets. 

 (001) (100) (101) (102) (110) (111) (200) (201) 

Ni(OH)2 CIF file 2ʻ 

angles 

19.27 

(+0.15) 

33.08 

(+0.14) 

38.56 

(+0.24) 

52.14 

(+0.36) 

59.08 

(+0.28) 

62.76 

(+0.30) 

70.50 

(+0.44) 

72.80 

(+0.46) 

Ni0.6Mn0.2Co0.2(OH)2 

CIF file 2ʻ ŀƴƎƭŜǎ 

19.24 

(+0.12) 

33.28 

(+0.34) 

38.72 

(+0.40) 

52.22 

(+0.44) 

59.46 

(+0.66) 

63.12 

(+0.66) 

70.52 

(+0.46) 

73.26 

(+0.92) 

Ni0.8Mn0.1Co0.1(OH)2 

CIF file 2ʻ ŀƴƎƭŜǎ 

19.16 

(+0.04) 

33.14 

(+0.20) 

38.52 

(+0.20) 

51.94 

(+0.16) 

59.11 

(+0.31) 

62.74 

(+0.28) 

70.14 

(+0.08) 

72.80 

(+0.46) 

Ni0.8Mn0.1Co0.1(OH)2 

experimental sample 

2ʻ ŀƴƎƭŜǎ 

19.12 

(-) 

32.94 

(-) 

38.32 

(-) 

51.78 

(-) 

58.80 

(-) 

62.46 

(-) 

70.06 

(-) 

72.34 

(-) 

 

Rietveld refinement of experimentally-acquired Ni0.8Mn0.1Co0.1(OH)2 was conducted using the GSAS-II 

program against CIF files of Ni(OH)2 acquired from ICSD, Ni0.8Mn0.1Co0.1(OH)2 acquired from ICSD, and 

the modified Ni0.8Mn0.1Co0.1(OH)2 CIF file, with the lattice parameters summarised in Table 3.0.2 

[239]. The results indicate better fits for the Ni(OH)2 and Ni0.8Mn0.1Co0.1(OH)2 models, due to the 

larger lattice parameters (a Ғ 3.151 Å, c Ғ 4.653 Å) and unit cell volumes (40.00-40.44 Å3). However, 

due to the increased chi2 values of all results of 33.163-65.286, these results need more accurate 

crystallographic data from a synchrotron source to attain more accurate lattice parameters and 

generate a reliable CIF file for Ni0.8Mn0.1Co0.1(OH)2. 

 

Table 3.0.2: A table of lattice and model fitting parameters from the Rietveld refinement of 

experimentally acquired Ni0.8Mn0.1Co0.1(OH)2 compared to three different CIF files. Estimated 

standard deviations are included in brackets, where refined. 

 Lattice parameter 

a = b (Å) 

Lattice 

parameter c (Å) 

Unit Cell 

Volume (Å3) 

Chi2 value 

Ni(OH)2 CIF file 3.152(0) 4.653(7) 40.0(4) 33.163 

Ni0.6Mn0.2Co0.2(OH)2 CIF file 3.149(9) 4.652(1) 39.9(8) 65.286 

Ni0.8Mn0.1Co0.1(OH)2 CIF file 3.152(0) 4.654(2) 40.0(6) 38.369 
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The Ni0.8Mn0.1Co0.1(OH)2 precursor is made up of uniform, quasi-spherical secondary assemblies, 

consisting of randomly-oriented nanoplates, evidenced by SEM analysis in Figure 3.0.2 a)-c). 

Secondary particle size analysis using ImageJ is displayed as a histogram in Figure 3.0.3, and shows a 

modal average particle size of 8.5-9.0 µm, which is similar to the desired diameter of 10 µm [118], 

[157], [252]. The size of the primary particles was also analysed to find an average nanoplate 

diameter of 0.979 µm. 

 

 

Figure 3.0.2: SEM images of Ni0.8Mn0.1Co0.1(OH)2 precursor at 1000x (a), 20,000x (b), and 120,000x (c) 

magnification. 

 

 

Figure 3.0.3: A histogram depicting the particle size distribution from the Ni0.8Mn0.1Co0.1(OH)2 

sample, from a 200x SEM image with a population of 11,563 particles with at least 50% circularity. 
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3.2. ς Lithiation of the Ni0.8Mn0.1Co0.1(OH)2 Precursor 
 

Prior to calcination, a lithium source is added to the Ni0.8Mn0.1Co0.1(OH)2 precursor, which involves 

the mixing of a lithium salt, typically lithium hydroxide (LiOH), and in this thesis lithium peroxide 

(Li2O2). A small molar excess is added to account for the possible lithium loss at high temperature. 

Section 1.3.4. discussed the molar excess of LiOH was typically 3% and was by milled with 

Ni0.8Mn0.1Co0.1(OH)2 precursor in a pestle and mortar until homogenous. Here, the lithiation of 

Ni0.8Mn0.1Co0.1(OH)2 with Li2O2 was examined as a potential dual Li and oxygen source.  Lithium 

excess was investigated where the Ni0.8Mn0.1Co0.1(OH)2 precursor was mixed with 1, 3, 5 and 7% 

molar excess lithium peroxide before calcining in a microwave furnace at 750 °C for 5 hours.  

 

 

Figure 3.0.4: (a) XRD profiles of LiNi0.8Mn0.1Co0.1O2 lithiated with 1, 3, 5 and 7 mol% excess Li2O2 and 

calcined in a microwave furnace (750 °C for 5 hours); (b) an enlargement of the (101) and 

(006)/ (012) doublet; (c) evidence of residual Li2CO3 exhibited by the peaks in the 20-35° 2  ̒range, 

with peaks labelled with a grey circle. 

 

Inspection of the XRD data obtained for all samples are displayed in Figure 3.0.4.a) indicates the 

calcination reactions yielded the layered, hexagonal h -NaFeO2 phase expected for 

LiNi0.8Mn0.1Co0.1O2, irrespective of the excess of Li2O2 present. A greater (006) peak intensity is 

observed for the 1 mol% excess Li2O2 sample (Figure 3.0.4.b). Combined with the low-angle shoulder 

on the (104) and (108) peaks, this could be indicative of the presence of a rocksalt impurity phase in 
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this sample. This coincides with the reduced presence of additional lithium phases in the 1 mol% 

sample (Figure 3.0.4.c). The 7 mol% excess sample displays the largest degree of additional lithium 

side phases, which aligns with Li2CO3 peaks present at Ғ21°, Ғ30° and Ғ32° 2 ,̒ with a minor disparity 

in 2̒  angle attributed to sample preparation. These peaks are not as intense in the 1, 3 and 5 mol% 

samples. Figure 3.0.5 identifies the additional lithium phase as lithium carbonate (Li2CO3) by 

comparing the peaks between 20 and 35° 2  ̒to ICSD standards for Li2CO3, LiOH and Li2O [253], [254], 

[255]. On the basis of the XRD results, the 3 mol% excess Li2O2 was selected for further study. 

 

 

Figure 3.0.5: XRD profile of LiNi0.8Mn0.1Co0.1O2 calcined with 7 mol% excess of Li2O2. Additional 

lithium peaks are compared to ICSD patterns for LiOH, Li2CO3 and Li2O confirm the presence of 

Li2CO3. 

 

 

 

3.3. ς Optimisation of the Microwave Calcination Procedure  
 

Calcination of the Ni0.8Mn0.1Co0.1(OH)2 by conventional LiOH or alternative Li2O2 lithium sources was 

further investigated by microwave heating at constant power. Conventional calcination involves 

heating the Ni0.8Mn0.1Co0.1(OH)2 sample with LiOH for 10-15 hours and flowing oxygen gas through the 

furnace to promote the oxidation of transition metals in Ni0.8Mn0.1Co0.1(OH)2, with a mechanism 
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described in Equation 3.2. Lithium peroxide was employed to generate oxygen gas in-situ in an 

attempt to replicate the flow of oxygen in a conventional tube furnace (Equations 3.3). The 

microwave dielectric heating effect permits rapid heating of the sample, allowing shorter reaction 

times (on the order of 4-6 hours), seen in Figure 3.0.6. 

 

     ὔὭὓὲὅέὕὌ ὒὭὕὌ ὒὭὔὭὓὲὅέὕ               Equation 3.2. 

 

               ὔὭὓὲὅέὕὌ ὒὭὕ  ᴼὒὭὔὭὓὲὅέὕ  ὕ              Equation 3.3. 

 

 
Figure 3.0.6: A depiction of the two calcination mechanisms within the conventional, oxygen-fed 

tube furnace (left) and microwave furnace with Ni0.8Mn0.1Co0.1(OH)2 calcined with Li2O2 with an 

added crucible lid to avoid oxygen loss (right). 

 

The effect of microwave calcination with Li2O2 was compared to the conventional procedure, which 

involves LiOH and an oxygen-fed tube furnace. A 10-hour calcination of Ni0.8Mn0.1Co0.1(OH)2 

precursor at 850 °C in an oxygen-fed tube furnace was compared with a 3-hour microwave 

calcination at 850 °C. For clarification, the microwave calcination is conducted in a CEM Phoenix 

furnace, which uses microwave heating to rapidly heat a silicon carbide (SiC) heating element, which 

in turn rapidly heats the insulated heating chamber through conduction and convection. Both 

reactions were conducted with LiOH or Li2O2 to observe any differences, with the resulting XRD 

profiles for the four calcined samples shown in Figure 3.0.7. 
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Figure 3.0.7: (a) XRD profiles for LiNi0.8Mn0.1Co0.1O2 calcined at 850 °C in a microwave furnace for 

3 hours and an oxygen-fed tube furnace for 10 hours. Peak analysis of the (104) and (108)/(110) 

doublet are enclosed in (b) and (c) respectively. 

 

Both furnace procedures produce the desired -hNaFeO2 layered structure for LiNiXMnYCoZO2, as 

observed in Figure 3.0.7.a). The (003)/(104) peak ratio was a qualitative indicator of cation ordering, 

with ratios larger than 1.2 suggesting greater degrees of ordering [37], [256], [257]. The XRD pattern 

is normalised against the most intense peak, (003), so it has a value of 1. Consequently, the height of 

the (104) peak can be a visual representation for the (003)/(104) peak ratio. A smaller (104) peak 
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observed in 

 

Figure 3.0.7.b) suggests that the 10-hour oxygen-fed tube furnace samples display a greater degree 

of cation ordering, due to their larger (003)/ (104) ratios (2.595 and 4.464 for LiOH and Li2O2, 

respectively). The lower (003)/(104) peak ratio for the 3-hour microwave furnace reactions with 

LiOH and Li2O2 of 1.241 and 1.107 respectively indicate a lower degree of cation ordering.  

 

Figure 3.0.7.b) and 3.7.c) both show that microwave samples have an increased resolution in the 

(108)/(110) doublet peaks, with one possible cause for this pronunciation being a greater degree of 

crystallinity and layered ordering within the samples. One explanation for this is the faster formation 

of the crystal structure during microwave calcination forming more facetted particles, resulting in an 

increased intensity detected for the (108)/(110) peaks. The peak splitting observed in the 

(108)/(110) peak doublet is due to the absence of a monochromator on the Rigaku Miniflex 

diffractometer resulting in the presence of the K1h and Kh2 peaks. Sharper peaks in XRD are observed 

for the LiOH samples, which may indicate greater crystallinity, though further high-resolution 

experiments would be required to verify this. Optimisation of the temperature and duration was 

required in order to realise the potential of microwave calcination and lithium peroxide.  

 

Table 3.0.3: Key values from the Rietveld refinement of LiNi0.8Mn0.1Co0.1O2 calcined at 850  C with 

LiOH or Li2O2 in a microwave-assisted furnace for 3 hours; or an oxygen-fed tube furnace for 10 

hours. 
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 a-, b- axis 

(Å) 

c- axis (Å) c/a ratio Ni fraction in 

Li layer (%) 

Unit Cell 

Volume 

(Å3) 

Chi2 value 

MW furnace, 3 

hours, LiOH at 850 

°C 

2.8782(5) 14.2222(3) 4.941(2) 9.2(1) 102.03(3) 3.800 

MW furnace, 3 

hours, Li2O2 at 850 

°C 

2.8798(6) 14.2259(3) 4.940(2) 12.0(2) 102.18(4) 4.645 

O2-fed furnace, 10 

hours, LiOH at 850 

°C 

2.8681(1) 14.1939(7) 4.949(4) 0.9(3) 101.12(1) 6.600 

O2-fed furnace, 10 

hours, Li2O2 at 850 

°C 

2.8722(4) 14.1902(4) 4.941(8) 0.9(4) 101.38(2) 6.389 

 

This was reaffirmed quantitatively through Rietveld refinement, with the c/a unit cell ratio and the 

calculated value of nickel fraction in the lithium 3a layer being more accurate indicators of cation 

ordering (Appendix A.5). The c/a ratio of the oxygen-fed tube furnace samples were calculated to be 

4.944 and 4.950 for LiOH and Li2O2 respectively, with a cation mixing degree of 0.9% for both 

samples, as seen in Table 3.0.3. The c/a ratio yielded from the Rietveld refinement of the microwave 

samples were 4.941 and 4.940 for LiOH and Li2O2 respectively, and the refinement gave feasible 

nickel fraction in the lithium layer values of 9.2% and 12.0% respectively (Table 3.0.3). This slightly 

smaller c/a ratio indicates smaller spacing between transition metal layers, suggesting an increase in 

cation mixing in the microwave treated samples, supported by the nickel fraction in the lithium layer 

values. There is also a marginal increase in c/a ratio for the LiOH samples relative to their 

Li2O2-calcined alternatives, which indicates a reduced degree of cation mixing in the Li2O2 samples. 

Further examination by synchrotron X-ray or powder neutron analysis would give more accurate Ni 

and Li content, but this is beyond the scope of this thesis. However, for the purposes of optimising 

synthesis, these results were used as a basis for further reactions. 

3.3.1. ς Optimisation of the Calcination Temperature 

 

Section 1.3.4 discussed the optimal temperature for the conventional (oxygen-fed tube furnace) 

calcination of NMC-811, which is reported to be 780-800 °C. To investigate the effect of temperature 

on the degree of cation mixing, calcination temperatures in the range of 650-850 °C were trialled in a 

microwave furnace. The Ni0.8Mn0.1Co0.1(OH)2 precursor was milled with 3 mol% excess LiOH or Li2O2 

and calcined for 3 hours. This temperature range yielded the desired -hNaFeO2 layered structure for 
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LiNiXMnYCoZO2, with the XRD patterns for the Li2O2-calcined samples shown in Figure 3.0.8.a). The 

(003)/(104) ratio, indicated by the height of the normalised (104) peak in Figure 3.0.8.b), shows that 

825, 775 and 750 ɕC have the lowest relative intensity, indicating an increased order of cation 

ordering. This was confirmed through Rietveld refinement, with lower c/a ratios and nickel fraction 

in the lithium layer calculated for the samples calcined at these temperatures. These values, along 

with the (003)/(104) peak ratios, are shown in Table 3.0.4. Closer examination of the (108)/(110) 

peak doublet (Figure 3.0.8.c) shows an increased splitting in the doublet as samples are calcined 

above 750 ɕC. This indicates a larger degree of layered ordering within the structure, which is 

consistent with literature [9]. The largest peak splitting was prevalent in the 850 ɕC sample, but this 

sample also exhibits the largest degree of cation mixing, indicating that the ordering of the transition 

metal layers, and the cations are not always proportional. 

 

Table 3.0.4: Key values from the Rietveld refinement of LiNi0.8Mn0.1Co0.1O2 calcined with Li2O2 at 

temperatures ranging from 650-850 °C in a 2.5 mL crucible.  

Calcination 

temperature 

(ɕC) 

a-, b- axis 

(Å) 

c- axis (Å) c/a ratio Unit cell 

volume 

(Å3) 

Ni fraction 

in the Li 

layer (%) 

Chi2  (003)/(104) 

peak ratio 

650 2.8797(3) 14.2247(2) 4.9396(1) 102.15(0) 8.0(4) 7.078 1.468 

700 2.8800(1) 14.2237(8) 4.9387(5) 102.17(2) 10.3(2) 1.945 1.260 

750 2.8781(1) 14.2164(1) 4.9396(5) 101.68(5) 5.3(4) 2.695 1.617 

775 2.8778(1) 14.2192(4) 4.9411(3) 101.98(0) 5.9(1) 1.456 1.732 

800 2.8772(1) 14.2191(6) 4.9420(4) 101.94(7) 3.1(3) 2.860 1.547 

825 2.8773(1) 14.2191(6) 4.9418(4) 101.95(7) 1.0(2) 4.994 2.013 

850 2.8799(6) 14.2259(3) 4.9398(2) 102.18(4) 12.0(2) 4.645 1.107 
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Figure 3.0.8: (a) XRD profiles for LiNi0.8Mn0.1Co0.1O2 calcined with Li2O2 for 3 hours at a range of 

temperatures 650-850 °C. The (104) and (108)/(110) peaks can be seen in (b) and (c) respectively. 

 

Comparing the (003)/(104) peak ratio in Table 3.0.4 to the Rietveld refinement results confirms that 

an increase in ratio above 1.20 coincides with a decrease in nickel fraction in the lithium 3a layer, 

indicating a higher degree of cation ordering. The Rietveld plots associated with Table 3.0.4 can be 

found in Appendix A.6. However, refining the nickel fraction for the 825 ɕC calcined sample did not 

provide a reliable result. The lattice parameter ratio (c/a) and related unit cell volume provide more 

reliable parameters for evaluating these samples, with Table 3.0.4 showing an increase in c/a ratio 

and decrease in unit cell volume with a decrease in cation mixing, which is desirable. Optimal c/a 

values can be seen in the samples calcined at 775 and 800 ɕC. If these samples, calcined with Li2O2, 

were compared to the conventional lithium salt, LiOH, (Figure 3.0.10), it can be seen that all samples 

formed the desired h -NaFeO2 layered structure with good (006)/(012) and (108)/(110) peak splitting, 

indicating good crystallinity and layered ordering. 

 



122 
 

 

Figure 3.9: The variation in c/a ratio and (003)/(104) peak ratio for various microwave calcination 

temperatures (650-850 °C)  when calcined with a Li2O2 salt. 

 

Table 3.0.5: Key values from the Rietveld refinement of LiNi0.8Mn0.1Co0.1O2 calcined with LiOH or 

Li2O2 at different temperatures 775-800 °C in a 2.5 mL crucible. 

Calcination 

conditions 

temperature 

(ɕC), Li salt 

a-, b- axis 

(Å) 

c- axis (Å) c/a ratio Unit cell 

volume 

(Å3) 

Ni 

fraction 

in the Li 

layer (%) 

Chi2  (003)/(104) 

peak ratio 

775, LiOH 2.8755(1) 14.2102(5) 4.9418(3) 101.76(6) 2.9(1) 1.891 1.753 

775, Li2O2 2.8778(1) 14.2192(4) 4.9411(3) 101.98(0) 5.9(2) 1.456 1.732 

800, LiOH 2.8826(1) 14.2326(5) 4.9374(3) 102.42(7) 9.1(2) 3.163 1.357 

800, Li2O2 2.8772(1) 14.2191(6) 4.9420(4) 101.94(7) 3.1(3) 2.860 1.547 
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Figure 3.0.10: XRD profiles for LiNi0.8Mn0.1Co0.1O2 calcined with Li2O2 and LiOH for 3 hours at 775 and 

800 ɕC. A full-range XRD pattern can be seen in (a), with a magnification of the (104) peak in (b). 

 

From the XRD analysis, the main difference between the two lithium salts is the (104) peak 

(normalised against the (003) peak) for the 800 ɕ/ ǎŀƳǇƭŜ, with LiOH having a larger (003)/(104) 

ratio of 1.547 than Li2O2 (1.357). At 775 ɕ/ ǘƘŜ όллоύκόмлпύ ǇŜŀƪ Ǌŀǘƛƻǎ ŦƻǊ [ƛhI ŀƴŘ [ƛ2O2 have similar 

values of 1.753 and 1.732. This indicates that the 775 ɕC samples have less cation mixing than the 

800 ɕC equivalents, confirmed via Rietveld refinement, with the degree of cation mixing found to be 

2.9% and 5.9% for LiOH and Li2O2 respectively (compared to 10.1% and 3.3% for the 800 ɕ/ ǎŀƳǇƭŜǎ 

respectively). The lattice parameters presented in Table 3.0.5 calculated by Rietveld refinement 

support this conclusion, with a c/a ratio for the samples calcined at 775 ɕ/Σ 4.942 and 4.941, 

correlating with the results described above, with the 800 ɕC samples having values of 4.937 and 

4.943. The associated Rietveld plots to these refinement values can be found in Appendix A.7. 

 

3.3.2. ς Optimisation of the Calcination Duration 

 

An optimisation of the calcination duration was conducted concurrently with the calcination 

temperature described in Section 3.3.1. To preserve as much of the generated oxygen as possible 

from the thermal decomposition of the Li2O2, a single heating stage during the calcination was 

performed. Ni0.8Mn0.1Co0.1(OH)2 (2 mmol) was milled with 3 mol% excess LiOH or Li2O2 and calcined 

at 750 ɕ/ in a 20 mL alumina crucible using a CEM Phoenix microwave furnace for time periods 

ranging from 90 minutes to 6 hours.  
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Figure 3.0.11: (a) XRD profiles of LiNi0.8Mn0.1Co0.1O2 calcined with 3 mol% excess Li2O2 in a 

microwave furnace over a range of durations, ranging from 90 minutes to 6 hours. The (104) peak 

(b) and (108)/(110) doublet peak (c) are magnified for analysis. 

 

XRD analysis of LiNi0.8Mn0.1Co0.1O2 calcined with 3 mol% excess Li2O2 is shown in Figure 3.0.11.a) and 

reveals characteristic peaks that are consistent with the -hNaFeO2 layered structure for all samples, 

with no phase impurities observed. Visual inspection of the (104) peak in Figure 3.0.11.b) shows that 

the 2 and 3 hour samples have larger intensities, smaller (003)/(104) ratios and a larger degree of 

cation mixing than the other calcination durations tested. This was confirmed via Rietveld 

refinement, with the samples calcined for 4-6 hours having larger c/a values of ~4.940 and 

marginally smaller unit cell volumes (~102.0), shown in Table 3.0.6. The 90-minute sample also gave 

a low c/a ratio of 4.939 and unit cell size of 102.084 Å3. The (108)/(110) peak doublet, seen in Figure 

3.0.11.c), shows clearer distinction of this peak doublet in the 90 minute, 4-, 5- and 6- hour samples 

indicating a greater degree of order within the crystal structure. The 3-hour sample has poor 

definition between the peaks, with the 2-hour sample displaying no indication of peak splitting. The 

Rietveld plots associated with Table 3.0.6 can be found in Appendix A.8. 
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Table 3.0.6: Key values from the Rietveld refinement of LiNi0.8Mn0.1Co0.1O2 calcined with Li2O2 at 

750 °C for different durations, including the c/a lattice parameter ratio, the calculated nickel fraction 

in the lithium 3a layer, and the (003)/(104) peak ratio calculated from the raw XRD data.  

Calcination 

duration (h) 

a-, b- axis 

(Å) 

c- axis (Å) c/a ratio Unit cell 

volume 

(Å3) 

Ni fraction 

in the Li 

layer (%) 

Chi2 

value 

(003)/(104) 

peak ratio 

1.5 (90 

minutes) 

2.8792(2) 14.2198(1) 4.9389(7) 102.08(5) 4.6(2) 3.423 2.032 

2 2.8827(3) 14.2098(2) 4.9294(1) 102.26(2) 10.1(3) 4.818 1.352 

3 2.8800(1) 14.2151(9) 4.9358(6) 102.11(3) 9.0(2) 3.298 1.444 

4 2.8786(2) 14.2194(7) 4.9397(4) 102.04(2) 9.2(2) 2.632 2.233 

5 2.8797(1) 14.2278(8) 4.9407(5) 102.18(9) 4.3(2) 2.576 1.984 

6 2.8784(1) 14.2193(6) 4.9399(4) 102.03(8) 5.9(1) 1.804 2.071 

 

Variation in unit cell volumes over the range of durations was small, with no clear relationship with 

calculated nickel fraction in the lithium layer. The LiOH samples follow a similar trend, with an initial 

high c/a value of 4.940 for the 90-minute calcination, followed by an increasing c/a value from 2 

hours (4.934) to 6 hours (4.942), depicted in Figure 3.0.12.c) and Table 3.0.7, correlating with a 

decrease in cation mixing. The reduced c/a ratio observed in both 2-hour samples is thought to be 

the result of phase alterations due to loss of the oxygen-rich environment between 90-minutes and 

2 hours. It is thought that samples calcined longer than 2 hours stabilise to the oxygen-depleted 

environment, resulting in an increase in c/a ratio until it plateaus between 5- and 6- hours. The XRD 

profiles of two Li2O2-calcined samples with the largest c/a ratio (the 5- and 6- hour samples) are 

compared with their LiOH alternatives in Figure 3.0.12.a). The Rietveld plots associated with Table 

3.0.7 can be found in Appendix A.9. All samples exhibit the h-NaFeO2 layered structure and good 

peak splitting in the (108)/(110) peak doublet, indicating a good degree of crystallinity and layered 

ordering. There is an increased (104) intensity for the 5-hour sample calcined with LiOH observed in 

Figure 3.0.12.b), coinciding with a reduction in the c/a value observed in Figure 3.0.12.c), but this 

was not observed in other samples. There appears to be an inverse relationship between the c/a 

ratio and Ni content in the Li layer (Table 3.0.8). Further synchrotron X-ray and neutron experiments 

would be useful in ascertaining accurate Ni and Li content values for these materials, but this is 

beyond the scope of this thesis. 
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Table 3.0.7: Key values from the Rietveld refinement of LiNi0.8Mn0.1Co0.1O2 calcined with LiOH at 

750 °C for different durations, including the c/a lattice parameter ratio, the calculated nickel fraction 

in the lithium 3a layer, and the (003)/(104) peak ratio calculated from the raw XRD data.  

Calcination 

duration (h) 

a-, b- axis 

(Å) 

c- axis (Å) c/a ratio Unit cell 

volume 

(Å3) 

Ni fraction 

in the Li 

layer (%) 

Chi2 

value 

(003)/(104) 

peak ratio 

1.5 (90 

minutes) 

2.8758(1) 14.2051(6) 4.9395(3) 101.74(7) 9.5(1) 1.789 2.032 

2 2.8801(2) 14.2101(1) 4.9340(7) 102.08(1) 9.7(2) 2.577 1.352 

3 2.8783(2) 14.2061(1) 4.9356(6) 101.92(1) 7.4(2) 2.757 1.444 

4 2.8749(1) 14.2061(7) 4.9341(4) 101.68(9) 2.4(2) 2.500 2.233 

5 2.8786(1) 14.2170(6) 4.9389(4) 102.02(7) 6.1(1) 1.615 1.984 

6 2.8753(1) 14.2091(5) 4.9417(3) 101.74(6) 4.3(1) 1.779 2.071 

 

 

Figure 3.0.12: The XRD profile (a) and magnification of the (104) peak (b) of LiNi0.8Mn0.1Co0.1O2 

calcined with 3 mol% excess Li2O2 or LiOH in a microwave furnace for 5-6 hours. The c/a ratios for 

both LiOH and Li2O2 over the range of calcination durations and displayed in (c). 
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Table 3.0.8: Key values from the Rietveld refinement of LiNi0.8Mn0.1Co0.1O2 calcined with Li2O2 at 

750 °C for 5 and 6 hours with LiOH or Li2O2 in a microwave furnace. Estimated standard deviations 

are included in brackets, where refined. 

Calcination 

conditions 

c/a ratio Unit cell volume 

(Å3) 

Nickel fraction in the 

lithium 3a layer (%) 

Chi2 

value 

(003)/(104) 

peak ratio 

5 hours, LiOH 4.9389(4) 102.02(7) 6.1(1) 1.615 1.274 

5 hours, Li2O2 4.9407(5) 102.18(9) 4.3(2) 2.576 1.985 

6 hours, LiOH 4.9417(3) 101.74(7) 4.3(1) 1.779 1.928 

6 hours, Li2O2 4.9399(4) 102.03(1) 5.9(1) 1.804 2.071 

 

SEM images (Figure 3.0.13) indicate that the ~9 µm secondary precursor morphologies are 

maintained during the calcination procedure, yielding quasi-spherical secondary assemblies. This 

morphology and secondary particle size is within the desired range determined by literature [139], 

[140], [141]. Should secondary particle sizes get too large (for example above 20-30 µm), it inhibits 

the lithium-ion diffusion rate due to the greater distance travelled, but smaller particles (<5 µm) 

incurs a greater surface area to volume ratio, increasing the loss of active material to SEI formation 

per gram (of active material). The 2- and 3- hour calcination samples appear to produce larger, less 

spherical particles, coinciding with a reduction in c/a values for these samples. It would be expected 

that a lower specific capacity could be yielded from these samples due to the larger particle size, 

which is shown in Figure 3.0.14. No clear differences are observed between the two lithium salts. 

Larger primary particles are observed in the samples calcined for 4ς6 hours, which have larger c/a 

ratios of ~4.940, compared to shorter calcination. From a primary particle perspective, all samples 

are similar, with small <1 µm particles agglomerating with distinct boundaries between primary 

ǇŀǊǘƛŎƭŜǎΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ΨǾƻƛŘǎΩ ōŜǘǿŜŜƴ ǘƘŜƳΣ ǿƘƛŎƘ ƭƛƳƛǘǎ ǘƘŜ ƛƻƴƛŎ ŎƻƴŘǳŎǘƛǾƛǘȅ ƻŦ ƭƛǘƘƛǳƳ ƛƻƴǎ ǿƛǘƘƛƴ 

ǘƘŜ ǎŜŎƻƴŘŀǊȅ ǇŀǊǘƛŎƭŜ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ΨƳŜŀǘōŀƭƭΩ ƳƻŘŜƭ ƻōǎŜǊǾŜŘ ƛƴ ƭƛǘŜǊŀǘǳǊŜ όŜȄŜƳǇƭƛŦƛŜŘ ƛƴ 

Figure 1.8). 
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Figure 3.0.13: SEM images of LiNi0.8Mn0.1Co0.1O2 calcined at 750 °C in a microwave furnace with 

3 mol% excess LiOH or Li2O2 that depict the secondary (left) and primary (right) morphology. The 

calcination periods for each calcination experiment are indicated on the left-hand side. 

 

Electrochemical analysis was conducted on these samples, cycled at C/20 for two formation cycles 

followed by 98 cycles at C/2 with a voltage window of 3.0-4.2 V at room temperature. The capacity 

retention of these samples over the 100 cycles can be seen in Figure 3.0.14, where the highest 

discharge capacities are observed for samples calcined with LiOH for 1.5 and 4 hours (161.0 and 
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164.3 mAh g-1 respectfully at C/20). These cells were not cycled under controlled temperature, which 

accounts for the minor oscillations in capacity relating to temperature fluctuations during the 

day/night. One consistent trend observed from Figure 3.0.14 is that samples calcined with LiOH 

deliver a higher capacity compared to their Li2O2 counterparts calcined for the same duration. This 

may indicate a reduction in lithium inventory during synthesis of the Li2O2 samples. Additionally, 

there is a trend relating to the calcination durations and the c/a ratio of LiNi0.8Mn0.1Co0.1O2, with 

samples calcined at 1.5-, 4- and 5- hours experiencing a higher specific capacity than the 2- and 3-

hour samples (Figure 3.0.12.c)), which supports the literature with respect to an increased c/a ratio 

having a more layered and ordered structure, which reduces cation mixing. The exception to this 

trend was the samples calcined for 6 hours, which yields a discharge capacity of approx. 80 mAh g-1 

at C/20 (when calcined with LiOH), approximately half of that of the equivalent samples calcined at 

1.5- and 4- hours (161.0 and 164.3 mAh g-1 respectively). This could be related to the particle 

morphology, where larger primary particles with greater voids between the particles may impede 

ion mobility. This may also explain the reduction in capacity for the 5-hour sample, which also shows 

a similar morphology (Figure 3.0.13). 

 

Figure 3.0.14 reveals capacity drops for all samples as the C-rate is increased from C/20 to C/2, 

which is also observed in literature. The most pronounced capacity drop is noted for the Li2O2 

sample calcined for two hours, from approx. 70 to 10 mAh g-1 after two C/20 formation cycles but 

retains this over the remaining cycles. The cells with the highest capacities (1.5-hour calcination with 

LiOH, Li2O2; and the 4-hour calcination with LiOH) experienced the highest capacity retention after 

98 cycles of C/2, with capacity retention of 97.9%, 94.1% and 92.9% respectively. The other samples 

experienced a capacity retention of between 80.4-91.2%. Cells calcined with Li2O2 generally yielded 

lower capacity retention over the 98 cycles relative to their LiOH counterparts. 

 

The voltage profiles for all samples show a plateau at 3.6-3.8 V which coincides with the oxidation of 

Ni2+ to Ni3+/Ni4+ (Figure 3.0.15).  An increase in the average voltage of this plateau in the charging 

profile indicates an increase in resistance or impedance within the cell, most likely from the 

ŦƻǊƳŀǘƛƻƴκǘƘƛŎƪŜƴƛƴƎ ƻŦ ǘƘŜ {9L ƭŀȅŜǊǎΦ !ƴ ƛƴƛǘƛŀƭ ǾƻƭǘŀƎŜ ǇŜŀƪ όΨƘǳƳǇΩ ƛƴ ǘƘŜ ǇǊƻŦƛƭŜύ ƛǎ ǎŜŜƴ ƛƴ ǘƘŜ 

charge curve at ca. 3.7 V prior to delithiation, which is an overpotential that occurs due to a resistive 

layer formation at the surface of the particle, for example residual compounds such as LiOH and 

Li2CO3 caused by excess lithium during preparation or incomplete lithiation of the cathode active 

material [258], [259]. This was commonly seen in samples on their 10th, 50th or 100th cycle, indicating 
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that the formation of these residual, resistive phases may occur during cycling rather than the 

pristine sample.  

 

 

Figure 3.0.14: Capacity retention over 100 cycles of half-cells cycled with a voltage window of 

3.0-4.2 V, with 2 cycles at C/20 followed by 98 cycles of C/2. The NMC-811 cathode active material 

was calcined for different durations with two lithium salts, LiOH (a) and Li2O2 (b). 
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Figure 3.0.15: Voltage profiles for half-cells cycled at 3.0-4.2 V in their 1st, 5th, 10th, 50th and 100th 

cycle. (a), (c), (e), (g), (i) and (k) represent the cathode materials calcined with LiOH at 1.5, 2, 3, 4, 5 

and 6 hours respectively; with their Li2O2 counterparts seen in (b), (d), (f), (h), (j) and (l) respectively. 
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In the charging differential capacity profile (Figure 3.0.16), there is a main characteristic peak at ca. 

3.6-3.8 V corresponding to the voltage plateau observed in Figure 3.0.15. It is established in 

literature that this characteristic peak was associated with the hexagonal to monoclinic (H1-M) 

phase change [33], [260]Φ ¢ƘŜǊŜ ƛǎ ŀ ƳƛƴƻǊ ΨōǳƳǇΩ ǘƘŀǘ Ŏŀƴ ōŜ ǎŜŜƴ ŀǊƻǳƴŘ ǘƘŜ пΦл V mark that was 

associated with the (M-H2) phase change. The shift in voltage from left to right in the 1.5-, 4-, 5- and 

6- hour samples was implicit of a polarisation phenomenon, which is characterised by an increase in 

operational voltage above the equilibrium voltage as a result resistance between the electrolyte and 

cathode [261]. The discharge differential capacity profile mirrors the charging profile due to the 

reversibility of the H1-M and M-H2 transitions at ca. 3.7 V and ca. 3.95-4.0 V. The effect of 

polarisation can also be observed in these profiles, with subsequent cycles being shifted to a lower 

voltage. The area under the differential capacity profile represents the capacity delivered by the 

cathode, thus the first cycle has large area (as it was cycled at C/20) and subsequent cycles 

(conducted at C/2) had a smaller area under the profile, which decreased as the degradation of 

capacity occurred with cycling. 

 

The electrochemical data reflects the conclusions drawn from the crystalline and morphological 

data. The higher electrochemical capacities yielded from the 1.5-, 4-, 5- and 6- hour calcined samples 

also had higher c/a crystalline ratio, which indicated a more layered, ordered structure, permitting 

the passage of lithium. The morphology of the 5- and 6- hour calcined samples indicated poorer 

contact between primary particles, which is mirrored in the lower capacity observed for these 

samples. It is unknown why the 1.5-hour calcined sample has a higher c/a ratio (and electrochemical 

capacity yield) than the 2- and 3- hour samples, but it was hypothesised that it could be related to 

the calcination mechanism and the oxygen evolution that occurs during the reaction. Further 

structural analysis, combined with full coin cell analysis, may deliver further insight into this but is 

beyond the scope of this thesis. 
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Figure 3.0.16: Differential capacity (dQ dV-1) profiles for the half-cells cycled at 3.0-4.2 V in their 1st, 

5th, 10th, 50th and 100th cycle. (a), (c), (e), (g), (i) and (k) represent the cathode materials calcined 

with LiOH at 1.5, 2, 3, 4, 5 and 6 hours respectively; with their Li2O2 counterparts seen in (b), (d), (f), 

(h), (j) and (l) respectively. 
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3.3.3. ς In-situ XRD studies of the calcination of NMC-811  

 

The calcination of nickel-rich hydroxide precursors proceeds via the formation of the spinel/rocksalt 

intermediate phase followed by the formation of the final -hNaFeO2 layered structure. The first 

phase transformation occurs at ~400 ɕC and coincides with the decomposition of LiOH [152]. An 

investigation into how Li2O2 reacts with this system was conducted using high-temperature XRD to 

examine intermediate and final phase formation as a function of temperature. Due to the in-situ XRD 

configuration, these calcination reactions were performed in air rather than an oxygen environment.  

 

3.3.3.1. ς Investigation into the calcination of Ni0.8Mn0.1Co0.1(OH)2 with LiOH 

 

Ni0.8Mn0.1Co0.1(OH)2 was calcined with LiOH in an air atmosphere. The hydroxide phase being 

dominant at temperatures below 300 ɕC, and a phase change to a rocksalt intermediate observed 

between 300-400 ɕ/ (Figure 3.0.17). Peaks observed at ~22ɕ, ~30ɕ and ~32ɕ, indicates the presence 

of Li2CO3, formed from the reaction between lithium and CO2 in air. As the temperature increases 

from 100-300 ɕC, the (101), (102), (110), and (111) hydroxide phase peaks experience a peak shift 

indicating an increase in unit cell volume, confirmed by Rietveld refinement (39.764 to 38.198 Å3). 

 

Appendix A.10 shows that LiOH remains present at lower temperatures, with Li2CO3 peaks at ~20-21ɕ 

appearing above 300 ɕC. Li2O does not appear to be present in this temperature range. High 

temperature XRD experiments up to 850 °C (Figure 3.0.18) suggests LiNi0.8Mn0.1Co0.1O2 is formed 

above 500 ɕ/Φ ¢ƘŜ ǿŜŀƪ ƻǊ ŀōǎŜƴǘ όмлрύΣ όмлтύΣ όммоύΣ όммсύ ǇŜŀƪǎ ƛƴŘƛŎŀǘŜ ǘƘŜ Ŧǳƭƭȅ ǎǘŀŎƪŜŘ ǳƴƛǘ ŎŜƭƭ 

seen in the fully-crystalline phase has not yet formed at this temperature. Additionally, small (111), 

όнллύ ŀƴŘ όннлύ ǇŜŀƪǎ ƭŀōŜƭƭŜŘ ƛƴ ƎǊŜŜƴ ǿƛǘƘ ǘƘŜ ǎǳōǎŎǊƛǇǘ ΨwΩ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ŀōƻǾŜ трл °C, under these 

conditions, the rocksalt phase forms as a parasitic phase impurity. Figure 3.0.18 also shows an 

increased degree in peak splitting in the (006)/(012) and (108)/(110) peak doublets as temperature 

increases, indicating an increase in crystalline layered ordering. This coincides with the loss of Li2CO3 

from the system as the lithium species integrates with the transition metal at higher temperatures. 

There was evidence of Li2O in the system at higher temperatures (750-850 °C), which forms during 

Li2CO3 degradation and lithium evolution, resulting in a loss of lithium from the system.  
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Figure 3.0.17: High temperature XRD of Ni0.8Mn0.1Co0.1(OH)2 heated with LiOH between 20-400 ɕC at 

100 ɕC- intervals, captured using a Anton Parr BTS-500 XRD stage on a benchtop Rigaku Miniflex 6 

diffractometer. Peaks are labelled for each potential phase (blue, M(OH)2; green, M3O4; red, MO). 

 

 

Figure 3.0.18: XRD patterns of Ni0.8Mn0.1Co0.1(OH)2 heated with LiOH in the 100-850 ɕC temperature 

range with Li2CO3 indicated with a green square; Li2O indicated with a blue circle. This was captured 

ǳǎƛƴƎ ŀ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ3 X-ray diffractometer with a HTK 1200N high temperature stage. 
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3.3.3.2 ς Investigation of the calcination of Ni0.8Mn0.1Co0.1(OH)2 with Li2O2 

 

XRD analysis into the calcination of Ni0.8Mn0.1Co0.1(OH)2 with Li2O2 suggests the formation of a 

poorly-ŎǊȅǎǘŀƭƭƛƴŜ ʰ-NaFeO2 layered oxide phase between 300 and 400 ɕ/ όFigure 3.0.19). This 

evolution from the Ni0.8Mn0.1Co0.1(OH)2 phase occurs at a lower temperature of 200-300 ɕC rather 

than 300-400 ɕC observed with LiOH, owing to the lower thermal decomposition temperature of 

Li2O2 [104]. The M(OH)2 is phase dominant in the 20-200 °C and has peak asymmetry observed in the 

(001), (101) and (102) peaks, with a gradual high-angle peak shift suggesting a decrease in unit cell 

volume. This was confirmed by Rietveld refinement, which gives the degree in unit cell decrease 

from 41.581 to 37.856 Å3 as the temperature increases from 20-200 °C. Interestingly, there appears 

to be a sharper phase transition for the sample calcined with LiOH (300-340 ɕ/ύ ŎƻƳǇŀǊŜŘ ǘƻ [ƛ2O2 

(200-300 ɕ/Σ Figure 3.0.20). This would suggest that the oxygen evolution during the calcination with 

Li2O2 is gradual.  

 

 

Figure 3.0.19: High temperature XRD study of Ni0.8Mn0.1Co0.1(OH)2 heated with Li2O2 between 

20-500 ɕC at 100 ɕC intervals, Peaks are labelled for each potential phase (blue, M(OH)2; green, M3O4; 

red, MO). 
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Peaks observed at ~21°, ~31° and 32° н ̒grow in intensity from 200-300 °C, indicating the presence 

of Li2CO3 (Figure 3.0.20). Both sets of high temperature XRD annealing experiments were carried out 

in air and the evolution of Li2CO3 as a side product is not unexpected. The thermal decomposition of 

Li2O2 and release of O2 stimulates a reaction with CO2 in air to form Li2CO3 via the two-part 

mechanism seen below in Equations 3.4 and 3.5. There is no evidence of Li2O Bragg peaks in the XRD 

patterns at any temperature, the Li2CO3 peaks being more prominent. This indicates that the Li2O 

intermediate phase readily reacts to form Li2CO3. 

 

        ὒὭὕ  O ὒὭὕ ὕ                 Equation 3.4. 

 

  ὒὭὕ ὅὕᴼὒὭὅὕ                Equation 3.5. 

 

 

Figure 3.0.20: XRD patterns of Ni0.8Mn0.1Co0.1(OH)2 heated with Li2O2 in the 200-300 ɕC temperature 

range with reference patterns of three common lithium species in the system: Li2O2, Li2CO3 and LiOH 

acquired from ICSD.    
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Upon heating to 850 °C, it can be seen that above 500 °C a poorly crystalline h -NaFeO2 layered phase 

is dominant, with peaks for the rocksalt intermediate phase appearing as an impurity at 

temperatures above 750 °C (Figure 3.0.21). A gradual increase in layer-order crystallinity can be 

observed through minor increases in peak splitting in the (108)/(110).  

 

 

Figure 3.0.21: XRD patterns of Ni0.8Mn0.1Co0.1(OH)2 heated with Li2O2 between 100-850 ɕC, with the 

different Bragg peaks highlighted for each phase and the Li2O peaks indicated with a blue circle. 

 

TƘŜ t!bŀƭȅǘƛŎŀƭ ·ΩtŜǊǘ3 experiments conducted with LiOH and Li2O2 suggests that a poorly-crystalline 

-hNaFeO2 layered LiNi0.8Mn0.1Co0.1O2 phase is present at and above 500 °C. XRD analysis into 

Ni0.8Mn0.1Co0.1(OH)2 heated with Li2O2 suggests the formation of ŀ ŘƛǎƻǊŘŜǊŜŘ ʰ-NaFeO2 layered 

LiNi0.8Mn0.1Co0.1O2 phase at 400 ɕ/, indicated by preǎŜƴŎŜ ƻŦ ǘƘŜ όллоύ ǇŜŀƪ ŀǘ ϤмуɕΣ ǿƘŜǊŜŀǎ 

Ni0.8Mn0.1Co0.1(OH)2 calcined with LiOH reveals the formation of a rocksalt intermediate phase at 

300-400 °C. It is hypothesised that it is the decomposition of Li2O2 at lower temperatures 

(250-400 ɕ/ύ ǘƘŀƴ [ƛhI όпрл-600 ɕ/ύ ŦŀŎƛƭƛǘŀǘŜǎ ǘƘŜ ǇŀǊǘƛŀƭ ƛƴǘŜǊŎŀƭŀǘƛƻƴ ƻŦ [ƛ+ ions into the transition 

ƳŜǘŀƭ ƻȄƛŘŜ ǎǘǊǳŎǘǳǊŜΣ ŦƻǊƳƛƴƎ ǘƘŜ ŘƛǎƻǊŘŜǊŜŘ ʰ-NaFeO2 layered phase in the Li2O2 sample, but not 

the LiOH sample. Due to the overlap of the (001) peak of Ni0.8Mn0.1Co0.1(OH)2 and the (003) peak of 

LiNi0.8Mn0.1Co0.1O2Σ ƛǘ ƛǎ ǇƻǎǎƛōƭŜ ǘƘŜ ǇŜŀƪ ŀǘ Ϥмуɕ Ŏƻƴǎƛǎǘǎ ƻŦ ǘǿƻ ǇƘŀǎŜǎΦ Futher investigations 

utilising high-temperature synchrotron X-ray or powder neutron analysis would provide the 

necessary insight that cannot be achieved at a lab level. 

 


























































































































































































































