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Abstract 

Lithium-ion (Li-ion) batteries are the present state-of-the-art energy storage 

technology used in mobile phones and electric vehicles. This thesis focuses on different 

lithium intercalation compounds that can be used as Li-ion cathode materials in order to 

improve the electrochemical performance of lithium-ion batteries, with particular focus 

on the study of Li-rich mixed metal oxides, where oxygen is a fundamental part of the 

redox activity of these compounds. 

A general background about Li-ion batteries is presented in Chapter 1 and a detailed 

explanation of the experimental methods, specially focused on X-ray photoelectron 

spectroscopy (XPS), is explained within Chapter 2. 

Chapter 3 of this thesis investigates how the effect of synthesis route of lithium 

manganese mixed metal oxides, with the formula LiNi1-x-yCoxMnyO2, can affect the 

electrochemical performance of the material. Four LiNi1/3Co1/3Mn1/3O2 samples were 

synthesised using two synthetic methods: resorcinol-formaldehyde sol-gel 

polymerisation and hydroxide co-precipitation synthesis; these four samples were 

compared with a commercial sample. Using XPS, Raman and scanning electron 

microscopy, a direct relationship between the particle size and the electrochemical 

performance, as well as the link between the used synthetic method and the surface 

reactivity was shown. 

Chapter 4 studies the electrochemical behaviour of two Li-rich transition metal 

oxides: Li1.2Ni0.13Mn0.54Co0.13O2 and Li1.2Ni0.32Mn0.4Co0.08O2. The anionic redox activity 

and the formation of On- species is shown via XPS and Raman spectroscopy at different 
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voltages, and show the importance of the oxygen redox activity in order to obtain a high 

electrochemical performance.  

In Chapter 5, Li-rich intercalation compounds with rock-salt type structures with the 

general formula of Li4+xNi1-xWO6 is reported, where a third-row transition metal is used 

in order to stabilise the structure. In this chapter, the studied material is the non-

stoichiometric Li4.15Ni0.85WO6 and a detailed study in XPS and Raman at different 

voltages shows the formation of stable peroxo-type species that can explain the high 

capacity obtained, as well as the observed large voltage hysteresis (> 2.0 V) that is 

characteristic of this material.  
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Chapter 1. 
Introduction 

 

“For Frodo.” 

Aragorn, son of Arathorn 

The Lord of the Rings: The Return of the King 

1.1. Overview of the chapter 

Sony Corporation released the first commercial lithium-ion battery in 1991. Since 

then, secondary Li-ion batteries have played a major role in our day-to-day life as an 

essential part in electrical portable devices such as smartphones and laptops,1, 2 and the 

key of avoiding the production of greenhouse gases in electric vehicles with the present 

day example of Tesla Model S car with a driving range of 600 km.3 The increasing 

demand of next-generation Li-ion batteries for the improvement in the functionality of 

mobile electronics and a better autonomy in both electric and hybrid vehicles requires an 

exhaustive research for new materials that can increase the capacity, charging rate and 

long life of the battery, and also improve the safety performance and reduces its price. 

An intercalation reaction involves the insertion of guest species (in this case Li+) into 

normally unoccupied interstitial sites in the crystal structure of an existing stable host 

material. Lithium intercalation compounds that are candidate materials for the active 

electrode materials characteristically reversibly deintercalate and reintercalate Li+ in its 
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structure during an electrochemical process.  

Normally, lithium intercalation compounds have a 1:1 Li:M ratio (where M is a 

transition metal such as Mn or Ni), and transition metals are the only redox-active 

elements. Lithium-rich intercalation compounds (special compounds where Li/M ratio is 

higher than 1) show additional redox transitions that were not observe before: anion 

redox; oxygen is an active component in this type of materials, increasing significantly 

the obtained capacity of them.4 

In this chapter, a description of rechargeable Li-ion batteries and a presentation of 

different lithium intercalation compounds as possible cathodic components in Li-ion 

batteries are described. A summary of the last years of research about anion redox and 

their importance in novel lithium intercalation compounds is also described. Finally, the 

importance of X-ray photoelectron spectroscopy (XPS) in the study of the surface of the 

electrodes is also discussed. 

1.2. The Li-ion cell  

Li-ion cells are composed of two lithium intercalation materials, one of them used as 

positive electrode (cathode) and other as negative electrode (anode) separated by a 

separator impregnated with a non-aqueous electrolyte solution composed of an organic 

solvent and lithium salts (e.g. a solution of hexafluorophosphate, LiPF6, in ethylene 

carbonate-diethyl carbonate), which enable ion transfer between the two electrodes. In 

the case of the commercial Li-ion battery introduced by Sony in 1991,5 the positive 

electrode was a lithiated transition metal oxide (LiCoO2) and the negative electrode was 

graphite. Graphite replaced early cells that contained pure lithium metal due to safety 

issues such as dendrite formation consequently leading to short-circuit of the cell (and 



 

Chapter 1. Introduction 

 

 

3 

 

even risk of explosion).6  

Once these electrodes are connected externally, the electrochemical reactions 

proceed in tandem at both electrodes, with a cell potential of 3-4 V, thereby liberating 

electrons and enabling the current to be tapped by the user. An electrochemical reaction 

of a typical Li-ion cell (as shown in Figure 1.1.) during charge and discharge step can be 

described as follows:  

 

Positive electrode:   𝐿𝑖𝐶𝑜𝑂2 ↔ 𝑥𝐿𝑖+ + 𝑥𝑒− + 𝐿𝑖1−𝑥𝐶𝑜𝑂2     (1.1) 

Negative electrode:  𝑥𝐿𝑖+ + 𝑥𝑒− + 𝐶6 ↔ 𝐿𝑖𝑥𝐶6       (1.2) 

Overall:   𝐿𝑖𝐶𝑜𝑂2 + 𝐶6 ↔ 𝐿𝑖1−𝑥𝐶𝑜𝑂2 + 𝐿𝑖𝑥𝐶6      (1.3) 

 

During the charge process, an external current is applied  (whereby electrons move 

through the external circuit from positive to negative electrode) causing Li+ ions to 

deintercalate from the positive electrode, diffusing into the electrolyte and migrating 

towards the negative electrode, maintaining charge neutrality due to the oxidation of the 

cathodic material; these Li+ ions are then intercalated into the negative electrode.  

During the discharge process, Li+ ions are deintercalated from the negative electrode 

and diffused into the electrolyte. Li+ ions from the electrolyte are intercalated into the 

positive electrode and, to maintain charge neutrality, a corresponding number of electrons 

flow through the external circuit and the postive electrode is being reduced. This way 

electrical energy may be stored in both charge and discharge on demand by shuttling Li+ 

ions between positive and negative electrode. Consequently, the properties of a battery 

are highly dependent on the choice of its components.7-9  
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Figure 1.1. Schematic of the electrochemical process in a typical commercial battery during 

charge and discharge. During charge, Li+ ions deintercalate from the positve electrode (LiCoO2) 

and move to the negative electrode; the opposite way occurs during the discharge (LixC6). 

 

Several cells can be integrated into a module and several modules can be integrated 

into a battery pack. An example of this could be the 85 kWh battery pack in a typical 

Tesla car, which consists in a pack that contains 7104 cells.3 

The theoretical specific capacity (Cspecific, mAh g-1) of the active electrode materials 

measures the amount of charge that can be reversibly stored per unit mass and can be 
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estimated based on the electrochemical reactions involved in the charge / discharge 

processes according to the following equation: 

𝐶𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =
𝑥𝐹

3.6𝑛𝑀
     (1.4) 

where x is the number of electrons transferred in the electrochemical reaction 

involving the electrode, F is the Faraday’s constant (96485 C mol-1), n is the number of 

moles of a chosen electroactive material that take place in the reaction, and M is the 

molecular weight of the same electroactive material.  

Thus, for electric vehicles, decreasing the molar mass or increasing the number of 

moles of lithium is of considerable importance.  

In the case of a commercial Li-ion battery, the theoretical specific capacity of the 

negative electrode (considering C6) can be calculated and its value is 372 mAh g-1. The 

cathodic reaction for LiCoO2, with a practical number of 0.5 electrons transferred 

(obtained experimentaly),3, 10-12 has a practical specific capacity of 137 mAh g-1. 

Another important characteristic of Li-ion batteries is their high specific energy 

(energy per unit mass, Wh kg-1), and energy density (energy per unit volume, Wh L-1). 

The greater the energy density of the battery, the more energy may be stored or 

transported for the same amount of volume; this means that a high energy density allows 

to reduce the size of a battery, explaining why Li-ion batteries are widely used in small 

portable devices such as mobile phones.  

A positive electrode with high electrochemical intercalation potential can be used to 

develop a high energy density battery with a given negative electrode. This is because the 

energy density of the device equals the product of the specific capacity of the electrode 

materials and the working voltage that is determined by the differential electrochemical 

potentials between the positive and negative electrode.13-15  
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Cell voltage is determined by the compatibility of the whole system, including the 

anode, cathode, and electrolyte. In particular, the difference in electrochemical potential 

between the anode (µA) and the cathode (µC) is known as the open circuit potential (OCP, 

also known as working potential): 

𝑂𝐶𝑃 =
𝜇𝐴−𝜇𝐶

𝑒
     (1.5) 

where e is the magnitude of the electronic charge. A big OCP means a good 

electrochemical performance. For Li-ion batteries, the usual value for OCP is ~4 V.  

Usually, the positive electrode consists of a mix of the lithium metal oxide, a 

conductive carbon additive (which enhances the electrical contact between cathode 

material particles) and a binder (which is used to hold electrode components together). In 

order to estimate the specific capacity of a Li-ion battery is required, not only to take into 

consideration the positive electrode, but also binders, conductive additives, electrolyte, 

current collectors and packaging. Therefore, the practical energy density is always less 

than that estimated based on the battery chemistry.3 

1.3. Lithium intercalation compounds used as cathode materials 

Materials that are able to insert and remove ions are known as intercalation 

compounds, and this property makes them widely used as active electrode materials (like 

anodes and cathodes) in Li-ion batteries. Graphite is an ideal negative electrode material 

due to its low potential vs. Li/Li+ of reaction and high capacity of 372 mAh g-1 – although 

there is a wide research of other compounds in order to increase the anodic properties.16-

18 Intercalation compounds used as positive electrodes are the focus of the thesis. These 

are usually lithiated transition metal oxides with a characteristic structure that allows the 

facile insertion (intercalation) and extraction (deintercalation) of Li+ ions. 
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The choice of cathode material is crucial in determining the performance of a Li-ion 

battery because of its importance during charge and discharge. The characteristics for 

cathode materials may be summarised as follows10, 19: 

• Stability and safety. 

• Contain a readily reducible / oxidisable ion (such as a transition metal). 

• Material should possess no or reversible structural changes. 

• High open circuit potential. 

• Limited potential variation as function of Li+. 

• High gravimetric and volumetric capacity. 

• High rate capability. 

• To be stable with electrolyte with the operating limit of the potential. 

• None or low toxicity. 

• Low cost. 

It is important to note that the choice of cathode material is influenced by the 

application for which the battery is intended, limiting the range of cathode materials that 

can be applied commercially in different devices.10, 20 For example, the portable devices 

required small batteries with high energy density, while the hybrid vehicle batteries 

focussed on charge / discharge rates and cost. 

Along the years, cathode materials with different metals and structures have been 

tested. The most common and well-known types are layered lithium transition metal 

oxides (LiMO2), lithium manganese spinels (LiMn2O4) and olivines (LiMPO4), where M 

= Co, Fe, Mn, Ni, etc.  
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1.3.1. Layered structures 

The layered lithium transition metal oxides, LiMO2 (M = Co, Ni, Mn, V, Cr or Fe) 

have an α-NaFeO2 structure21 which can be viewed as a distorted rock-salt structure 

consisting of layers of Li+ ions (where intercalation / deintercalation of the Li+ ions takes 

place) separating layers of [MO6]
n- octahedra (see Figure 1.2.). The layered oxides are 

widely used as the positive electrodes in rechargeable batteries due to their ability to 

reversibly deintercalate / intercalate Li+ ions.22  

 

Figure 1.2. Schematic representation of layered LiNi1-x-yCoxMnyO2 with α-NaFeO2 crystal 

structure type with space group R3̅m, with alternating layer of edge-sharing LiO6- and MO6-

octahedra. Li atoms (green), O atoms (red) and the combination of transition metals (blue, 

magenta and orange) are represented. In the case of layered LiCoO2 the structure is the same, with 

an atom of Co instead of a combination of Ni, Co and Mn atoms. Figure drawn using VESTA 

software based on a CIF file obtained from ICSD database (Code 171750) and the bibliography.23  
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LiCoO2 is a main example of layered oxide and it is used within most of the 

commercial Li-ion cells. It has a practical specific capacity of 137 mAh g-1, which can be 

increased to 170 mAh g-1 by the extension of the voltage window between 2.75 and 4.4 

V vs. Li/Li+. Nevertheless, high material cost, toxicity and poor thermal stability 

encourage investigations into alternatives of it.  

The isostructural LiNiO2 is more attractive than LiCoO2 as it is relatively cheap, less 

toxic and also has a more negative redox potential (0.25 V), making it less susceptible to 

oxidative electrolyte decomposition.24 The LiNiO2 has the same layered structure as 

LiCoO2, although it has a higher specific capacity (up to 200 mAh g-1)25. However, 

lithium and nickel ions have comparable ionic radii, making them easily interchangeable 

and leading to a greater degree of lithium/nickel disorder on cycling, impeding Li+ ion 

mobility. This and other problems (such as its low thermal stability) mean that the LiNiO2 

is unsuitable as a cathode material. However, the introduction of cobalt can increase the 

thermal stability on a charge state and improve the structural stability. This has resulted 

in the development of more stable compounds with the stoichiometry Li(Ni1-xCox)O2. 

Another compound is LiNi0.5Mn0.5O2, which has advantages such as low cost and 

high discharge capacity, long cycling stability and thermal safety26-30. An additional 

property of LiNi0.5Mn0.5O2 is that nickel in the system can undergo multi-electron transfer 

reaction – the material cycles between Ni2+ and Ni4+, a two electron process – which 

provides a high degree of charge storage. 

Since the first researchs in 2003 from Yabuuchi et al.31 and Koyama et al.,32 

researchers have focussed their attention on the combination of Co, Mn and Ni forming 

a series with the general formula LiNi1-x-yMnxCoyO2, best known as NMC, which have 

been shown to be relatively stable and inexpensive,33, 34 and they have demonstrated a 
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good working voltage range (2.5 – 4.6 V vs. Li/Li+), theoretical capacity (278 mAh g-1) 

and practical gravimetric capacity (~200 mAh g-1), very good cyclability35 and 

satisfactory structural and thermal stabilities.36, 37 The electrochemical properties of these 

series is related with the Ni:Mn:Co ratio, and usually a greater amount of Ni leads to a 

larger capacity. 

1.3.2. Manganese spinel cathodes 

The LiMn2O4 material and its derivatives38-40 attracted great interest due to high 

abundance, low cost, favourable charge density and stability when overcharged.25 The 

LiMn2O4 has spinel structure which has cubic closed-packed oxygen ions with Fd3m 

structure41 as shown in Figure 1.3.  

 

Figure 1.3. Schematic representation of LiMn2O4 spinels with MgAl2O4 crystal structure type 

with space group Fd3m, which cubic closed-packed oxygen ions. It is represented the Li atoms 

(green), O atoms (red) and Mn atoms (magenta). Figure drawn using VESTA software based on 

a CIF file obtained from ICSD database (Code 50415) and the bibliography.41 



 

Chapter 1. Introduction 

 

 

11 

 

The disadvantages of the LiMn2O4 are lower specific capacity and considerable 

problems in the storage and cycle life at high temperatures. The compound also undergoes 

a structural transformation during lithium intercalation – going from cubic LiMn2O4 to 

tetragonal Li2Mn2O4 – which results in a loss of capacity.25 However, advances have been 

made by discovering that capacity fading during cycling is primarily due to structural 

instability and Mn dissolution.42-44 

1.3.3. Phospho-olivine cathodes 

Recently, there has been a great interest in phospho-olivines (LiMPO4, where M = 

Fe2+, Co2+, Ni2+, Mn2+) as cathode materials. A commonly investigated material of this 

type is lithium iron phosphate (LiFePO4), considered to have very promising properties. 

The advantages of this material are that it is inexpensive, stable and nontoxic.45  

However, the performance of the LiFePO4 is limited due to poor electrical 

conductivity of the active material. Consequently most recent research has focused on 

overcoming these problems using a wide range of techniques, such as reducing the 

particle size, doping the transition metal46, 47 and producing small carbon coated LiFePO4 

particles.48, 49 An example of this structure is shown in Figure 1.4. 
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Figure 1.4. Schematic representation of LiFePO4 with orthorhombic Mg2SiO4 crystal structure 

type with space group Pmnb. Gold structure represents the FeO6 octahedra, grey structure is the 

PO4 tetrahedra and Li atoms are represented in green. O atoms are represented in red. Figure 

drawn using VESTA software based on a CIF file obtained from ICSD database (Code 154117) 

and the bibliography.50 

1.4. Lithium-rich compounds and the anionic redox behaviour 

Layered LiMO2 compounds can be considered as a progressive substitution of excess 

Li+ for M3+ in the [MO2] layers, with a 1:1 Li:M ratio. A derivation from this type of 

compounds corresponds to a material with the general formula of Li(Li1/3M2/3)O2, 

alternatively noted Li2MO3, with conforms a “Li-rich” oxide (with Li/M > 1). Among the 

numerous compounds with Li-rich Li2MO3 structure type (M = Mn, Ru, Ti, Zr, Sn, Pt…), 

Li2MnO3 is the most studied so far. It exhibits an O3-type structure described in the 

monoclinic system (space group C2/m) to take into account the distortion induced by the 

ordered distribution of the Mn4+/Li+ cations in the mixed [Li1/3Mn2/3]O2 layer51 so that Li+ 
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ions are surrounded by six Mn atoms to form a honeycomb pattern.52-54 

At first, Li2MnO3 was considered to be inactive due to the charge of Mn4+ (considered 

impossible to be oxidised), but researchers discovered that using different treatments the 

electrochemical performance of Li2MnO3 is superior to LiMnO2.
55, 56

  

Different investigations were focused on this material, in the most of the cases a 

combination of this compound with LiMO2 giving Li-rich compounds with a general 

formula of xLi2MnO3-(1-x)LiMO2 (M = Mn, Ni, Co, Cr, Fe) was undergone. One of the 

most studied materials with this formula is 0.5Li2MnO3-0.5LiNi1/3Mn1/3Co1/3O2, also 

written as Li1.2Ni0.13Mn0.54Co0.13O2. These materials gave a different electrochemical 

profile than the classical LiMO2 compounds with capacities exceeding 200mAh g-1,4 and 

several theories were made in order to explain the relationship between crystal structure 

and electrochemical performance.57-60 This resulted in a proposal of the anionic redox 

activity; in other words, oxygen is active for these type of materials, and it is taking place 

the oxidation of O2- driving to the formation of peroxo-like species (O2)
n− and charge 

compensating the extraction of Li+ ions by the removal of electrons from lattice oxygen; 

that allows to have more capacity than expected for this material.4, 61-63 

Beyond the classical lithium intercalation compounds based on 3d metals, Tarascon 

et al.64, 65 synthesised a different type of material using 4d metals and proposed the first 

experimental evidence for Li-driven reversible formation of peroxo-superoxo (O2)
n− 

species in these materials with the synthesis of Li2Ru1-ySnyO3 (with that discover applied 

to Li1.2Ni0.13Mn0.54Co0.13O2 afterwards). On that basis, there is only a single redox active 

cation (Ru), and the high capacity of such materials is explained as due to cumulative 

cationic (Mn+ ↔ Mn+1 + e-) and anionic (2O2− ↔ (O2)
n− + ne-) reversible redox processes. 

The strong overlapping of the M(nd)-O(sp) bands is put forward as the driving force for 
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Li-driven reversible formation of (O2)
n− species in these materials.  

The existence of anionic network redox activity with the formation of reversible 

(O2)
n− species in intercalation compounds contributes to the production of high capacity 

than, otherwise, should be too much lower that actually is with the previously believed 

limit of 1 e- per transition metal. However, there are some issues derived from the anionic 

redox process, such as the evolution of gaseous O2 at high potential.57, 66 Oxygen loss 

produces holes in the crystal structure of these materials,62 therefore there is a great effort 

to study alterative Li2MO3 based on 4d and even 5d metal cations that can avoid the 

formation of O2 gas;67, 68 one example is Li2IrO3, which is widely studied nowadays.69, 70 

Li2IrO3 has a rock-salt structure, which can be observed in Figure 1.5. The advantage of 

using 5d metals is because 5d orbitals are more spatially expanded and less correlated 

than 4d orbital, hence promoting covalence. Enhancing the covalence of the LiM2 layers 

via 5d metals helped to visualise the (O-O) peroxo-like dimmers for the first time.62  

Over recent years, different studies have focused their attention on the combination 

of two different metal centres in its structure, usually in the same proportion. The general 

formula can therefore be considered as Li2M0.5M’0.5O3 (where the sum of the oxidation 

states of these metal centres has to be equal to +4 in order to retain charge neutrality), or 

Li4MM’O6 (where the sum of the oxidation states of the two metal centres in this case is 

equal to +8). Some examples of them are  Li4MTeO6 (M
2+ = Co, Ni, Cu, Zn)71, 72 and 

Li4MSbO6 (M3+ = Al, Cr, Ga, Fe, Mn).73, 74 These structures retain the close-packed 

arrangement of oxygen ions with octahedrally coordinated metals forming an ordered 

honeycomb array, separated by a fully occupied lithium layer. 
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Figure 1.5. Schematic representation of Li2IrO3 with Na5ReO6 crytal structure type with space 

group C2/m of a) [010] direction and b) basal plane layer showing the honeycomb of edge-sharing 

IrO6 octahedra. Marine structure represents the FeO6 octahedra, Li atoms are represented in green 

and O atoms are represented in red. Figure drawn using VESTA software based on a CIF file 

obtained from ICSD database (Code 246025) and the bibliography.75 
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Despite the big amount of these Li-rich compounds with rock-salt superstructures 

discovered in the last years, few of them have been studied electrochemically as possible 

cathodes in Li-ion batteries. The possible explanation of this is because of the presence 

of a high-valency heavy metal cation, which is redox inactive. However, some researchers 

such as McCalla et al.70 studied the electrochemical behaviour of several Li-rich 

compounds with the presence of Ni in its structure in order to observe the evolution of 

the O-O peroxo-like dimers in lithium intercalation compounds; some examples are 

Li4NiTeO6 and Li4NiMoO6.
63, 76-78 One of the observed problems inherent of these 

materials are a large hysteresis (difference in voltage between the charge and discharge 

process), where most of the discharge capacity is recovered below 2 V, being a recurrent 

problem in materials that show anionic redox activity.61, 79, 80  

Although such low energy efficiency is counter-productive to their use in practical 

Li-ion batteries, understanding the origin of this feature will help in the design of future 

cathode materials. 

1.5. The importance of the surface behaviour in Li-ion batteries 

The most important electrochemical interactions take place at the interface between 

the electrolyte and cathode (and electrolyte and anode) where the Li+ ions move in one or 

another direction depending on if deintercalation or reintercalation is taking place (Figure 

1.1.). There are different issues that are happening in the surface of the lithium 

intercalation materials that can affect the obtained capacity of Li-ion batteries: i) a change 

in the structure of the lithium intercalation compound due to the deintercalation of Li+ 

ions; ii) the degradation of the electrolyte, forming a passivation layer in the surface of 
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the cathode known as solid electrolyte interphase (SEI);81-83 iii) the adsorption of 

contaminants onto the surface that can affect the accessibility of Li+ ions.84-86 

Surface reactivity plays a major role in the capacity and cycle life of these materials. 

Understanding the surface chemistry is critical in developing synthetic methods that lead 

to greater materials to permit their future commercialisation.  

Some characterisation techniques are very important in order to determinate the 

structure and the composition of the different cathode materials, and how they can be 

affected by electrochemical cycling or the exposure to air during the synthesis in the 

laboratory. One of the most important techniques is X-ray photoelectron spectroscopy, 

where the X-ray photons can only penetrate onto the first layers of the sample (1-2 nm) 

and any modification of the surface can affect the final result and the quantification of the 

peaks.87-91 

X-ray photoelectron spectroscopy (XPS) can provide not only information about 

surface composition, such as presence of impurities and chemical functionalities, but also 

can study the chemical mapping to evaluate the surface structures or irregularities, near-

surface variation of composition and surface aggregation.92  

The application of the XPS technique on lithium intercalation compounds can help 

to understand the electrochemical reactivity, associated stability of electrochemical 

interfaces and their chemical states. It can also help to observe the change in the surface 

structure of these lithium intercalation compounds during charge and discharge processes, 

i.e. the deintercalation and reintercalation of Li+ ions at the applied voltage, and the 

change in the oxidation state of the active redox centres in these compounds during charge 

compensation mechanism,62 as well as the presence of any chemical species that was not 

taking into consideration beforehand. 
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Thus, XPS is a powerful surface technique that can be widely used among battery 

materials to study the composition and thickness of the pasivation layer from SEI and 

other decomposition products that can affect the final capacity,82, 93-95 as well as the 

presence of contaminants and any change in the structure of the lithium intercalation 

compounds used as positive and negative electrodes in Li-ion batteries.96-98  

In the last decade of research regarding lithium-rich compounds led by Tarascon et 

al.,61, 99 XPS turned out to be an important technique in observing the formation of (O2)
n− 

species in this type of materials70 and to discover that the active redox centres sometimes 

do not reach the expected oxidation state during the charge / discharge process, as it is 

going to be discussed further in this thesis. 

Other important application of XPS is in the study of commercial batteries that 

present failures. Dismantling and analysing their components via XPS can help to obtain 

relevant chemical information and try to understand any important issue associated with 

these device failures that can be significant to industry. 

1.6. Summary and outlook for thesis 

The electrochemical activity and reversibility of cathode materials in Li-ion batteries 

are dependant on the crystal structure and the surface behaviour. Li-rich compounds 

demonstrate higher specific capacities than typical lithium intercalation compounds due 

to anionic redox activity, where oxygen has a major role in its electrochemical behaviour 

and the total capacity of these type of materials, increasing their value more than expected 

initially. 
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The utilisation of different structural characterisation techniques is crucial in order to 

follow the chemical changes in these lithium intercalation materials during 

electrochemical cycling.  

In this thesis, different electrochemical and structural characterisation techniques are 

applied, and their electrochemical behaviour during different potentials and cycles are 

widely discussed. The most readily used characterisation technique in this thesis is X-ray 

photoelectron spectroscopy in order to understand the surface behaviour of compounds 

of interest.  

Various lithium intercalation compounds are studied, especially focused on Li-rich 

materials. In Chapter 3, different synthetic routes for LiNi1/3Mn1/3Co1/3O2 were used to 

compare their capacity and try to find a link between their capacity and their morphology 

and surface properties. The use of different structural characterisation techniques was 

crucial in order to understand their electrochemical performance. 

The synthetic method with better electrochemical results was used in Chapter 4 to 

synthesise two different Li-rich materials with a general formula of 0.5Li2MnO3-

0.5LiNi1-x-yMnxCoyO2. In the case of Li1.2Ni0.13Mn0.54Co0.13O2, which is a very well-

known Li-rich compound, presents a high capacity due to the oxidation of oxygen at high 

voltage, and therefore an exhaustive study of the material at different stages of charge and 

discharge was made using X-ray photoelectron spectroscopy. The electrochemical and 

surface properties were compared with Li1.2Ni0.32Mn0.4Co0.08O2, which is also a Li-rich 

material with a similar stoichiometry and it was expected to have a similar 

electrochemical behaviour as well as surface properties. 

In Chapter 5, a novel family of Li-rich intercalation compounds with rock-salt type 

structures with the general formula of Li4+xNi1-xWO6 is reported. It is expected that the 
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use of a heavy metal cation (W6+) gives a high stabilisation of the material during cycling, 

and forming stable O-O bonds to achieve a high capacity. The electrochemical and 

surface study of the non-stoichiometric Li4.15Ni0.85WO6 was done in order to observe the 

evolution of oxygen and the formation of stable On- species at high voltages, especially 

focus on X-ray phototelectron spectroscopy. Additional studies with different 

synchrotron-based techniques were also carried out.  
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Chapter 2. 
Experimental Methods 

 

"You sort of start thinking anything’s possible if you’ve got enough nerve." 

Ginny Weasley 

Harry Potter and the Half-Blood Prince 

2.1. Overview of the chapter 

There is a particular interest in understanding the behaviour and the modification of 

the structure of lithium intercalation compounds; therefore, several characterisation 

techniques exist in order to investigate this type of materials. There are two main 

categories used for their study: electrochemical characterisation techniques and structural 

characterisation techniques. 

The electrochemical characterisation techniques are used to study the 

electrochemical behaviour of the lithium intercalation compound as potential cathode 

material for lithium-ion batteries, where the capacity is measured and the redox transitions 

are also studied. 

The structural characterisation techniques help to know what are the structure, 

morphology, stoichiometry, vibration modes and even the oxidation state of the different 

elements that form part of the studied material. 
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2.2. Electrochemical characterisation techniques 

In practice, the capacity of a battery decreases on cycling, normally as a result of 

degradation of the electrolyte or electrodes. The magnitude of this decrease in capacity 

and the rate at which it occurs has important implications on whether or not a battery is 

suitable for the different applications. A battery undergoes many charge / discharge 

cycles, so provides an easy tool for comparison between electrode materials. 

The main technique used in the study of lithium-ion batteries is the galvanostatic 

cycling, where a controlled current is passed between a working and counter electrode, 

with the resulting potential typically measured as a function of time (but also as a function 

of the capacity). 

Another important tool for the characterisation of the electrochemical processes 

undergone in a cell is the analysis of the change in the capacity of the active material with 

respect to the change in cell voltage (dQ/dV). This is known as the differential capacity, 

and it is a type of plot which enables a quick characterisation of redox reactions in a 

battery providing important information about the electrochemical reactions taking place 

(due to a very similar profile if it is compared with cyclic voltammetry and other similar 

voltammetries). This plot is very useful in order to observe the voltage hysteresis between 

the charge and discharge peaks. 

2.2.1. Galvanostatic cycling 

A galvanostatic cycle is composed by two processes: charge and discharge. During 

charge the working cathode is oxidised by the positive current until a predefined upper 

potential limit is reached. During discharge the reverse process occurs, with a negative 

current being applied and the working cathode being reduced until a predefined lower 
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potential limit is reached. In galvanostatic cycling the current is continually reversed in 

this way after each transition. 

The voltage profile is a useful tool in the investigation of materials and careful 

examination may allow the elucidation of useful electrochemical information. It is 

important that the voltage range selected includes the potentials at which the redox 

processes of lithium ion insertion and removal take place, but not the potentials at which 

detrimental oxidation and reduction of the electrolyte occurs. 

The units for the capacity in a commercial battery are usually expressed in Ampere 

hours (Ah), where several cells are connected in parallel. In the studied materials, where 

individual cells are measured in a lab environment, the used units are milliAmpere hours 

(mAh). As the obtained capacity is directly related with the mass of the active material in 

the cathode of the cell, the used units are expressed in mAh g-1 and it is called specific 

capacity. Another factor to take into account is the charge and discharge rate given by the 

C-rate, which is a measure of the current rate at which a battery is charged or discharged 

relatively to its maximum capacity (i.e. the time that the battery spends to be fully charged 

or fully discharged; for example, a C-rate of 1C means the current used will fully charge 

or discharge the cell in one hour, this is why the units are expressed in mA g-1). 

Data plots are usually represented as voltage versus capacity. The increasing voltage 

represents the capacity during charge; when the voltage rises to a certain point, it starts to 

decrease, which correspond to the discharge. The obtained curves usually have plateaus 

that correspond to a redox reaction that is taking place at certain voltage. 

When one charge and the following discharge are being completed, it means that one 

complete cycle has been done. Characterisation of Li-ion cells and batteries usually 

involves the galvanostatic charge and discharge during various cycles. One of the 
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applications where galvanostatic cycling can be used is in the study of the cyclability, 

which is a measure of the capacity retention during cycling, and may be easily illustrated 

by plotting the total charge capacity and/or total discharge capacity against cycle number. 

This is an important tool in order to observe easily the evolution of the capacity of the 

material, which is usually related of a loss of the capacity after several cycles. An example 

of galvanostatic cycling and cyclability is shown in Figure 2.1. 

 

Figure 2.1. Electrochemical measurements of LiCo1/3Ni1/3Mn1/3O2 using (a) continuous and (b) 

cyclic galvanostatic cycling. The blue line in graph (a) represents the current that is passing 

through the cathode during charge and discharge using a current of 100 mA. Graph (c) represents 

the cyclability of LiCo1/3Ni1/3Mn1/3O2 at different C-rates (100, 200, 400, 800, 1600 and 100 mA 

g-1) during 60 cycles. The black dots represent the capacity during charge and the red dots 

represent the capacity during discharge. 
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2.2.2. Differential capacity 

The plot starts at a baseline of dQ/dV = 0 mAh/V and exhibits peaks at the voltages 

at which chemical reactions occur (with the positive differential capacity peaks relating 

to charging of the active material, and the negative peaks relating to the discharge), as 

can be observed in Figure 2.2.  

Since electrochemical processes at certain voltages may be attributed to certain redox 

reactions (i.e. the oxidation or reduction of transition metal ions in a cathode material), 

this enables differences between cycles or materials to be easily identified (i.e. an 

increasing peak attributed to a specific transition metal ion indicates increased 

participation in the electrochemical processes). 

 

Figure 2.2. Example of differential capacity plot of LiCo1/3Ni1/3Mn1/3O2 and its comparison 

between 1st and 60th cycle. 
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2.2.3. Factors that can affect the electrochemical measurements 

Theoretically the profiles during charge and discharge should coincide, although this 

is not the case in practice (this can be observed in Figure 2.1a.). This may be due to a 

variety of factors, such as Ohmic loss1 (voltage drop due to resistance of the cell 

components and interconnects), work function at the solid electrolyte interphase, 

resistance to ion transfer through the electrolyte, porosity, thickness of the casting 

material and its density after compressing the cathode2, 3.  

The C-rate is another important factor: using high C-rates, the movement of the Li+ 

ions is too quick and the intercalation / deintercalation cycle of these ions is incomplete 

and therefore becoming less reversible, which means that the capacity decreases; in other 

words: the high is the C-rate, the low is the capacity. 

Other important factors that can affect the capacity of the materials are: 

1) Solid electrolyte interphase (SEI) and cathode electrolyte interface (CEI) 

The SEI layer4 is a passivation layer that contains various electrolyte reduction / 

decomposition products (organic and inorganic).5 It protects the electrode from side 

reactions acting as an electronic insulator preventing the continuous reduction of 

electrolyte as the film thickness reaches a certain limit, and protects the fast deterioration 

of Li-ion batteries.6-11 These surface films control the electrochemical behaviour of Li 

electrodes and in fact determine the safety, shelf life, and cycle life of Li-ion batteries. 

But the formation of this layer has some disadvantages: the diffusion of Li+ ions through 

the electrolyte is becoming more difficult, which decreases the capacity of the battery. 

Similarly, there is a lesser-known analogous layer on the cathode side of a Li-ion battery, 

termed the cathode electrolyte interface (CEI),12 which forms via oxidative reactions 

between cathode and electrolyte. 
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2) Composition of the casting 

An electrode usually is composed by the active material (the lithium intercalation 

compound in this case), a conductive carbon and a binder. In order to prepare the cathodic 

electrode, it is necessary to do a casting with a mixture of these three components on the 

surface of a current collector. The binders used in the casting for the electrochemical 

measurements can affect the behaviour of the material and the oxidation states that each 

transition metal have in the uncycled material or after several cycles, as well as their 

influence on the electrode performance.  

Poly(vinlylidene difluoride), known as PVDF, is the most commonly used binder in 

Li-ion batteries as a result of its good electrochemical stability and high adhesion to 

electrode materials and current collectors. However, the stability of this binder towards 

reducing agents is not satisfactory because of the presence of fluorine, affecting the 

thermal runaway13 and, therefore, the surface stability causing a distortion in the peaks 

measured in X-ray photoelectron spectroscopy and other characterisation techniques. 

Nowadays, there is an increasing interest in using alternatives such as carboxylmethyl 

cellulose sodium salt (CMC).14-20  

The used solvent to disperse the mixture of components before doing the casting is 

another important factor to obtain the best electrochemical performance in the measured 

cell. In the case of CMC, as it is a salt, the used solvent is water; but for PVDF, as it is an 

organic polymer, an organic solvent is needed. The most common and widely used is N-

methyl-2-pyrrolidone (NMP) due to a better mix between the different components of the 

slurry, but it is very toxic and it needs temperatures of around 200 ºC and long time to 

evaporate completely. An alternative with similar characteristics is tetrahydrofuran 

(THF), which is very volatile and it evaporates in few seconds at room temperature. 
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2.2.4. Cell components 

To evaluate the electrochemical performance of the samples, composite electrodes 

were fabricated by tape-casting method, consisted in a mixture of active material: 

conductive additive: binder in a ratio of 84:8:8% or 80:10:10% by weight, depending of 

the studied material. The active material corresponds to the compound of interest, the 

conductive additive was Carbon Super-C and the binder was poly(vinylidene difluoride-

co-hexafluoropropylene) co-polymeric binder (PVDF-HFP). The components were 

added in a vial in this order: 1) binder, 2) conductive additive, 3) active material. Finally, 

the electrode materials were dispersed in tetrahydrofuran (THF), stirring the mixture for 

at least 2 hours. 

Electrode slurries were cast onto an aluminium current collector using a doctor blade 

to a thickness of approximately 20 m once dried (Figure 2.3a.). Once dried, castings 

were punched to make circular electrodes with a diameter of 10 mm. Electrodes were 

dried under vacuum at 70 ºC before assembly in an Ar-filled glovebox (O2, H2O < 1 ppm).  

2025 type coin cells were assembled according to the configuration shown in Figure 

2.3a. The prepared electrodes were used as cathodes; 1M LiPF6 in ethylene carbonate and 

dimethyl carbonate was used as electrolyte, impregnated in a borosilicate glass fibre 

separator (Whatman, Grade CG/C) with excess volume, and a Li metal counter electrode 

(0.75 mm thickness x 16 mm diameter, Sigma-Aldrich) was used as an anode. Finally, 

coin cells were hermetically sealed, ensured by the use of a polypropylene O-ring gasket.  

Alternatively, home-built battery-type Swagelok cells were used to study the 

electrode after electrochemical measurements (several cycles, only charge and/or only 

discharge) using different structural characterisation techniques because of their facility 

of being disassembled with unscrewing them (while coin cells need clippers to be 
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disassembled). Swagelok cell’s configuration is very similar to coin cells; in this case, 

two glass fibre separators were used. Two stainless steel meshes were employed to ensure 

electric contact through the electrodes (Figure 2.3b.).  

Electrochemical charge / discharge measurements were carried out at 30 ºC using a 

Maccor Series 4000 battery cycler. The cycling procedures and currents were varied 

depending on the active material tested and are described in subsequent results chapters. 

Tests were performed with at least two electrodes to confirm reproducibility of results. 

Reported results are either the average of these tests or the best performing electrodes. 

 

Figure 2.3. (a) Process of making a coin cell, with the casting of the slurry and its uniform 

distibution using a doctor blade, as well as the description of the different parts that form part of 

the coin cell. (b) Assembled Swagelok cell. (c) Ar-filled glovebox where the cells were 

assembled.  
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2.2.5. Cleaning cycled electrodes 

In order to understand the electrochemical behaviour of the lithium intercalation 

materials studied in this thesis, different structural characterisation techniques were used. 

The electrodes were measured at different voltages during charge / discharge and at 

different cycles using Swagelok cells and unscrewed inside the Ar-filled glovebox.  

For XPS measurements, it is necessary to remove any residual electrolyte and glass 

fibre that can be attached onto the surface, as well as the possible formation of a CEI, 

because this layer can be very thick and therefore the elements of interest cannot be 

detected. For that purpose, the electrodes were washed in a small vial using few drops 

(~1 ml) of dimethyl carbonate (DMC) to impregnate the electrode, and the adsorbed 

species in the surface can be dissolved in this liquid. Finally, DMC was removed and the 

electrodes were dried under vacuum overnight in the antechamber of the glovebox 

without exposure to air in order to avoid any modification of the oxidation state of the 

present elements. After drying, electrodes were put inside the glovebox, ready to their 

transportation and study using different characterisation techniques. 

2.3. Structural characterisation techniques 

Understanding the structure of the studied materials is essential in order to understand 

their electrochemical behaviour. In this research, several structural characterisation 

techniques were used: X-ray diffraction (allows information of the crystal structure), 

scanning electron microscopy (shows the morphology of the samples at the nanoscale), 

inductively couple plasma optical emission spectroscopy (elemental analysis of the 

samples), X-ray absorption near edge spectroscopy (gives information of the atomic 

structure of the material), Raman spectroscopy (vibrational technique that gives 
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information about what kind of bonds are formed between the different elements of a 

given compound) and X-ray photoelectron spectroscopy, which is an important tool for 

the analysis of the surface of a sample, providing both qualitative and quantitative 

information on the elements present (except for hydrogen and helium) on a given 

surface.21 X-ray photoelectron spectroscopy is the most widely used surface analysis 

technique because it is surface sensitive, and any modification of the surface can affect 

the final result and the quantification of the peaks, including chemical and oxidation 

state,22 therefore this technique is very useful to study how the compound behaves at 

different voltages during an electrochemical measurement. Since the average depth of 

analysis for an XPS measurement is approximately 5 nm, not only the electronic 

processes of lithium intercalation in thin film electrodes23 can be investigated with this 

technique, but also the surface of bulk materials. 

2.3.1. X-Ray Photoelectron Spectroscopy (XPS) 

XPS is based in the photoelectric effect24 where the incident photons have energies 

in the range of X-rays and, after falling on the surface of a material, electrons overcome 

the work function (the minimum amount of energy that an individual electron needs to 

escape from the surface) and are emitted from the core into the vacuum as photoelectrons:  

𝐸𝐾 = ℎ𝜈 − 𝐸𝐵 − 𝜙    (2.1) 

Where ϕ is the work function of the sample; EB is the atomic core level binding 

energy of the electron in the atom (dependant on the type of atom and its chemical 

environment) relative to the Fermi level (EF); hv describes the energy of the X-ray 

excitation source and EK is the kinetic energy of the emitted electron which is measured 

by the spectrometer. An example of this emission is represented in Figure 2.4a. and 2.4b., 
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where is taking place the photoemission of an inner electron of an oxygen atom. 

Typically, the sample is placed in an ultrahigh vacuum environment (less than 10-8 mbar) 

to avoid any loss of energy for the electrons, and exposed to an X-ray of known energy. 

 

Figure 2.4. (a) Schematic of how the photoemission works, where the energy from X-rays come 

to an oxygen atom and produces the emission of a photoelectron from the 1s orbital. (b) Relative 

band levels and Fermi-level alignment between sample and analyser. (c) Picture of the X-ray 

photoelectron spectrometer used in the laboratory. 
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Figure 2.4c. represents the XPS spectrometer used for measuring the samples 

exposed in this thesis; it is a 3-chamber surface science ultrahigh vacuum system formed 

by: 1) a preparation chamber, 2) an analysis chamber, 3) a STM chamber, 4) electron 

energy analyser, 5) X-ray gun, 6) evaporator, 7) transfer arms, 8) UV gun, 9) 4-axis 

manipulators and 10) transfer chamber.  

The energy of an ejected core electron is characteristic of the element from which it 

was emitted, and is a function of its binding energy. An XPS spectrum may be obtained 

by plotting the number of these electrons as a function of kinetic (or binding) energy, the 

peaks of which provide considerable information – their corresponding energy is 

characteristic of the elements present; their area is a measure of the relative amount of 

that element, and their precise position and shape indicates that element’s chemical state. 

Thus, comparison with tabulated data makes it possible to identify the elements present 

in the sample’s surface, as well as their chemical and oxidation state. 

2.3.1.1. Photoemission  

The definition of photoemission is the emission of electrons from a sample via the 

photoelectron effect. The measurement of the energy of these electrons is known as 

photoemission spectroscopy, where XPS is one of these techniques. When an electron is 

moving through the sample, it results in a photoelectron kinetic energy (EK) that is related 

to the photon energy, its binding energy (EB), and the work function of the sample (ϕ) as 

described in equation (2.1).  

The photoemission process takes place when the electrons overcome the work 

function, and are emitted into the vacuum. This work function is the energy difference 

between the Fermi level (EF) and the vacuum level (Evac). 
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In connecting a sample electrically to the analyser, the Fermi levels of the two 

systems align, resulting in the situation shown in Figure 2.4b. Electrons in the sample 

have a binding energy (EB) with respect to the Fermi level. Incident photons transfer their 

energy (hν) to the electrons, producing photoelectrons, which escape the sample after 

overcoming the EB and the work function of the sample (ϕs), so that they have a vacuum 

kinetic energy (E’K) of: 

𝐸′𝐾 = ℎ𝜈 − 𝐸𝐵 − 𝜙𝑆    (2.2) 

As the analyser is connected to the sample and has its own work function (ϕA), the 

measured EK is: 

𝐸𝐾 = 𝐸′𝐾 − (𝜙𝐴 − 𝜙𝑆) = ℎ𝜈 − 𝐸𝐵 − 𝜙𝑆 − (𝜙𝐴 − 𝜙𝑆) = ℎ𝜈 − 𝐸𝐵 − 𝜙𝐴   (2.3) 

which can be re-written as: 

𝐸𝐵 = ℎ𝜈 − 𝐸𝐾 − 𝜙𝐴    (2.4) 

where now the measurement of the photoemission is independent of the work 

function of the sample but depends of the work function of the analyser (ϕA). This helps 

to simplify the calculation of the binding energy (converting the measurements of the 

kinetic energy) because it is not necessary to know beforehand the work function of each 

material but only the work function of the used analyser, which is a constant. 

2.3.1.2. X-Ray Source 

In order to analyse the spectra of a certain material, it is necessary to obtain 

photoelectrons with a frequency in the X-ray range. These are obtained by bombarding a 

target material with high energy electrons.25  

The X-ray source corresponds in an X-ray gun, which consists in an isolated rod, 

coated at the end with the target material in order to produce different photon energies; 
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the most common is to use two different target materials. The combination of the rod and 

the target material is known as anode. Close to the target material there is a filament (one 

filament for each target material) that can produce electrons when a current is passing 

through it; the current is increased manually and then fixed to a certain point, usually 

when the emission of electrons is observed. A high positive voltage (between 12 and 17 

kV, depending of the studied material) is applied to the anode in order to accelerate the 

electrons and bombard the target material, producing the emission of X-rays with 

different energies, which are then directed towards a sample.  

 

Figure 2.5. (a) X-ray gun where it is possible to observe the dual anode formed by Al Kα1 and 

Mg Kα1 and their corresponding filaments. (b) Aluminium foil that covers the gun to avoid the 

excess of energy. 
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The photons that are incident on a sample have different energies; this is known as a 

non-monochromatic X-ray source, resulting in extra features in the spectra, such as the 

formation of satellites (secondary features that mirror the photoemission processes, but 

have lower intensities). The primary emission lines used in non-monochromatic XPS are 

usually Al Kα1 (1486.6 eV) and Mg Kα1 (1253.6 eV), both of which have a natural 

linewidth <1 eV, with magnesium generally favoured because of its slightly narrower 

linewidth26 (the most of the results presented in this thesis correspond to the use of 

magnesium anode). It is possible to use a monochromatic X-ray source using a quartz 

crystal and selecting Al Kα1 line; this is very useful for photovoltaic materials, where it 

is important to quantify the valence band.27, 28 For this research, the used spectrometer 

has non-monochromatic X-ray source with a dual anode formed by Al Kα1 and Mg Kα1 

as it is shown in Figure 2.5a. 

As a high voltage is being applied, there is an excess of energy that can modify the 

final result of the measurement, therefore it is usual that the X-rays pass through a thin 

film of aluminium to avoid the excess of energy against the sample (Figure 2.5b). 

2.3.1.3. Spectrometer 

The spectrometer used in XPS can be divided into two parts: the analyser, which only 

allows electrons of certain energy to pass through, and the detector, which counts the 

number of electrons that were allowed to pass through the analyser. Then, by sweeping 

across the possible kinetic energies, and counting at each point, a spectrum can be 

generated. 

The analyser used in XPS consists of two concentric, hemispherical plates through 

where a potential is applied. An incident electron will traverse around if its kinetic energy 
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is such that the deflecting potentials keep it on a concentric course with respect to the 

plates, this is known as pass energy.25 Electrons with energy bigger than the pass energy 

will collide with the external plate; if it is smaller, electrons fall in the internal plate. In 

both cases, the number of electrons that reach the detector is very small; in this case, a 

multiplier is used to increment the signal until reach to a limited energy. By changing the 

potential applied across the plates, it is possible to alter the pass energy and theoretically 

sweep through the range of kinetic energies required. 

The spectrum that can be measured in XPS covers a kinetic energy between 0 eV and 

the maximum emission energy of the X-ray source; this is known as region. When the 

whole region is measured in XPS to observe which elements are present in the sample 

(known as survey spectrum), a high constant pass energy (CPE) is applied, and therefore 

the obtained intensity (measured in counts per second, or CPS, which is the number of 

electrons ejected from the sample – usually defined as “counts” – received by the analyser 

per unit time) is high because a big number of electrons are passing through the analyser. 

When specific regions of limited kinetic energy are measured (i.e. the core-level peak of 

a certain element), usually the CPE is smaller in order to obtain a better resolution (the 

smaller the pass energy, the smaller the intensity and the individual regions can be 

observed more in detail).  

2.3.1.4. Spectral Features  

When the electrons reach the detector, a spectrum is measured. XPS spectrum can be 

defined as a series of peaks with binding energies representative of each orbital of each 

element contained in a sample. Usually the XPS spectrum is displayed as a function of 

decreasing EB. 
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If photoemission results in an electron that has not lost any energy and it is originated 

from a non-valence orbital (i.e. core electrons), then the peak is described as a core-level 

peak. These are identified using spectroscopic notation of the form nlj, representing the 

principle, azimuthal, and total angular momentum quantum numbers,29 respectively. The 

value of j is obtained according to │l ± ms│, where ms is the spin momentum (ms = 1/2). 

For l = 0, j = 1/2 is the only possible value, and so s orbitals result in a singlet. For l > 0, 

j can take two values and so results in a doublet, separated by a specific energy; this is 

known as the spin-orbit splitting.22, 30, 31 Depending of the occupancy of each of the 

doublet orbitals (2j + 1), the intensity of the ratios between the doublet peaks can vary. 

This is shown in Table 2.1. 

 

Table 2.1. XPS spin-orbit doublet intensity ratios due to the electronic occupancy of the orbitals. 

l j Occupancy Ratio 

s (l = 0)  1/2 2 - 

p (l = 1) 1/2, 3/2 2, 4 1:2 

d (l = 2) 3/2, 5/2 4, 6 2:3 

f (l = 3) 5/2, 7/2 6, 8 3:4 

 

The energy of this doublet separation is characteristic of each core electron of each 

element and it usually depends on the oxidation state of the element (with some 

exceptions), therefore it may be a direct relationship between the doublet separation and 

the oxidation state; this property is very useful in order to calculate the oxidation state of 

a studied material with very good accuracy using databases with previous measurements 

of similar materials to compare the results,32, 33 above all if there are transition metals in 
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the compound of interest. This characteristic can be applied in the Ni 2p spectrum used 

as an example in Figure 2.6. The ratio in this case is not exactly 1:2, and this can be due 

to different reasons (such as distortion of the baseline from the proximity of other core-

level or an Auger peak). 

 

Figure 2.6. Doublet separation of Ni 2p of one of the studied materials (Li4.15Ni0.85WO6), where 

its characteristics satellites can also be observed.  

 

It is very common to have different core-level peaks of a certain element. However, 

one of them is the most predominant and usually corresponds to the electron to an inner 

orbital. In the case of a non-metal element from the second row (such as oxygen), the 

most intense peak corresponds to 1s bond; for the transition metals for the fourth row for 

instance is the peak from the 2p bond. These predominant peaks are the most widely used 
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of each element because other minor peaks are a reflection of this one. This can be 

observed in the survey scan for manganese acetate shown in Figure 2.7., where the peaks 

of each element are represented; Mn 2p has higher intensity that Mn 3p and Mn 3s, and 

therefore this is the peak that usually is measured. 

 

Figure 2.7. XPS survey spectrum of manganese acetate measured using two different anodes: Al 

Kα1 and Mg Kα1. It is possible to observe the different elements that form part of the compound: 

C, O and Mn. C 1s and O 1s are the most intense core-level peaks of each element, while Mn 2p 

(and the corresponding spin-orbit splitting) is the most intense peak for Mn. Auger electrons 

(violet circles) are also observed. 

 

During the second stage of the photoemission process, there is a finite probability 

that the photoelectron will lose energy as a result of inelastic scattering as it moves 
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through the sample due to collisions with other electrons and plasma excitations. This 

manifests as a rising background of secondary electrons, increasing with EB, onto which 

the photoemission peaks are superimposed, as seen in the example in Figure 2.7.  

After photoemission, the core-hole left by the photoemitted electron can be filled by 

an electron from a higher orbital relaxing into it, causing the emission of a second, Auger 

electron, whose kinetic energy is related to the energy level differences and is independent 

of the photon energy,25 therefore the obtained Auger peaks depend of the chosen X-ray 

source and appear at different EB depending of which anode is used (Mg Kα1 or Al Kα1). 

Due to the multitude of orbitals that can be involved in the Auger process, these features 

manifest in XPS spectra as broad, energy-expansive features with multiple peaks and 

sometimes can overlap a core-level peak. An example of these Auger peaks was 

represented in Figure 2.7.  

2.3.1.5. Chemical shifts 

The atomic binding energies vary for different elements and this allows us to 

determine what elements are present in a sample. However, it is the information about the 

chemical environments within a material that XPS can provide which makes it such a 

powerful technique.  

The EB of an electron arises from the electrostatic interaction between itself and the 

positive nuclear charge of an atom, but is also dependent upon the presence of other 

electrons around the atom. Changes in electron density surrounding an atom can affect 

the measured EB. This can be explained using ionic bonding: for a cation, there is less 

electron density surrounding the atom because some electrons have been transferred to 

the anion, which results in less nuclear screening, and therefore a lower measured 
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photoelectron EK (and thus, a higher EB); the opposite way is followed by the anions. In 

other words: a higher oxidation state results in a larger EB shift, and a more negative 

oxidation state means a lower EB (… > EB
2+ > EB

+ > EB
0 > EB

- > EB
2- > …).  

In the case of covalent or mixed bonding materials, similar trends apply, given that 

most inorganic materials can be assigned formal oxidation states, but the size of the EB 

shifts are also dependent upon the level of covalency, the strength of the bonds, and also 

the differences in electronegativity between two atoms. A larger electronegativity 

difference will result in a larger EB and a longer bond length results in smaller EB shifts 

(i.e. ionic bonds give larger EB than covalent bonds because the first ones have stronger 

bonds and therefore smaller bond lengths than the second ones). 

These shifts can be observed in Figure 2.8., where a deconvolution of C 1s peak is 

done; the analysed sample correspond to one studied electrode with the presence of the 

active material, the binder (PVDF) and the conductive carbon additive, and there were C-

C, C-H, C-O, C=O and C-F species. In the plot, C-F bond, which has the biggest 

difference in electronegativity between the atoms, appears at high EB, whereas C-C and 

C-H bonds have the smallest EB. In the case of the bonds between carbon and oxygen, 

C=O has a stronger bond than C-O, and therefore appear at a higher EB. The reason why 

it is possible to observe different C-F and C=O species in the C 1s peak is due to the 

covalency of the bonds formed in the compounds; depending of the electronegativity of 

a neighbour atom, the covalency of these bonds can be weaker or stronger, thus affecting 

the shift in the position. 

Core-level peaks in XPS have finite width and, in order to analyse a peak, a fitting is 

necessary, especially if there is possibility of the peaks overlapping, demonstrated by the 

many spectral features in Figure 2.8. For fitting, the most common background used in 
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XPS is a Shirley background, which is an iterative background that can split a region into 

many EB steps and calculate the background of the next step depending on the background 

and intensity values of the previous steps.34 Usually, the most of the core-level peaks are 

mixed Gaussian-Lorentzian (Voigt) peak profiles,29 and this is the type of fitting used in 

this thesis.  

 

Figure 2.8. XPS spectrum of C 1s peak of a typical analysed electrode with the presence of 

different species and different type of bonds (C-C, C-O, C=O, C-F) coming from PVDF binder 

and conductive additive. The deconvolution shows the presence of several C=O and C-F peaks. 

These peaks with different energies are due to different factors, such as the electronegativity and 

oxidation state of a neighbour atom, if the effective nuclear charge is more positive or more 

negative, etc. The NIST X-ray Photoelectron Spectroscopy Database35 was used as reference to 

assign the type of bonds that have been formed. 
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The goal of peak fitting is to extract the intensity and EB of the different chemical 

species present in a sample by adding peaks with variable position, area and full width at 

half maximum (FWHM), and try to match as closely as possible the measured data with 

a standard spectra database or any previous studies of similar materials.  

Each chemical environment can be represented by an individual peak/doublet present 

for each orbital, and whilst a perfect fit to the experimental data can be achieved by adding 

an infinite number of peaks, constraints to the fitting must be imposed in order for a model 

to be physically representative. In the case of spin-orbit split doublets, the energy 

difference of the splitting and area ratio between the peaks is known, and generally, the 

FWHM between the peaks of a spin-orbit split doublet should be the same size for a single 

chemical environment (although there are some exceptions). These constraints can also 

be applied for a single peak, where their different components can be compared with more 

accuracy, as the example shown in Figure 2.8. 

XPS analysis can be used to quantify the amount of each element that is present in a 

sample but sometimes the intensity of the peaks can vary due to different factors 

(distortion of the baseline, overlapped peaks, etc.) and therefore it is not reliable to 

calculate the ratio and stoichiometry of the compound from the areas of the peaks using 

this technique, above all with the present of numerous elements in a measured sample. In 

this case there are different elemental techniques such as ICP-OES that can obtain 

accurate %wt ratio of key elements. However, the fitting of each individual core-level 

peak can provide an approximate percentage of the different species that form part of a 

certain element, in spite of the potential problems described before. For example, if in the 

deconvolution of and O 1s peak there is approximately 50% of the area due to a metal 

oxide and the other 50% from the metal hydroxide, it means that the half of the metal-



 

Chapter 2. Experimental Methods 

 

 

53 

 

oxygen bond is due to the formation of an oxide and the other half is from the formation 

of the hydroxide. This important characteristic can also be applied in Figure 2.8.; doing 

a proper deconvolution, it is possible to quantify the area of each formed chemical bond 

and the total contribution of C-O and C-F species according to Table 2.2.  

 

Table 2.2. Quantification of chemical bonds from C 1s deconvolution in Figure 2.8., where the 

binding energy position, type of chemical bond and the area are shown.  

EB (eV) Chemical Bond Area (%) Total contribution (%) 

284.6 C-C, C-H 41.8 41.8 

285.86 C-O 12.3 

38.11 

286.63 C=O 13.05 

287.4 C=O 8.03 

288.35 O-C=O 4.73 

289.61 C-F 2.91 

20.09 

290.92 C-F 6.41 

291.65 C-F 8.42 

292.58 C-F 2.35 

 

To summarise, the chemical shifts observed in the XPS can be used to investigate 

what type of chemical bonds are being formed, the strength and covalency and if it is a 

single or double bond, as well as the quantification of the components of a specific peak. 

It is also possible to obtain the oxidation state of an element due to a change in EB (with 

the additional help of the doublet separation due to the spin-orbit splitting). These tools 

are the main reason why XPS is a powerful technique in order to understand the 
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electrochemical behaviour of lithium intercalation compounds. 

2.3.1.6. Cleaning the surface of a sample 

It is common to find some contaminants in the surface of a sample, maybe formed 

during the synthesis or during the handling of the sample in atmospheric air. In this last 

case, we are talking about physical adsorption. 

The most common of the physical adsorbed species is adventitious carbon, which is 

a thin layer of carbonaceous material usually found on the surface of most air exposed 

samples.36, 37 Even small exposures to atmosphere can produce these films, and the 

detection of some adventitious carbon is a product of nearly every XPS analysis. Usually 

the strongest peak of the C 1s spectrum corresponds to the carbon species from sp3 

hybridisation, usually hydrocarbons species (C-C and C-H bonds, respectively), and 

small amounts of both singly and doubly bound oxygen functionality (-C-O and –C=O, 

respectively) as it is shown in Figure 2.9a. 

 

Figure 2.9. (a) XPS spectra of C 1s with the observation of adventitious carbon in the surface of 

pure Li foil after being exposure on air for a short period of time (~5 min). (b) XPS spectra of C 

1s after sputtering of the surface of Li foil, where only remain some residual carbon after 4 flashes 

with Ar+ gas. 
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Adventitious carbon and other adsorbed species (for example, water from the 

atmosphere) do not affect the chemical properties of the measured material. However, if 

the layer that covers the material is too thick, it can hide weak core-level peaks that could 

be important to measure. In that case, it is very important to eliminate that layer. 

There are two main methods used in order to clean the surface of a sample: a) The 

first method is to do sputtering, where a jet of Ar+ gas collides with the sample, removing 

all the adsorbed species on the surface as it is shown in Figure 2.9b. The problem with 

this method is the possibility to be applied only in few materials (as pure metals, for 

example), because it can modify the oxidation state of the elements of the sample. b) 

Other option is to do an annealing, consisting in heating the sample inside the XPS 

chamber using a hot filament in order to evaporate the carbonaceous and/or the water 

particles adsorbed in the surface, ionising the gas molecules. In this case, the problem lies 

in the plate used to hold the samples, which contains carbon tape; the annealing melts the 

carbon tape and the sample falls off the plate. It is possible to use tantalum wires to secure 

the sample, but it is not working when the measured sample is a powder. This method is 

not available either for samples that have a relatively low melting point. 

2.3.1.7. Charge correction 

During the photoemission, an ejected photoelectron leaves a hole in a measured 

sample. In order to fill this core hole, the XPS spectrometer is connected to an earth wire 

that provides electrodes to the material. For conductive materials (such as the sample 

electrodes measured in this thesis), these core holes left for the photoelectrons can be 

filled easily but for insulating surfaces the fill of these core holes become more 

complicated due to the difficulty of the electrons to move through the sample, and the 
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surface acquires positive potential, meaning in a shift to higher binding energies when the 

sample is measured in the spectrometer. 

This charge effect has to be corrected and this charge correction can be provided with 

certain elements that can be used as charge references. The most widely used is the 

adventitious carbon by setting the main line of the C 1s spectrum normally to 284.6 eV 

(although values ranging from 285.0 eV to 284.5 eV, depending of the researcher criteria) 

but there is the possibility to use other elements as well. In the present experiments, due 

to the presence of other carbon species that are not adventitious in the C 1s peak, the 

charge correction was mainly done using O 1s due to a well-known position for the 

studied oxygen species. 

2.3.1.8. Transport of electrodes to XPS 

Measured electrodes at cycled to varying states of charge or discharge were 

transported to XPS machine for their measurement ex situ. The surface species formed 

by the electrochemical treatment are sensitive to oxygen and humidity (a small contact 

with air can modify the oxidation state of the elements present in the studied material). 

Therefore, in order to avoid any possible contact with air, a special transfer chamber was 

designed and constructed, as it is shown in Figure 2.10.  

The transfer chamber has the possibility to be totally sealed in the glovebox with the 

samples in its inside, and then it is possible to transport it to the XPS chamber. Once the 

transfer chamber is connected to the XPS machine, ultra-high vacuum is created and that 

allows the measurement of electrochemically cycled electrodes without any air or 

moisture exposure. 
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Figure 2.10. (a) Transfer chamber with its different components and (b) once it is connected to 

XPS. (c) Isolation valve when is open and (d) closed. 

 

2.3.1.9. Experimental specifications 

The XPS experiments presented in this thesis were performed in a standard ultrahigh 

vacuum surface science chamber consisting of a PSP Vacuum Technology electron 
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energy analyser (angle integrating ± 10º) and a dual anode X-ray source. The base 

pressure of the system was 2 ×10−10 mbar, with hydrogen as the main residual gas in the 

chamber. The spectrometer was calibrated using Au 4f7/2 at 83.9 eV. XPS spectra were 

fitted using Voigt functions after Shirley background removal and the overall resolution 

is 0.2 eV. 

2.3.2. Hard X-Ray Photoelectron Spectroscopy  

The photoemission process has a limiting factor after photon absorption known as 

inelastic mean free path of the electrons (IMFPe)
38-40 which is energy dependant and 

generally also dependant on a given material.  

Tanuma et. al41 could define a formula, known as TPP-2M model, which they could 

predict the depth of a given element, giving rise to an universal curve40, 42 that shows that 

over the electron kinetic energy range 10 – 2000 eV (most of the XPS electron energies 

fall in this range), the IMFPe reaches a depth of few nanometres for a measured element, 

as can be observed in Figure 2.11, meaning that the majority of electrons contributing to 

the XPS signal are coming from the top few atomic layers of a sample.  

Although X-rays penetrate at least several hundred of nm on the irradiated sample, 

only photoelectrons escaping from the surface are detected. Hence, information obtained 

by XPS is limited to around the outermost 10 nm, since photoelectrons ejected from 

deeper regions are stopped by inelastic scattering processes within the material, and this 

is why XPS is considered a surface sensitive technique. With higher photon energies, the 

kinetic energy of the photoelectrons can be increased, thus, increasing their mean free 

path and the penetration depth of the technique.  
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Figure 2.11. (a) Calculated inelastic mean free path of electrons in solids as a function of their 

energy: a compilation of a variety of experimental data given by the dots, and an interpolation 

formula given by a dash line.39, 43-45 (b) Schematic view of XPS probe depths estimated for the O 

1s core peak at increasing photon energies. Higher energy photons allow for probing much beyond 

the surface layer to provide bulk information from the ~100 nm-sized primary particles. The probe 

depths are defined as three times the IMFPe (according to the TPP-2M model).46 

 

In recent years there is an increasing number of new studies using an XPS-derived 

technique based on a synchrotron beamline, where it is possible to produce an excitation 

source with hard X-rays providing a kinetic energy beyond 2000 eV, which has a 

macroscopic penetration depth in the materials.47  

Consequently, hard X-ray photoelectron spectroscopy (HAXPES) allows the study 

of bulk and buried interfaces up to several tens of nanometres depth based on kinetic 

energies up to 15 keV; an example of a HAXPES spectra is shown in Figure 2.12. Other 

advantage of this technique is the use of tuneable X-ray radiation provided by the 

synchrotron, meaning that the information depth can be changed and consequently 

electronic and compositional depth profiles can be obtained. HAXPES is a powerful 
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emerging technique for the determination of both the surface and bulk compositional, 

chemical and electronic properties. 

 

Figure 2.12. Example of measured HAXPES spectra for a studied material (Li4.15Ni0.85WO6) with 

a kinetic energy up to 6 keV. The binding energy of the main core electron peaks of every element 

in HAXPES appears at the same binding energy than in soft XPS according to equation (2.4). 

 

HAXPES was measured at the I09 beamline at Diamond Light Source (Oxfordshire, 

UK). A double-crystal Si (111) monochromator was used to select photons with an energy 

of 2.1 and 6.45 keV. The resulting total experimental resolution was evaluated at each 

energy by measuring the Fermi edge of a polycrystalline gold reference sample and fitting 

the data to a Gaussian-broadened Fermi-Dirac distribution. The HAXPES end-station is 

equipped with a VG Scienta EW4000 electron analyser with a ±30º angular acceptance.  
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Additional HAXPES measurements were carried out at beamline P09 of PETRAIII 

(Hamburg, Germany). The photon energy was set to 5947.9 eV using a Si(111) high heat 

load double-crystal primary monochromator and the (333) reflection of a Si double 

channel-cut post monochromator. The HAXPES end-station is equipped with a SPECS 

Phoibos 225 HV hemispherical analyser with a combined delayline and four channel 

micro-Mott spin detector. The resolution of the monochromator is better than 0.1 eV and 

the total resolution was set to 0.25 eV. 

2.3.3. Raman microscopy 

Raman microscopy is a vibrational technique and is used for obtaining chemical 

structural information down to the molecular level for a range of organic and inorganic 

compounds having Raman-active vibrational modes.  

The Raman effect is an inelastic scattering of a light photon from analysed molecules 

due to changes in polarisability of molecule.48, 49 This effect results in changes in the 

scattered photon wavelength. The Raman spectrum is a plot of intensity vs. the difference 

in Raman frequency from an incident photon, known as a Raman shift. Therefore, the 

Raman shift is independent of the incident photon frequency. An example of a Raman 

spectrum is represented in Figure 2.13.  

The major requirement of Raman microscopy is to use a monochromatic light source, 

such as a laser in the visible, near IR or near ultraviolet ranges. Most of the wavelengths 

used for Raman analysis lie in the visible light range (400 – 700 nm), which has a good 

excitation efficiency. 
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Figure 2.13. Example of Raman spectrum of LiCo1/3Ni1/3Mn1/3O2 with the characteristic vibration 

bonds: νMn-O (381 cm-1), νO-Mn-O (478 cm-1), νO-Ni-O (520 cm-1), νNi-O (565 cm-1), νCo-O (597 cm-1) 

and νMn-O (624 cm-1), as well as the Eg (480 cm-1) and A1g bands (600 cm-1).50-52 

 

Raman spectra were collected with a 633 nm wavelength laser using a Raman system 

(Renishaw inVia Reflex) with a microscope focused through a 50x objective lens (Leica). 

The estimated power on the sample was 0.43 mW with 200 s exposure time and two 

accumulations. For ex situ Raman measurements, performed at different stages of 

galvanostatic cycling, and to avoid oxygen and moisture contamination, an air-tight 

Raman cell (ECC-Opto-STD, El-Cell, GmBH) was assembled inside an Ar-filled 

glovebox.  
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2.3.4. X-ray diffraction  

X-ray diffraction (XRD) is a well-established analytical and non-destructive 

technique that can determine the structure of crystalline solids, via the diffraction of 

incident X-rays by the electron cloud around atoms in the crystal structure and can 

provide information on unit cell dimensions, being capable of collecting both quantitative 

and qualitative phase analysis data applying Bragg’s Law53:  

𝑛𝜆 = 2 𝑑ℎ𝑘𝑙 𝑠𝑖𝑛𝜃     (2.5) 

where n is an integer, λ is the wavelength of the radiation, dhkl is the distance between 

lattice planes and θ is the angle of incidence. (h,k,l) values represent the Miller indices 

used to define planes of atoms, whereby (h,k,l) are the reciprocal of the plane’s intercepts 

on the x-, y-, and z-axes in terms of lattice constants a, b, and c. 

Powder X-ray diffraction patterns were collected on a Rigaku SmartLab® 

diffractometer operating in transmission mode with Cu Kα1 radiation. 

2.3.5. X-ray absorption spectroscopy  

X-ray absorption spectroscopy (XAS) is a powerful technique to measure the atomic 

structure of electrode materials because it provides information about the local 

environment of an element, while XRD provides information on the overall structure of 

a material. This analytical tool measures the energy dependence of the X-ray absorption 

coefficient at and above the absorption edge of the desired element in electrode 

materials.54 XAS is a beneficial tool for the analytical characterisation of materials 

because it is element specific and sensitive to minimal concentrations. Data acquisition is 

quite fast due to the application of high-energy synchrotron radiation, which also 

facilitates the in situ testing because the probing and signalling source are high-intensity 
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X-rays.55, 56 XAS can be implemented in gases, liquids and solids (both amorphous and 

crystalline). 

Depending on the analytical application, this technique is divided into two parts: 

1) X-ray absorption near-edge structure (XANES): the most widely used, provides 

quantitative and qualitative information about the electronic transition, sites symmetries, 

and change in the oxidation state of the probed element.57 An example of this 

spectroscopy is exposed in Figure 2.14. 

2) Extended X-ray absorption fine structure (EXAFS): provides information about 

the local environment of an element regarding its coordination numbers, bond length and 

the chemical identity of the nearest atom.56, 58  

The X-ray absorption spectra showed in this thesis were measured at the B18 

beamline at Diamond Light Source (Oxfordshire, UK).  

 

Figure 2.14. Example of X-ray absorption near-edge structure of different W-based compounds. 
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2.3.6. Scanning electron microscopy  

Scanning electron microscopy (SEM) is a technique used in the investigation of the 

size, morphology, texture and topography of samples on the micro and nanometre scale, 

producing detailed two-dimensional images.59  

SEM produces images by scanning the sample with a high-energy beam of electrons. 

As the electrons interact with the sample, they produce secondary electrons, backscattered 

electrons, and characteristic X-rays. These signals are collected by one or more detectors 

to form images, which are then displayed on the computer screen. When the electron 

beam hits the surface of the sample, it penetrates the sample to a depth of a few microns, 

depending on the accelerating voltage and the density of the sample. Many signals, like 

secondary electrons and X-rays, are produced as a result of this interaction inside the 

sample. 

The characteristic emitted electromagnetic radiation generated in SEM may be 

analysed to provide information regarding the elemental composition of the sample. This 

technique is known as Energy Dispersive X-ray spectroscopy (EDX).60  

SEM images reported in this thesis were recorded with a JEOL JSM-7001F field 

emission electron microscope. 

2.3.7. Inductively couple plasma optical emission spectroscopy  

Inductively couple plasma optical emission spectroscopy (ICP-OES) is an analytical 

technique that can provide quantitative bulk elemental composition and elemental 

concentrations of a wide variety of sample types, including powders, solids, liquids and 

suspensions.  

Usually, solid samples are dissolved using a combination of acids or aqueous 
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solutions (commonly known as ‘digestion’), with a final concentration between 10 and 

100 ppm. The resulting sample solution is then nebulised into the core of an inductively 

couple argon plasma with temperatures up to 9000 K. 

At high temperatures, the nebulised solution is vaporised and the species of interest 

are atomised, ionised and thermally excited. The element can be detected and quantitated 

with optical emission spectrometer (OES), which measures the intensity of radiation 

emitted by the specific element at the corresponding wavelength from the thermally 

excited atoms or ions. Elemental concentrations can be determined by comparing the 

intensity measured with those for calibration standards (i.e. calculating the stoichiometry 

using the atomic weight of each element).  

This type of elemental analysis is very useful for heavy elements such as transition 

metals. However, it is not possible to use this technique to measure accurately the 

following elements: carbon, nitrogen, hydrogen, oxygen and halogens. 

ICP-OES analyses were carried out in Agilent 5110 ICP-OES spectrometer. 

2.3.8. Nitrogen adsorption/desorption isotherms 

Gas adsorption analysis is commonly used for surface area and porosity 

measurements. This involves exposing solid materials to gases under a variety of 

conditions and evaluating the weight of the sample volume. Brunauer-Emmett-Teller 

(BET) analysis is the most common method used for determining the surface area of 

either powders or porous materials.61 The theory can be applied to systems with 

multilayer adsorption and adsorption/desorption isotherms are usually carried out with 

non-reactive gases, most commonly nitrogen at liquid condition at 77 K. The concept of 

the BET analysis is based on the following assumptions: 1) gas molecules physically 
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adsorb on a solid in layers up to infinite dimensions, 2) there is no interaction between 

the adsorbed layers and 3) the Langmuir theory (generally applied to monolayer 

adsorption) applies to each individual layer.62-64 

One of the advantages of this technique is that can be used for the calculation of the 

surface area of solids by physical adsorption of gas molecules. The total surface area 

(Stotal) can be calculated using the following equation: 

𝑆𝑡𝑜𝑡𝑎𝑙 =
𝜈𝑚𝑁𝑠

𝑉
     (2.6) 

where vm is the monolayer volume of the adsorbate gas (in units of the molar volume), 

N is Avogadro’s number, s is adsorption cross section of the adsorbing species and V is 

molar volume of adsorbate gas.  

And the specific surface area (SBET) can be obtained easily according to: 

𝑆𝐵𝐸𝑇 =
𝑆𝑡𝑜𝑡𝑎𝑙

𝑎
      (2.7) 

where a is the mass of adsorbent (in grams). 

BET analysis reported in this thesis were measured in Micromeritics 3Flex gas 

sorption analyser. 

2.4. Preparation of the samples 

Different synthetic methods were used throughout this thesis to prepare the different 

studied samples. 

In Chapter 3, four LiNi1/3Co1/3Mn1/3O2 samples were synthesised via two different 

techniques: hydroxide co-precipitation and resorcinol-formaldehyde sol-gel 

polymerisation.  
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Hydroxide co-precipitation method consisted of mixing a stoichiometric ratio of 

manganese, nickel and cobalt nitrates and adding dropwise in a stoichiometric amount of 

lithium hydroxide monohydrate solution with a constant stirring rate. Another sample was 

prepared with a previous treatment via addition of a small pipette at the bottom of the 

burette in order to have approximately half a size of a normal droplet. The final products 

were filtrated and washed with water until the pH reached 7, and were left in an oven at 

70 ºC to evaporate away the remaining water. The filtrate was ground using an agate 

mortar and a pestle with a stoichiometric amount of lithium hydroxide monohydrate 

powder (i.e. a ratio of 1:1.05 with the starting composition) and then pressed into a 10 

mm diameter pellet by applying uniaxial pressure of 1-2 tons. The pellet was then heated 

in a furnace at 450 ºC for 4 hours with a heating rate of 130 ºC h-1. After leaving to cool 

down to room temperature, the pellet was re-ground in the mortar and pressed again into 

a pellet using the same conditions explained before, then re-heated to 950 ºC for 12 hours 

in air with a heating rate of 130 ºC h-1 whereafter the pellet was ground in the mortar one 

more time to obtain finally a fine, black powder.  

Resorcinol-formaldehyde sol-gel polymerisation method consisted of mixing 

resorcinol and formaldehyde in a molar ratio of 1:1.5 in distilled water and then added to 

a mixture of lithium, manganese, nickel and cobalt acetates (in a molar ratio of 3:1:1:1) 

in distilled water until the polymerisation between resorcinol and formaldehyde starts 

after heating the mixture at 60 ºC. The polymer (often called as “RF gel”)65 was then 

introduced in a furnace and heated to 200 ºC until the calcination of all the contained 

carbon in the material takes place and then the resulting product was ground in the mortar. 

An additional calcination and re-ground were done for one of the two studied samples. 

After these steps, the powders were heated in a furnace to 950 ºC for 14 hours in air with 
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a heating rate of 180 ºC h-1, and the final products were ground in the mortar as a final 

step. 

In Chapter 4, Li1.2Ni0.13Mn0.54Co0.13O2 and Li1.2Ni0.32Mn0.4Co0.08O2 samples were 

prepared using resorcinol-formaldehyde sol-gel polymerisation in the same way that was 

described previously, with the appropriate ratio of the metal acetates, and an additional 

calcination at 200 ºC and re-ground. The main difference consisted in the final step, where 

the powders were heated in the furnace to 480 ºC for 3 hours and then to 800 ºC for 6 

hours with a heating rate of 130 ºC h-1 in both cases. The final products were then ground 

in the mortar, obtaining a black powder for Li1.2Ni0.32Mn0.4Co0.08O2 and dark brown 

powder for Li1.2Ni0.13Mn0.54Co0.13O2 due to its high content in Mn. 

In Chapter 5, the non-stoichiometric Li4.15Ni0.85WO6 was provided by Matthew 

Rosseinsky’s group, in the Department of Chemistry at University of Liverpool. They 

synthesised the sample using Li2CO3, NiO and WO3 as precursors.  

The synthesis was carried out by a classical solid-state method where these starting 

materials were mixed with a 10% molar excess of Li2CO3 (ratio of 4.56:0.85:1) to 

compensate for Li2O volatility during high-temperature synthesis. The mix was done 

using a planetary mill (350 rpm, using 10 mm diameter zirconia balls) in propanol for 2 

hours. The milled samples were then dried using a crystallising dish on a stirrer hotplate 

and the resulting powder was ground in a pestle and mortar. A 10 or 13 mm diameter 

pellet of the mixed reactants was pressed by applying uniaxial pressure of 1-2 tons to 

produce ~1 g of material, and then loaded into an alumina crucible. Part of the remaining 

precursor mixture surrounding the pellet in the alumina crucible was used as a sacrificial 

powder, in order to minimise the effects of Li2O volatilisation. The final synthetic 

conditions used for these materials was two firings in air using a box furnace at 1000 ºC 
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for 24 h (48 h in total) at a heating and cooling rate of 300 ºC h-1. The pellet was ground 

and re-pressed and the sacrificial powder was ground separately between firings. The 

final product is a brown-black powder. 

Additional processing was necessary in order to successfully cast this cathode 

material onto the aluminium current collector to produce coin cells for testing. The 

particle size was reduced further by milling in the planetary mill using isopropanol and 5 

mm diameter zirconia balls at 350 rpm, obtaining a final particle size of 0.5-3 μm (while 

the initial particle size was 5-20 µm) and a brown-coloured powder. This ball-milling also 

helps to achieve better electrochemical performance. 
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Chapter 3. 
Effect of the synthetic routes on the surface 

properties and electrochemical 

performance of LiNi1-x-yCoxMnyO2 
 

"Life finds a way.” 

Ian Malcolm 

Jurassic Park 

3.1. Overview of the chapter 

Mixed metal layered transition metal oxides (LiNi1-x-yCoxMnyO2) are particularly 

promising positive electrode materials, due to their higher capacity, lower cost and safety 

over LiCoO2.
1-3  

The electrochemical properties of a chosen material can be influenced by the 

synthetic routes used for obtaining the final product.4-6 Although the crystal structure can 

remain unchanged, the electrochemical properties can vary between one sample and 

another depending of the chosen synthetic method, and this is linked directly with the 

surface of a studied material.  

Understanding the surface chemistry is critical in developing synthetic methods that 

allow greater stability within these classes of materials to permit their future 

commercialisation into applications where long lifetimes are required.7-10  
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In this chapter, LiNi1-x-yCoxMnyO2 is synthesised via different routes that led to 

different surface properties. These materials are characterised for their structural, 

electrochemical and surface properties using XPS. Commonalities and trends in surface 

properties and electrochemical performance in particular are discussed and rationalised. 

3.2. Introduction 

Layered lithium metal oxides are widely used as positive electrodes in rechargeable 

batteries due to their ability to reversibly deintercalate / intercalate Li+ ions.11 There is 

one promising material in the LiNi1-x-yCoxMnyO2 series: LiCo1/3Ni1/3Mn1/3O2, which has 

been widely studied in the last years.3, 12, 13 This material is highly dependent of the used 

synthetic route, meaning in a big change on the electrochemical properties according to 

the type of used synthesis.  

The most common synthetic method used in academia and in commercial products 

is solid-state synthesis,14, 15 but this type of synthesis has several issues like the production 

of impure products with poor electrochemical properties.16-18 Additionally, the precursors 

are highly sensitive to reaction conditions, meaning that the reproducibility becomes very 

difficult. This is also problematic with the co-precipitation methods, which is dependant 

of the precursors that are used, and the results can vary each other if the precursors are 

for example metal hydroxides, metal carbonates or metal nitrates.4, 19-21 

On the other hand, the use of resorcinol-formaldehyde sol-gel polymerisation 

synthesis results in a simple but good technique, which can be reproduced easily and the 

stoichiometry of the final product is accurate.22 Furthermore, materials synthesised via 

sol-gel have superior electrochemical results such as improved capacity retention at high 

charge / discharge rates, and an increase in capacity overpassing 200 mAh g-1, while 
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materials synthesised via more traditional methods usually do not obtain capacities higher 

than 180 mAh g-1. This is due to the homogeneity promoted by the starting reactants 

solution and a better control in the particle size due to the introduction of a carbon 

source.23-26  

In this chapter, the electrochemical performance and surface characterisation of four 

LiNi1/3Co1/3Mn1/3O2 samples synthesised by two different methods are presented, 

according to the synthesis conditions described in Chapter 2: hydroxide co-precipitation 

synthesis with the addition of bigger (CP1) and smaller drops (CP2) from the metal 

nitrates to the LiOH solution, and resorcinol-formaldehyde sol-gel polymerisation 

synthesis with only one (SG1) and two calcinations (SG2) at 200 ºC. The obtained results 

are compared with a commercial sample (COM) synthesised via a solid-state route.  

3.3. Results 

3.3.1. Crystal structure and morphology 

Elemental analysis in ICP-OES shows that all the synthesised samples have a 

stoichiometry similar to the LiNi1/3Mn1/3Co1/3O2 standard, with some deviations such as 

higher amount of Li in the case of the co-precipitation samples (1.105 and 1.051 for CP1 

and CP2, respectively) and a lower amount of Li for the sol-gel polymerisation samples 

(0.951 and 0.994 for SG1 and SG2, respectively) as shown in Table 3.1.  

In the case of Ni, Mn and Co, lower values than the LiNi1/3Mn1/3Co1/3O2 standard are 

observed for both CP1 and CP2 while the sol-gel samples are more precise, although both 

Co and Mn are slightly higher for both SG1 and SG2. For the commercial sample, the 

obtained values are closer to the standard values, with slight variations in the case of both 

Co and Mn. 
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Table 3.1. Elemental analysis of the different samples using ICP-OES, with an error of ±0.004. 

Oxygen is assumed to be 2 due to the impossibility to be measured using this technique. 

Sample Li Ni Co Mn 

Standard 1 0.333 0.333 0.333 

CP1 1.10(5) 0.29(2) 0.29(2) 0.31(2) 

CP2 1.05(1) 0.31(1) 0.31(3) 0.32(5) 

SG1 0.95(1) 0.33(6) 0.35(9) 0.35(4) 

SG2 0.99(4) 0.32(8) 0.34(8) 0.33(0) 

COM 0.99(9) 0.33(1) 0.32(5) 0.34(7) 

 

Figure 3.1. PXRD patterns of the different samples and their comparison with the literature 

standard (Code 171750 in ICSD database).27  
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Figure 3.1. shows PXRD (powder x-ray diffraction) patterns of the samples. These 

are in agreement with the literature standard27 (Code 171750 in ICSD database), which 

confirms that: 1) There is no carbon in the structure. 2) All the peaks are sharp and well-

defined, suggesting that the prepared compounds are well-crystallised. 3) It confirms that 

all the samples follow the layered structure, which is a hexagonal α-NaFeO2 crystal 

structure type with space group R3̅m, with alternating layer of edge-sharing LiO6- and 

MO6-octahedra, respectively.24, 28-30 4) There is a highly ordered hexagonal lattice with 

Li+ ions at the 3a site, transition metal ions at the 3b site and oxygen ions at the 6c site.28 

All the samples prepared, are single-phase materials.31  

In Table 3.2. the cell parameters are presented. The calculated lattice constants using 

Rietveld refinement are in good agreement with the literature standard values.24, 27-30 All 

samples have a c/a ratio very similar to the value obtained from the literature standard 

(4.975), which suggests a well-ordered layered structure with little variations due to the 

difference in preparation conditions.32 

 

Table 3.2. Cell parameters of the different studied samples. The lattice constants were calculated 

using Rietveld refinement in FullProf Suite, with an error of ±0.003 Å. 

Sample a (Å) c (Å) c/a 

Standard 2.860 14.227 4.975 

CP1 2.84(8) 14.19(6) 4.98(4) 

CP2 2.85(1) 14.20(5) 4.98(2) 

SG1 2.86(4) 14.25(5) 4.97(8) 

SG2 2.86(4) 14.25(5) 4.97(8) 

COM 2.86(0) 14.23(1) 4.97(7) 

 



Chapter 3. Effect of the synthetic routes on the surface properties and 

electrochemical performance of LiNi1-x-yCoxMnyO2 

 

 

81 

 

A comparison of the morphology of the studied samples via scanning electron 

microscopy is shown in Figure 3.2. with low and high magnification (1 µm and 100 nm 

scale, respectively).  

 

Figure 3.2. SEM images of the particles prepared by the different synthetic routes: a) hydroxide 

co-precipitation, b) sol-gel polymerisation and c) solid-state synthesis. The 1 µm scale shows the 

conglomerates of the different samples and the 100 nm scale shows the individual particles. 
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According to the images, all the synthesised materials consist of individual particles, 

with an important difference in the size of the particles according to the followed synthetic 

route. The higher particle size is for the hydroxide co-precipitation synthesis, with a 

diameter of ~900 nm and ~560 nm for CP1 and CP2, respectively. This difference in 

diameter demonstrates that the control of the drop size has an important influence in the 

size of the particles. The conglomerates are uniform, with a size between 3 and 5 μm.  

For the sol-gel polymerisation synthesis, the particles are small in both samples, with 

a narrow distribution in the range of 0.1 to 0.5 μm, fused together to form disordered 

agglomerates. The difference in the particle size for both samples is not significant, with 

a diameter of ~280 nm for SG1 and ~220 nm for SG2. For the commercial sample, the 

conglomerates are very uniform, with a size of approximately 5 μm and a particle size of 

~800 nm. The calculation of the particle diameter was done using the scale and observing 

the particles, therefore the error can be considerable. 

 

Table 3.3. A comparison between the surface area and porosity of the samples using BET 

measurements, as well as the approximate diameter of the particles measured in SEM. 

Sample Surface area (m2 g-1) Pore size (nm) Diameter (nm) 

CP1 - - 900 

CP2 1.2 ± 0.1 - 560 

SG1 6.3 ± 0.1 3.010(3) 280 

SG2 4.0 ± 0.1 2.414(0) 220 

COM 0.4 ± 0.1 2.719(2) 800 

 

Additional BET measurements were done in order to determine the surface and the 

porosity of the materials (Table 3.3.). For the co-precipitation samples (CP1 and CP2), 
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the isotherms were difficult to measure, making impossible to obtain reliable results in 

the case of CP1, and the impossibility to measure the pore size in CP2, although several 

measurements were done. In any case, the obtained results in BET reveal a high surface 

area for the polymerisation samples (6.3 m2 g-1 for SG1 and 4.0 m2 g-1 for SG2) while the 

commercial sample had a surface area of 0.4 m2 g-1. These values can be related with the 

particle size and the agglomerates observed in SEM, showing that a bigger diameter and 

bigger agglomerates gave place to a lower surface area, and vice versa. 

 

3.3.2. Electrochemical Properties 

A symmetric cycling procedure was developed whereby an initial galvanostatic 

charge at 100 mA g-1 up to 4.6 V vs. Li/Li+. On lithiation the cell was discharged down 

to 2.5 V vs. Li/Li+. The electrochemical measurements of the LiNi1/3Co1/3Mn1/3O2 

samples are compared in Figure 3.3.  

The galvanostatic measurement showed in Figure 3.3a. represents the first charge / 

discharge cycle. The curves are very similar but an unexpected shoulder during charge is 

observed for both co-precipitation samples at ~4.5 V that cannot be explained using the 

literature values in order to compare the results. In the case of the discharge, there is a 

clear difference of capacity between the samples according to their synthetic routes, 

where co-precipitation samples have the lowest capacity (especially in the case of CP1 

with a discharge capacity of 138 mAh g-1, while CP2 has a discharge capacity of 168 

mAh g-1). On the other hand, sol-gel polymerisation samples have the best capacity, with 

a discharge capacity of 195 mAh g-1 in the case of SG1 and 198 mAh g-1 for SG2. For the 

commercial sample, the discharge capacity is 175 mAh g-1, which is between both 

synthetic methods. 
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Figure 3.3. Comparison of the electrochemical performance of the studied materials. (a) 

Galvanostatic measurement during first cycle and (b) cyclability at different C-rates, as well as 

the differential capacity at first (c) and second cycle (d). 

 

The extended cyclability measurements of the samples are shown in Figure 3.3b., 

with a total measurement of 60 cycles and a variation of C-rate every 10 cycles (100, 200, 

400, 800, 1600 and 100 mA g-1). Cyclability shows a decrease in the capacity with the 

increase of C-rate, with values approaching 0 mAh g-1 for both co-precipitation and the 

commercial sample at 1600 mA g-1. For sol-gel samples, the capacity does not fall as 

dramatically as the other samples. SG1 has low capacity with the increase of C-rate 

compared with SG2 (around 10 mAh g-1 below) but SG2 looks to be less stable when it 
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is cycled at high C-rate reaching values in the 50th cycle to 53 and 50 mAh g-1, 

respectively. After 60 cycles, both the sol-gel and the commercial samples have very 

similar capacities, with final values of around 140 mAh g-1. For the co-precipitation 

samples the final capacities are still poor, with 74 mAh g-1 in the case of CP1 and 105 

mAh g-1 for CP2.  

According to previous research, the expected oxidation states of nickel, cobalt and 

manganese in LiNi1/3Co1/3Mn1/3O2 are +2, +3, and +4, respectively.14, 15, 28, 33, 34 It is 

believed that the Mn4+ remains the same in this voltage range and it is not active 

(according to the XANES measurements of Mn K-edge, where the variation of XANES 

spectra is due to the change in environments around the Mn rather than a change in the 

oxidation state because the distance of Mn-O bond remains unchanged during cycling).35  

The differential capacity for first and second cycle shows a strong peak at ~3.7 V 

corresponding to the redox transitions that are taking place, involving both Co3+/4+ and 

Ni2+/4+ – via the two-step process from Ni2+/3+ to Ni3+/4+ according to some theories.14, 24, 

36 Figure 3.3c. shows that CP1 has low intensity in the redox charge peak compared with 

the other samples, and the commercial sample has the strongest one; surprisingly, sol-gel 

samples have medium intensity in spite of their highest capacity, and CP2 has a similar 

intensity even though the capacity is lower. Additionally, in this first cycle it is observed 

that co-precipitation samples also have a secondary transition peak during charge at ~4.5 

V. In Figure 3.3d., there is a change in the observed redox behaviour, where now both 

the commercial and sol-gel samples have a very similar intensity while co-precipitation 

samples still have the lowest one; additionally, the observed secondary peak in the co-

precipitation samples has disappeared. 
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At this point, it looks like there is no relationship between the obtained capacity and 

the intensity of the redox transitions, as well as those secondary peaks that appeared in 

some samples. To understand what is happening, it is necessary to study the morphology 

and surface behaviour of these materials. 

3.3.3. Strength of M-O vibration bonds 

Raman measurements took place in a region between 100 and 3500 cm-1, showing 

only peaks in a region between 400 and 800 cm-1 corresponding to the M-O vibration 

modes. The comparison of the different spectra appears in Figure 3.4.  

 

Figure 3.4. Raman spectra of the different measured samples where the vibration bonds are 

represented (spectra were normalised to the prominent band at ~597 cm-1). The difference in shape 

is directly related with M-O vibration modes for each studied material. 
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No peaks were detected in the region between 3000 and 3500 cm-1, discarding any 

possible formation of metal hydroxides. No prominent carbonate or carboxyl-like bands 

were detected. The deconvolution of the bands shows the characteristic vibration bonds 

for this material: νMn-O (~381 cm-1), νO-Mn-O (~478 cm-1), νO-Ni-O (~520 cm-1), νNi-O (~565 

cm-1), νCo-O (~597 cm-1) and νMn-O (~624 cm-1), and two bands assigned to Eg and A1g 

which appear at ~500 cm-1 and ~600 cm-1, respectively, according to what was already 

described in Figure 2.13. from Chapter 2 and the bibliography.37-39 The measured 

positions of these bands are in good agreement with the expected values for species 

related to Ni2+, Mn4+ and Co3+.40, 41 

The normalisation of each spectrum allows observing a variation of the νO-Mn-O and 

νO-Ni-O vibration modes and their intensities are not related with the stoichiometry of each 

sample as observed in ICP-OES measurements in Table 3.1. A clear example is the νO-

Mn-O vibration bond, where CP1 has the strongest signal while SG1 has the smallest. In 

the case of νMn-O vibration bond at ~624 cm-1, the νCo-O and νMn-O vibration bonds for the 

co-precipitation samples overlapped each other, giving place to a broad peak. Both sol-

gel and the commercial sample show a clearer difference in shape for both vibration 

bonds, showing a sharp peak from νCo-O bond and a shoulder at ~640 cm-1 from νMn-O 

bond.  

3.3.4. Surface behaviour and its relationship with the synthetic method 

Surface behaviour of the different samples was analysed using X-ray photoelectron 

spectroscopy. In Figure 3.5., a comparison between the survey scans of the different 

pristine powders were studied using Mg Kα as X-ray source. In all of them, it is possible 

to observe the core electrons from Ni 2p3/2 (854.7 ± 0.5 eV), Co 2p3/2 (780.0 ± 0.2 eV), 
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Mn 2p3/2 (642.0 ± 0.5 eV), O 1s (529.9 ± 0.7 eV) and Li 1s (54.9 ± 0.5 eV), according to 

their comparison with the NIST X-ray Photoelectron Spectroscopy Database.42 There is 

also an additional C 1s peak due to the adventitious carbon43, 44 and the characteristic 

Auger peaks for each element.45  

 

Figure 3.5. Survey scan of the different samples in XPS. The profile for all of them was the same, 

which means that the expected core-level peaks are observed, as well as their respective Auger 

peaks.  

 

A deep analysis of the different regions shows that Li 1s is overlapped with Mn 3p. 

A more detailed study of the core-level peaks of interest is represented in Figure 3.6. 

Charge correction was done using O 1s, implementing the strongest component after 

deconvolution at 529.5 eV, which is where the expected (Mn4+)-O bond appears.  
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Figure 3.6. Comparison of XPS spectrum from the different samples where their core-level peaks 

are shown: a) Ni 2p3/2, b) Co 2p3/2, c) Mn 2p3/2 and d) O 1s. 
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According to the data plotted, it is observed a different result for Ni 2p, Co 2p, Mn 

2p and O 1s in each sample. The deconvolution shows different contributions related with 

different oxidation states and different oxo-species in the transition metals. The 

percentage of these contributions is showed in Table 3.4. 

 

Table 3.4. Percentage of contribution from the different species of Ni, Co and Mn observed in 

XPS for the different studied samples (standard deviation of ±0.5%). 

Type CP1 CP2 SG1 SG2 COM 

Ni0-O - - 11.5% 26.9% - 

Ni2+-O 55.4% 60.1% 88.5% 73.1% 64.2% 

Ni2+-OH 44.6% 39.9% - - 35.8% 

Co2+-O - - 18.9% 22.1% - 

Co3+-O 63.2% 63% 81.1% 77.9% 74.1% 

Co3+-CO 36.8% 37% - - 25.9% 

Mn4+-O 70.1% 65.2% 100% 100% 78.7% 

Mn4+-CO 29.9% 34.8% - - 21.3% 

 

Focusing on Ni 2p3/2, it is surprising that in the sol-gel samples appears what was 

considered being a small contribution of metallic Ni at low EB; although in 

LiNi1/3Mn1/3Co1/3O2 is expected to have only Ni2+. In the case of both the co-precipitation 

and commercial samples, a contribution appears at ~856 eV attributed to the formation of 

Ni(OH)2 in the surface of the samples.  

For Co 2p3/2, the sol-gel compounds have small contributions of Co2+, while in the 

other samples, there is a formation of what is considered to be Co2(CO3)3 at ~782 eV. For 

Mn 2p3/2, sol-gel samples have pure Mn-O bonds, while the rest of the samples have an 
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important contribution at high EB (~644 eV) assigned to be Mn(CO3)2. These 

contributions in the transition metals lead to a shift in peak position to higher EB in the 

case of both the co-precipitation and commercial samples. 

The oxidation state for each transition metal was calculated using the percentage of 

each contribution as shown in Table 3.4., and was established that both sol-gel samples 

have an oxidation state for both Ni and Co of +1.8 and +2.8, respectively. In the rest of 

samples, the oxidation states are the expected Ni2+ and Co3+. It was established that Mn 

was in the Mn(IV) oxidation state in all cases. 

The O 1s peaks showed in Figure 3.6d. show that the overall peak shape varies 

accordingly to the synthetic method, with a clear difference between the co-precipitation, 

sol-gel and commercial samples. Sol-gel samples have a small shoulder at low EB 

attributed to Ni-O bond (~527.6 eV), and another one at high EB (~531.5 eV) that was 

mainly attributed to the formation of some Li2CO3 in the surface of this material after 

reaction of Li+ ions with CO2-like species from the atmosphere. For the rest of the 

samples, the shoulder at low EB disappears and the contribution at ~531.5 eV is more 

important, which can be related with the formation of Ni(OH)2 as observed in Ni 2p. Both 

Ni(OH)2 and Li2CO3 appears at same EB, giving place to a strong peak which is the 

combination of both components. It also appears to be an adsorption onto the surface of 

other carbon-based species at high EB (that can be attributed to the formation of both 

cobalt and manganese carbonates) and such adsorbed species does not appear in the 

analysis of the sol-gel samples. 

In order to understand what is the observed redox peak at ~4.5 V during first charge 

in the co-precipitation samples (Figure 3.3c.), some electrodes for the co-precipitation 

and the sol-gel samples were measured in XPS and oxidation states for the pristine 
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electrode (uncharged) and electrodes charged at 4.35 V and 4.6 V (first charge) were 

obtained. The data is compared within Table 3.5. The initial EB for the pristine electrodes 

are ~854.6 eV for Ni 2p3/2, ~780.1 eV for Co 2p3/2 and ~642.4 eV for Mn 2p3/2. After 

charging at 4.35 V, a shift at high EB for Ni (~855.6 eV) is observed, while both Co and 

Mn positions remain unchanged. Finally, in the electrode charged at 4.6 V the shift at 

high EB is coming from Co (~780.6 eV), while Ni has a final EB of ~855.6 eV and Mn 

still remains at ~642.4 eV. 

 

Table 3.5. Comparison of the pristine electrode and electrodes charged at 4.35 V and 4.6 V for 

the co-precipitation and sol-gel polymerisation samples. Oxidation states were measured using 

shift in the EB of the core-level peak (error of ±0.3 eV). 

Sample Pristine 4.35 V 4.6 V 

CP Ni2+, Co3+, Mn4+ Ni3+, Co3+, Mn4+ Ni3+, Co3.7+, Mn4+ 

SG Ni2+, Co2.9+, Mn4+ Ni3+, Co3+, Mn4+ Ni3.2+, Co3.6+, Mn4+ 

 

These results confirm that the redox transitions are according to the expected, 

although the redox peak at ~3.75 V attributed is Ni2+/3+ and does not reach the Ni(IV) 

oxidation state as was expected according to previous measurements.14, 24 The peak at 

~4.5 V shows the expected Co3+/4+ redox transition according to some theories.46  

3.4. Discussion 

Elemental analysis using ICP-OES shows a stoichiometry for each sample similar to 

the theoretical one. PXRD measurements show a very well-defined crystal layered 

structure, with space group R3̅m for all the studied compounds. 
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The study of the morphology using SEM shows important differences depending of 

the used synthetic method. Focussing only on the co-precipitation samples, there is a clear 

difference in the particle size between CP1 and CP2 as it is shown in Figure 3.2. This is 

clear evidence of the importance of drop size with the addition of a small pipette at the 

bottom of the burette in the case of CP2: small drops give place to small particles (~560 

nm compared with the ~900 nm obtained for CP1). These results demonstrate a clear 

relationship between drop size and particle size, as well as an important relationship with 

the surface area (Table 3.2.). For the sol-gel samples, there is no clear difference between 

SG1 and SG2, showing nanoparticles of 200-300 nm, meaning that a second calcination 

has no influence in the control of the particle size; in both cases, the agglomerates have a 

narrow distribution – strongly influenced for the formed gel during polymerisation 

process. Finally, the commercial sample has similar diameter than CP1, but the 

agglomerates are slightly different with more spherical results.  

The surface behaviour observed in XPS can help to understand the capacities 

obtained and the profile of differential capacity plots. Mn is redox inactive for 

LiNi1/3Co1/3Mn1/3O2 compounds, but it has been shown to increase the stability of the 

metal oxide lattice,28, 35 which means that the higher the oxidation state of Mn, the greater 

the stability of the metal oxide lattice during deintercalation / reintercalation process, and 

therefore the greater the capacity.47 In all the samples, the oxidation state observed for 

Mn is +4, and for Ni and Co the oxidation states are established as +2 and +3, respectively. 

In Figure 3.3c., the differential capacity shows a redox peak at ~3.75 V, which can be 

attributed to Ni2+/4+ according to previous results14, 24. However, measurements of the 

electrodes at different stages of charge (Table 3.5.) show that only Ni2+/3+ transition is 

taking place even for the sol-gel samples. One reason could be that the measurements are 
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done in XPS, which is a surface sensitive technique, therefore future measurements have 

to be undergone in the bulk of the materials to confirm that Ni behaves in a same way.  

Co3+/4+ redox transition is taking place at ~4.5 V,46 showing a strong peak for the co-

precipitation samples and it is not appreciated for the rest of the samples. The reason why 

this peak appears is not clear and has to be further investigated in future measurements. 

Figure 3.6. shows that both the co-precipitation and the commercial samples turned 

out to be sensitive to the atmosphere leading to the formation of surface compounds with 

adsorbed species. Li, Co and Mn reacted to form carbonates, whereas Ni formed 

hydroxides with the moisture. In the Ni 2p spectra, the small contribution at low EB in the 

sol-gel samples was considered metallic Ni due to the low stability of Ni+ but this 

explanation has to be confirmed with other methods such as XANES, that is also very 

useful in order to measure the oxidation state of the elements in a studied sample. The 

formation of a carbonate and hydroxide layers on the surface of these samples led to lower 

capacity and lower rate capability due to the increase in impedance from the presence of 

these layers. Less cyclable Li+ was available during deintercalation / reintercalation 

process, and Ni and Co are less redox active due to the passivation layer that is being 

formed (additionally, Li2CO3 can facilitate the formation of a thicker CEI with the 

electrolyte).8, 48, 49  

Raman measurements in Figure 3.4. shows after normalisation that the formed M-O 

vibration bonds have important variations in intensity between each sample. An 

additional weak band at ~1080 cm-1 for the co-precipitation samples attributed to Li2CO3 

was present in the Raman spectrum;50 these measurements were undergone several 

months after the initial synthesis, which can suggests that the formation of Li2CO3 in the 

co-precipitation samples can affect not also the surface but also the bulk after a time.  
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The fact that carbonates or hydroxides do not appear in the measured XPS spectra 

for the sol-gel samples indicate a higher surface stability in the use of this synthetic 

method (it is possible to discard any Ni-OH species according to the shoulder observed 

at ~527.6 eV which correspond at Ni-O species). This is maybe due to the narrow 

distribution of the agglomerates and the bigger surface area for these samples (Table 

3.3.), producing particles that are more difficult to passivate and therefore Li+ ions can 

move easily – as reported previously using electrochemical impedance spectroscopy 

(EIS)51 for the study of charge transfer resistance in LiNi1/3Co1/3Mn1/3O2  samples.52-54 

3.5. Conclusions 

Four samples prepared via two different synthetic routes were investigated and 

compared with a commercial sample. X-ray diffraction shows layer-structured materials 

with good hexagonal ordering, and Raman spectroscopy shows the vibration bonds 

between oxygen and the metals from the bulk of the different samples, confirming with 

these techniques that the crystal structure and the bonds formed are according to the 

expected results.  

The SEM images show that there is an important difference in the particle size 

depending on which synthetic method is studied, and the importance of the modification 

in the synthesis conditions to obtain different sizes (as observed in the drop size for CP1 

and CP2). The particle size is directly related with the electrochemical measurements for 

each sample. In the comparison between the two samples synthesised via hydroxide co-

precipitation method, the sample with small nanoparticles (CP2) has a better capacity than 

the samples with big nanoparticles (CP1), giving place to a first discharge capacity of 138 

mAh g-1 for CP1 while CP2 has a discharge capacity of 168 mAh g-1 as observed in 
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Figure 3.3. The fact that CP2 has a better surface area than CP1 (Table 3.3.) leads to a 

better accessibility of the deintercalation / reintercalation process for Li+ ions, further 

supporting the already well-established fact of the direct relationship between the particle 

size and the electrochemical performance. The small particle size and narrow distribution 

for sol-gel polymerisation samples give place to the best electrochemical performance of 

all samples, with capacities reaching 200 mAh g-1 in the first discharge, and good 

cyclability and stability at high C-rates. 

Surface studies with XPS were important in order to link the electrochemical 

behaviour of these samples with the surface reactivity with the adsorbed species from air, 

like moisture and carbon-based compounds. This surface reactivity is very important in 

the co-precipitation and the commercial samples, forming metal carbonates and 

hydroxides as observed in Figure 3.6. The formation of a passivation layer is therefore 

possible and further studies using electrochemical impedance spectroscopy should be 

done in order to observe this layer in each sample. The additional study of electrodes at 

different charge states using ex situ XPS helps to better understand the link between the 

redox transitions observed in the differential capacity plots and the surface reactivity and 

final oxidation states for each sample.  
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Chapter 4. 
Electrochemical and surface behaviour for 

Li-rich row 1 transition metal oxides 
 

"What we do in life echoes in eternity." 

Maximus Decimus Meridius 

Gladiator 

4.1. Overview of the chapter 

Lithium manganese rich mixed metal oxides have been well studied during the last 

decade. They have a good capacity (exceeding capacities to 200 mAh g-1)1 and rate 

capability, which means that they are good candidates as cathodic materials in the next 

generation of Li-ion batteries. Among them, Li1.2Ni0.13Mn0.54Co0.13O2 (also known as 

0.5Li2MnO3-0.5LiNi1/3Mn1/3Co1/3O2) is widely studied because it has an excellent 

capacity2, 3 due to anionic redox activity, giving place to the formation of peroxo-like 

species to charge compensate the removal of Li+ ions during the charge / discharge 

process.4 

In this chapter, an electrochemical and surface study for Li1.2Ni0.13Mn0.54Co0.13O2 

was investigated, and the results are compared with another Li-rich intercalation material: 

Li1.2Ni0.32Mn0.4Co0.08O2. The anionic redox activity and the formation of On- species was 

investigated using XPS and Raman microscopy. 
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4.2. Introduction 

Layered Li-rich mixed metal oxides derive from Li2MnO3 and can form a 

combination with layered structures giving place to compounds with the general formula 

of xLi2MnO3-(1-x)LiMO2 (M = Mn, Ni, Co, Cr, Fe) which give place to the combination 

of two different crystallographic space group symmetries: the C2/m space group from 

Li2MnO3 and the R3̅m group from layered LiMO2.  

 

Figure 4.1. Schematic representation of Li1.2Ni0.13Mn0.54Co0.13O2 with Li2MnO3 crytal structure 

type with space group C2/m of a basal plane layer showing the honeycomb of edge-sharing MO6 

octahedra. The combination of transition metals are represented in blue, magenta and orange, Li 

atoms are represented in green and O atoms are represented in red. Figure drawn using VESTA 

software based on a CIF file obtained from ICSD database (Code 252816) and the bibliography.5  
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In spite of that, it is common to observe only the C2/m space group, giving place to 

rock-salt structures in which all the octahedral sites of the cubic close-packed oxygen 

array are occupied; these close-packed layers are highly compatible and allow the 

integration between the two components on an atomic level;6, 7 one example of this crystal 

structure is observed in Li1.2Ni0.13Mn0.54Co0.13O2 according to Figure 4.1. 

The investigation of novel Li-rich mixed metal oxide materials has led to the 

synthesis of compounds with high electrochemical performance: improved cycling 

stabilities, higher rate capabilities than LiNi1/3Mn1/3Co1/3O2
8-11 and capacities exceeding 

200 mAh g-1 due to the reversible redox of O2- anions.1-3 Therefore, these materials are 

very useful to understand the evolution of anionic redox and, regarding practical energy 

density and cost,12, 13 the possibility to design new high-energy cathodes for Li-ion 

batteries. 

The electrochemical performance and surface behaviour of Li1.2Ni0.13Mn0.54Co0.13O2 

(abbreviated now on as LRNMC151) was studied along this chapter, and the results were 

compared with another Li-rich intercalation compound: this is Li1.2Ni0.32Mn0.4Co0.08O2 

(named as LRNMC451), which is expected to have a comparable capacity and similar 

crystal structure. 

4.3. Results 

4.3.1. Crystal structure and morphology 

Elemental analysis in ICP-OES shows that both samples have the expected 

stoichiometry according to Table 4.1. A comparison of the morphology of the studied 

samples via scanning electron microscopy is shown in Figure 4.2. with low and high 

magnification (1 µm and 100 nm scale, respectively).  
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Table 4.1. Elemental analysis of the different samples using ICP-OES, with an error of ±0.001. 

Sample Li Ni Co Mn 

LRNMC151 1.19(0) 0.13(1) 0.13(8) 0.54(1) 

LRNMC451 1.19(3) 0.32(1) 0.08(5) 0.40(2) 

 

 

Figure 4.2. SEM images of the samples prepared via sol-gel synthetic route: a) 

Li1.2Ni0.13Mn0.54Co0.13O2 and b) Li1.2Ni0.32Mn0.4Co0.08O2.  

 

The observed diameter for Li1.2Ni0.13Mn0.54Co0.13O2 is ~200 nm while in the case of 

Li1.2Ni0.32Mn0.4Co0.08O2 is ~140 nm. BET measurements were used to calculate the 

surface area and the pore size of the samples (Table 4.2.) and shows a bigger surface area 

for Li1.2Ni0.13Mn0.54Co0.13O2.  
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Table 4.2. A comparison between the surface area and porosity of the samples using BET 

measurements, as well as the approximate diameter of the particles measured in SEM. 

Sample Surface area (m2 g-1) Pore size (nm) Diameter (nm) 

LRNMC151 9.08 ± 0.10 6.59(4) 200 

LRNMC451 7.11 ± 0.04 8.20(8) 140 

 

Analysis of the crystal structure using powder X-ray diffraction shows different 

patterns for both samples according to their comparison using C2/m and R3̅m group 

standards for Li1.2Ni0.13Mn0.54Co0.13O2
5 (Code 252816 in ICSD database) and 

LiNi1/3Mn1/3Co1/3O2
14 (Code 171750) respectively as shown in Figure 4.3. It is observed 

that Li1.2Ni0.13Mn0.54Co0.13O2 is in good agreement with the theory and has the 

characteristic peaks from the C2/m space group. For Li1.2Ni0.32Mn0.4Co0.08O2, the 

spectrum shows broad peaks, giving an unclear appreciation of which kind of space 

groups are formed.  

Rietveld refinement analysis using FullProf Suite software demonstrates that both 

Li1.2Ni0.13Mn0.54Co0.13O2 and Li1.2Ni0.32Mn0.4Co0.08O2 have C2/m space group and 

therefore they have a Li2MnO3-like structure. The lattice parameters are represented in 

Table 4.3., as well as the cell volumes.  

 

Table 4.3. Cell parameters of Li1.2Ni0.13Mn0.54Co0.13O2 and Li1.2Ni0.32Mn0.4Co0.08O2. The lattice 

constants were calculated using Rietveld refinement in FullProf Suite (error of ±0.003 Å). 

Sample a (Å) b (Å) c (Å) β (degrees) Cell volume (Å3) 

LRNMC151 4.93(4) 8.54(9) 5.02(0) 109.14(4) 200.06(7) 

LRNMC451 4.91(9) 8.65(4) 5.08(0) 109.60(5) 203.45(8) 
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Figure 4.3. A comparison of X-ray diffraction spectrum between the studied samples; their 

patterns are compared with the standard space groups of C2/m and R3̅m (Code 252816 and 

171750 in ICSD database, respectively).5, 14 

4.3.2. Electrochemical Properties 

The electrochemical measurements of the different samples (cyclability and the 

differential capacity) are compared in Figure 4.4.; Li1.2Ni0.13Mn0.54Co0.13O2 and 

Li1.2Ni0.32Mn0.4Co0.08O2 were measured between 2 and 4.8 V vs. Li/Li+.  

The capacities measured shows different values depending of which sample is 

studied: for the cyclability at constant C-rate of 100 mA g-1, the first cycle for 

Li1.2Ni0.13Mn0.54Co0.13O2 shows a discharge capacity of 255 mAh g-1 and in the case of 

Li1.2Ni0.32Mn0.4Co0.08O2 the discharge capacity is 167 mAh g-1. Li1.2Ni0.13Mn0.54Co0.13O2 
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shows a discharge capacity of 195 mAh g-1 after 80 cycles, which means that there is a 

fade of 23.5%. For Li1.2Ni0.32Mn0.4Co0.08O2 is obtained a discharge capacity of 126 mAh 

g-1 after 80 cycles (capacity fade of 24.5%). 

 

Figure 4.4. Comparison of the cyclability at a constant C-rate of 100 mA g-1 and a variation of 

C-rate every 10 cycles (100, 200, 400, 800, 1600 and 100 mA g-1) and the differential capacity 

for (a) Li1.2Ni0.13Mn0.54Co0.13O2 and (b) Li1.2Ni0.32Mn0.4Co0.08O2. 

 

The differential capacity plots (measured at a constant C-rate of 100 mA g-1) show 

very different profiles for each sample. For Li1.2Ni0.13Mn0.54Co0.13O2 the first charge 

shows two different peaks, one at ~3.9 V and an intense  peak at ~4.5 V which 

corresponds to a potential plateau already reported in the literature and explained as the 
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simultaneous extraction of lithium and oxygen.15-18 The first discharge shows a shoulder 

at ~4.5 V and a peak at ~3.75 V, and a small peak at ~3 V can also be appreciated. For 

the second and the following cycles, the charge peaks appear at ~3.75 V and ~4.5 V 

(which is now very small compared with the first cycle) and discharge peaks at ~4.5 V 

and ~3.75 V similar to the first discharge but now appears a peak at ~3.1 V that increase 

with the increasing number of cycles. 

For Li1.2Ni0.32Mn0.4Co0.08O2 in the first charge peaks appear at ~3.75 V, ~4.1 V, ~4.5 

V and ~4.75 V, in the discharge the peaks appear at ~4.5 V and ~3.75 V; for the following 

cycles, the plots show a strong peak at ~3.75 V and a shoulder at ~4.4 V during charge, 

while discharge is similar to first cycle.  

For these two samples, the redox peaks that appear at ~3.75 V can be attributed to 

the electrochemical redox reactions that involve Ni2+/4+ (via the two-step process from 

Ni2+/3+ to Ni3+/4+)19-21 as it was established in Chapter 3. In the case of the redox peak that 

appears at ~4.5 V during charge, it can be assigned to anion redox, forming some oxidised 

On- species, and also to Co3+/4+. It is interesting that the differential capacity plot for 

Li1.2Ni0.32Mn0.4Co0.08O2 shows more peaks during first charge, leaving this as an unsolved 

question at this point. 

The galvanostatic cycles display a plateau at ~4.5 V for Li1.2Ni0.13Mn0.54Co0.13O2, and 

it is also quite interesting what is the expected movement of Li+ ions during charge and 

discharge as it is shown in Figure 4.5.  

The observed galvanostatic profiles vary considerable between first and second cycle 

in both materials, which is directly related with what was observed in the differential 

capacity plots; in that way, the observed plateau at ~4.5 V in the first charge is bigger for 

Li1.2Ni0.13Mn0.54Co0.13O2 than for Li1.2Ni0.32Mn0.4Co0.08O2 and this is directly related with 
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the redox charge peak. It is also noteworthy that, according to the calculations, the Li loss 

in the case of Li1.2Ni0.32Mn0.4Co0.08O2 is more important than in Li1.2Ni0.13Mn0.54Co0.13O2 

and this is directly related with the charge capacity of both materials, although this 

difference in capacity between charge and discharge is not too important for the second 

cycle of each sample.  

 

Figure 4.5. Comparison between first and second charge / discharge process and the expected 

loss of Li atoms in the stoichiometry of the material after the first two cycles for (a) 

Li1.2Ni0.13Mn0.54Co0.13O2 and (b) Li1.2Ni0.32Mn0.4Co0.08O2. 
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4.3.3. Surface behaviour and anion redox reactions 

In order to understand the electrochemical behaviour and investigate the participation 

of anionic redox as an important reason of the good capacities obtained for such materials, 

a detailed surface study via X-ray photoelectron spectroscopy is done and several 

electrodes were measure at different states of charge and discharge (as represented in 

Figure 4.5.). The obtained results for O 1s at different voltages during the first two cycles 

for both materials are shown in Figure 4.6. 

 

Figure 4.6. X-ray photoelectron spectroscopy data collected at O 1s energies in the first two 

charge / discharge cycles of (a) Li1.2Ni0.13Mn0.54Co0.13O2 and (b) Li1.2Ni0.32Mn0.4Co0.08O2. 



Chapter 4. Electrochemical and surface behaviour for Li-rich row 1 

transition metal oxides 

 

 

111 

 

Charge correction was done using O 1s, implementing the strongest component after 

deconvolution at 529.5 eV, which corresponds to the non-oxidised O2- at 529.5 eV (blue 

colour); the oxidised On- (0 ≤ n < 2) was observed at 530.5 eV (red colour). Other 

contributions for these peaks are the surface deposits from decomposition products of the 

carbonate-based electrolyte forming the CEI layer and/or possible contamination with 

dimethyl carbonate at ~532 eV (orange colour).  

The comparison between both materials shows important differences of the evolution 

of oxygen. For one part, in the case of Li1.2Ni0.13Mn0.54Co0.13O2 the formation of oxidised 

On- species takes place beyond ~4.35 V and therefore can be associated to the redox peak 

at ~4.5 V (as formation of peroxo-like species can be observed in the sample charged at 

~4.8 V). However, Li1.2Ni0.32Mn0.4Co0.08O2 already shows formation of On- species in the 

electrode charged at ~4.35 V, which means that the shoulder observed at ~4.1 V can be 

attributed to anionic oxidation, although this contribution is small. For both samples, 

oxidised On- species are observed when electrodes are fully charged at 4.8 V.  

Upon discharge, the relative contribution of the oxidised On- peak decreases 

compared to that of the non-oxidised O2- feature, but does not fully disappear for 

Li1.2Ni0.13Mn0.54Co0.13O2, suggesting that some of the oxidised On- species formed are not 

reduced back to oxide. In the second cycle, the contribution of the On- peak at full charge 

is bigger compared with the first cycle, as well as the electrode fully discharged, 

suggesting the accumulation of oxidised On- with the increase number of cycles. In the 

case of Li1.2Ni0.32Mn0.4Co0.08O2, once the On- species are formed during first charge, their 

contribution remain unchanged even at full discharge, and does not change in the second 

cycle either. 
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A better appreciation of the variation of the On- species and the average oxidation 

state for oxygen is shown in Figure 4.7. and it is also compared with the oxidation state 

of Mn, Co and Ni. The calculation of the oxidation state for both Mn, Ni and Co were 

made with the doublet separation and the shift in the position of Mn 2p, Co 2p and Ni 2p, 

while the calculation for the oxidation state for O was done by comparison of the 

percentages of contributions between the non-oxidised O2- and the oxidised On- 

components. This was also confirmed using an alternative method consisting in 

measuring the expected oxidation state for oxygen in order to charge compensate the Li 

loss and the oxidised Mn, Co and Ni.  

 

Figure 4.7. Variation of the oxidation state for O, Ni, Co and Mn for (a) Li1.2Ni0.13Mn0.54Co0.13O2 

and (b) Li1.2Ni0.32Mn0.4Co0.08O2 on the first two charge / discharge cycles according to their 

measurements using XPS, with an error of ±0.2. 

 

Focusing on Li1.2Ni0.13Mn0.54Co0.13O2, the evolution of oxidised On- can be well 

established where the oxidation state of oxygen is -2 in the pristine electrode, increasing 

until -1.5 upon full charge and decreasing to -1.8 on full discharge. The same behaviour 

was observed in the second cycle (-1.5 at full charge and -1.8 at full discharge). In the 
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case of the oxidation state of the transition metals, the maximum oxidation state for Ni 

was measured as +3.2 at full charge in the first cycle and +2.5 in the second cycle, while 

the oxidation state for the full discharge samples is +2. For Co, the variation of oxidation 

states is +3 for the pristine electrode, +3.5 at full charge in both first and second cycle 

and +3 at full discharge. Mn remains around +4 with little variations in all cases. 

In the case of Li1.2Ni0.32Mn0.4Co0.08O2 electrodes, oxygen rises from -2 in the pristine 

sample until -1.6 at full charge, remaining unchanged (with slight variations) since then. 

For this material, the most important variations are taking place at Ni, with a variation 

from +2 in the pristine electrode to +4 at full charge at 4.8 V, reducing back to +2 during 

full discharge, and this process is repeated in the second cycle. Co has more importance 

in the second cycle: in the first cycle is oxidised from +3 (pristine electrode) to +3.5 (fully 

charged) but in the second cycle is oxidised from +3 (fully discharged after the first cycle) 

to +4 (fully charged) to come back to +3 at full discharge at 2 V. As for 

Li1.2Ni0.13Mn0.54Co0.13O2, Mn remains around +4 with little variations in all cases. 

4.3.4. Raman measurements and formation of On- in the bulk 

The anion redox process is observed in the surface of the samples and can explain 

the higher capacity for Li1.2Ni0.13Mn0.54Co0.13O2 with a clear evolution of oxygen during 

charge and discharge, while in Li1.2Ni0.32Mn0.4Co0.08O2 is the cationic redox from the 

transition metals that has more importance.  

To check the formation of oxidised On- species in the bulk structure for both 

compounds, ex situ Raman spectra of the samples at different states of charge and 

discharge was measured (according to the different states assigned in Figure 4.5.) and 

the results are shown in Figure 4.8. 
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Figure 4.8. Ex situ Raman spectra for the pristine electrodes of (a) Li1.2Ni0.13Mn0.54Co0.13O2 and 

(b) Li1.2Ni0.32Mn0.4Co0.08O2 and at different states of charge / discharge in the first two cycles for 

(c) Li1.2Ni0.13Mn0.54Co0.13O2 and (d) Li1.2Ni0.32Mn0.4Co0.08O2. The area where is expected to have 

M-On- species (between 860 and 1000 cm-1) is highlighted. Raman measurements were carried 

out by Dr Filipe Braga and analysed by myself. 
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In Figure 4.8a. and Figure 4.8b., the region between 300 and 800 cm-1 

corresponding to the pristine electrodes for both samples is shown and has some 

differences compared with the LiNi1/3Mn1/3Co1/3O2 spectra observed in Chapter 3. 

According to Nanda et. al,22 the bonds measured at ~480 and ~600 cm-1 correspond to the 

Eg and A1g modes for the R3̅m space group,10, 23 respectively, and the bonds at ~420 and 

~560 cm-1 are the Bg and Ag modes for the C2/m space group,24, 25 respectively. The 

shoulder at ~640 cm-1 correspond to the νMn-O bond from the lithium manganese rich 

material, as reported previously.10, 26-28 These results are shown in detail in Table 4.4.  

The intensity of the different modes is different for each compound, one of the 

possible reasons could be attributed to the contribution of each space group in the crystal 

structure. The bands observed between 300 and 400 cm-1 are poorly resolved and can be 

related with the νMn-O bond for the R3̅m space group.24  

 

Table 4.4. A comparison of the Raman shifts and percentage of area for the different measured 

bands in Li1.2Ni0.13Mn0.54Co0.13O2 and Li1.2Ni0.32Mn0.4Co0.08O2. 

 LRNMC151 LRNMC451 

Band Position (cm-1) Area (%) Position (cm-1) Area (%) 

νMn-O 326 3.23 - - 

νMn-O 373 4.69 385 15.87 

Bg 424 15.53 422 5.46 

Eg 478 15.56 472 19.50 

Ag 567 39.32 550 37.04 

A1g 597 12.95 593 14.80 

νMn-O 642 8.71 634 7.34 
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Concentrating on Li1.2Ni0.13Mn0.54Co0.13O2 in Figure 4.8c., a formation of a new peak 

at ~940 cm-1 and a shoulder at ~920 cm-1 is observed in the electrode charged at 4.35 V 

(first cycle), the first one can be attributed to the formation of O-O stretching bond in the 

M-On- species according to the “Infrared and Raman Characteristic Group Frequencies” 

database.2, 29 The shoulder at ~920 cm-1 is related with the C-C stretching mode due to 

the presence of the conductive additive in the measured electrode.29 The disappearance 

of the νCo-O bond (~597 cm-1) could correspond to the oxidation of Co3+ to Co4+; the νLi-O 

bond (~487 cm-1) also disappears, related with the deintercalation of Li+ ions.  

The spectrum remains unchanged until discharge at 3.15 V (first cycle), where the 

peak observed at ~940 cm-1 disappears and now only the shoulder at ~920 cm-1 is 

observed; the electrode fully discharged at 2 V has a very similar spectrum than the 

pristine one. Similar behaviour is observed in the second cycle, but now the electrode 

charged at 4.35 V does not have the peak at ~940 cm-1, which is now only observed on 

fully charge at 4.8 V; now, at fully discharge, the intensity of some bonds has changed 

compared with the pristine electrode.  

The evolution of the Raman spectra for Li1.2Ni0.32Mn0.4Co0.08O2 in the first two cycles 

is observed in Figure 4.8d. and can be compared to the results for 

Li1.2Ni0.13Mn0.54Co0.13O2 and the most important change is the disappearance of the sharp 

peak at ~940 cm-1 and only observing the broad band at ~920 cm-1, which means that the 

formation of peroxo-like species for this compound is not observed in the bulk.  

4.4. Discussion 

The SEM images in Figure 4.2. shows the expected particle size and agglomeration 

according to the resorcinol-formaldehyde sol-gel polymerisation synthesis as explained 
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in Chapter 3. Crystal structure analysed via PXRD (Figure 4.3.) shows very different 

spectra between both samples: while Li1.2Ni0.13Mn0.54Co0.13O2 has very sharp peaks 

associated with good crystal structure in a single layer, Li1.2Ni0.32Mn0.4Co0.08O2 has very 

broad peaks and it is very difficult to differentiate between each other (such as the broad 

peak at ~65º that should correspond to two different peaks according to its comparison 

with Li1.2Ni0.13Mn0.54Co0.13O2 and the literature standards). This could be related with the 

formation of multiple single crystals that are randomly distributed giving place to a 

polycrystalline material.30, 31 This could explain the differential capacity for 

Li1.2Ni0.32Mn0.4Co0.08O2 as observed in Figure 4.4b., where the shoulder at ~4.1 V and 

the peak at ~4.75 V observed during first charge could be indeed additional peaks from 

~3.75 V and ~4.5 V due to the different observed faces. This explanation has to be 

investigated further in future measurements. 

The electrochemical measurements in Figure 4.4. show capacities in the first cycles 

up to 255 mAh g-1 for Li1.2Ni0.13Mn0.54Co0.13O2, while Li1.2Ni0.32Mn0.4Co0.08O2 has lower 

capacities (up to 167 mAh g-1). This is associated with oxygen redox process, as can be 

appreciated with the intense peak observed at ~4.5 V for Li1.2Ni0.13Mn0.54Co0.13O2. In the 

case of Li1.2Ni0.32Mn0.4Co0.08O2, this peak is not that strong which means that anion redox 

is almost inactive.  

The possible loss of Li+ ions for Li1.2Ni0.32Mn0.4Co0.08O2 (more important than for 

Li1.2Ni0.13Mn0.54Co0.13O2) as observed in Figure 4.5. could be related with a change in the 

crystal phase32, 33 and this also can explain why the evolution of oxygen for this compound 

does not change once the On- species are formed during first charge to charge compensate 

the loss of lithium ions, according to the XPS measurements showed in Figure 4.6., and 

also the change in Raman profile in Figure 4.8. 
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Li1.2Ni0.13Mn0.54Co0.13O2 has a clearer and efficient evolution of oxygen during the 

first two cycles (also confirmed with Raman measurements according to Figure 4.8.). 

This can also explain why the differential capacity plots between the first and second 

cycle are different in both materials, and why the anion redox activity is more important 

for Li1.2Ni0.13Mn0.54Co0.13O2 than for Li1.2Ni0.32Mn0.4Co0.08O2 (where the redox activity 

for the transition metals are more important on the other hand), directly related with the 

lower capacity for Li1.2Ni0.32Mn0.4Co0.08O2 compared to Li1.2Ni0.13Mn0.54Co0.13O2, and 

confirming than anion redox activity is really important to obtain a higher capacity in this 

type of Li-rich compounds. 

Raman measurements show in Figure 4.8. the vibration bonds between the transition 

metals and oxygen, and the evolution of peroxo-like bond in Li1.2Ni0.13Mn0.54Co0.13O2 is 

attributed to the peak at 944 cm-1 although it was never reported before (even with detailed 

Raman studies done by Bruce et al.2 and Nanda et al.22 among others), which can mean 

that this could be the first time that the O-O stretching bonds can be observed in this 

compound, but this possibility has to be confirmed in future measurements. One of the 

possible reasons why this bond is observed could be attributed to resorcinol-

formaldehyde sol-gel polymerisation synthesis and the synthesis conditions. 

The Raman band at ~940 cm-1 is not observed in Li1.2Ni0.32Mn0.4Co0.08O2, although 

XPS shows the oxidation of oxygen, which can suggest that Li1.2Ni0.32Mn0.4Co0.08O2 has 

only superficial anion redox while in the case of Li1.2Ni0.13Mn0.54Co0.13O2 also reachs the 

bulk. The reason behind this behaviour is not totally clear and has to be investigated in 

further studies. 
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4.5. Conclusions 

Two different Li-rich intercalation materials have been studied in this work, and the 

anion redox could be established with XPS measurements, which was essential in order 

to observe the evolution of oxygen for both compounds. Anion redox activity is more 

important for Li1.2Ni0.13Mn0.54Co0.13O2 than for Li1.2Ni0.32Mn0.4Co0.08O2, as also suggest 

the differential capacity plots and the obtained capacity. The charge compensation 

mechanism due to anionic redox is easier for this compound, helping to obtain high 

capacities. This difference in the results could be related with the crystal structure for 

each compound, and further measurements have to be done.  

The results for Li1.2Ni0.32Mn0.4Co0.08O2 are more complicated to establish because 

there were not previous studies for this compound, and future measurements have to be 

undergone to try to solve some questions related mainly with Raman measurements.  

The conclusion for this work is that not all Li-rich compounds behave in the same 

way, where some of them have a more important cation redox contribution than anion 

redox. Involving the evolution of oxygen is related with a better electrochemical 

performance and higher capacities; this anion redox is key in the development of new 

cathodic materials for commercial purposes, and further studies need to be done in order 

to their future synthesis in a big scale.  
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Chapter 5. 
Electrochemical and surface behaviour of 

Li-rich nickel tungsten oxides 
 

“I’m just a simple man trying to make my way in the universe.” 

 Jango Fett 

Star Wars: Episode II - Attack of the Clones 

5.1. Overview of the chapter 

In this chapter, a novel non-stoichiometric Li2MO3-type compound with a heavy 

metal ion is proposed: Li4+xNi1-xWO6, where an exhaustive study of Li4.15Ni0.85WO6 was 

undertaken. This material has unique electrochemical properties due to W6+ and the 

crystal structure, giving a differential capacity that differs from other studied materials. 

The anionic redox of O2- plays a major role, where the majority of the capacity of the 

material is coming from the redox processes involving the anion. 

Electrochemical and structural characterisation techniques were used, with a special 

focus on XPS, where different electrodes charged and discharged at different voltages 

were studied, and the role of Ni and O in the charge compensation during electrochemical 

delithiation was investigated; anionic redox is observed and established. Large discharge 

hysteresis below 2 V is also observed. 
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5.2. Introduction 

In this chapter, a novel non-stoichiometric family of Li-rich compounds following 

the formula of Li4MM’O6
1-3 is established. The stoichiometry for these materials are 

Li4+xNi1-xWO6 (0 ≤ x ≤ 0.25), specially focused on one stoichiometry in particular: 

Li4.15Ni0.85WO6, which consists in a Li-rich rocksalt oxide exhibiting partial cation 

ordering, without fully occupied lithium layers separated of [MO6]
n- octahedra and 

forming the honeycomb array as shown in Figure 5.1. The space group is C2/m. 

 

Figure 5.1. The rock-salt structure of Li4.15Ni0.85WO6 viewed along the [010] direction (a) and 

honeycomb-like ordering around W in the W/Ni-rich layer (b). Crystal structure simulation 

designed by Dr Zoe Taylor and Dr Michael Pitcher. 
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This novel family of Li-rich oxides derives from the Li4NiWO6 phase reported by 

Mandal et al.4 and follows early reports of a tungsten containing compound evaluated as 

a lithium intercalation material. W6+ provides electroneutrality and structural stability to 

the rock-salt based structure and allows the influence of a 5d0 metal on the 

electrochemical properties according to the numerous reports of stable tungsten peroxo 

and superoxo species.5-8 The theoretical capacity for Li4.15Ni0.85WO6 was calculated to be 

310 mAh g-1 considering complete deintercalation.  

5.3. Results 

5.3.1. Electrochemical properties 

Electrochemical measurements at long cycling (C-rate of 20 mA g-1) are shown in 

Figure 5.2. The first charge / discharge cycle for this material shows a capacity of 400 

mAh g-1 when is charged to 5 V, with some irreversible capacity on discharge to 1 V 

reaching up to 200 mAh g-1, decreasing to 175 mAh g-1 after 20 cycles. Capacity fading 

can be observed after 25 cycles.  

Figure 5.2c. shows the differential capacity curve at different cycles of 

Li4.15Ni0.85WO6. The irreversible capacity on the first cycle, and subsequent modification 

of the capacity-voltage curve observed in Figure 5.2d., indicates a change in the crystal 

structure upon initial charging, which could be related to a rearrangement of cations or 

oxygen release from the material.  
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Figure 5.2. Electrochemical performance of Li4.15Ni0.85WO6 as cathode material. (a) 

Galvanostatic measurement at different cycles. (b) Cyclability and coulombic efficiency. (c) 

Differential capacity at different cycles. (d) Comparison between the first charge / discharge and 

the expected loss of Li atoms in the stoichiometry of the material after first discharge.  

 

A more detailed differential capacity is shown in Figure 5.3., with three redox 

processes occurring at 3.7, 4.2 and 4.7 V vs. Li/Li+ on the first charge, and most of the 

redox activity on discharge happening at 1.7 V, which is related with the plateau observed 

in Figure 5.2a. and Figure 5.2d. Such a large voltage hysteresis (2-3 V) is uncommon 

for rocksalt oxide cathode materials, and was therefore investigated further. On the 
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second cycle, different processes are observed, with ~0.35 Li+ deintercalated at 2 V and 

the remaining 2.25 Li+ at 4 and 4.4 V. The strongest discharge redox peak still appears at 

1.7 V. 

 

Figure 5.3. Differential capacity of the first two cycles and their difference in the redox processes. 

The difference in the redox peaks observed between both cycles is related with the change in the 

crystal structure that is taking place upon initial charging.  

 

To understand the origin of the irreversibility observed in Figure 5.2d., several cells 

were cycled with different maximum cut-off voltages, and the corresponding differential 

capacity curves are shown in Figure 5.4.  

For a 4 V cut-off, less than 100 mV polarisation is observed between the oxidation 

and reduction processes and the capacity of 85 mAh g-1 is fully recovered. After charging 

at 4.5 V with a capacity of 225 mAh g-1, several broad reduction peaks are spread between 



Chapter 5. Electrochemical and surface behaviour of Li-rich nickel 

tungsten oxides 

 

 

128 

 

3.4 and 4.4 V, and an intense peak appears at 1.7 V corresponding to the low voltage 

plateau described previously.  

 

Figure 5.4. Differential capacity plots of the voltage window opening experiment performed on 

Li4.15Ni0.85WO6 with upper cut-off voltages of 4, 4.5 and 5 V. Two small features appearing on 

discharge after oxidation above 4.5 V are highlighted in the inset. 

 

The modification is even more obvious when the material is fully charged to 5 V, 

with only a broad reduction feature left at 4 V and most of the capacity recovered on the 

1.7 V plateau. The appearance of two small features during discharge at 2.2 and 2.8 V 

(see inset of Figure 5.4.) when the sample is charged at 4.5 V could indicate a small 

fraction of cations (Ni or W) in different coordination environments. Another remark is 

that the irreversible capacity on the first cycle is due to the redox process at 4.2 V. 
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5.3.2. Charge compensation mechanism 

The oxidation states for the transition metals are calculated to be Ni2.18+ and W6+; that 

means that Ni is partially oxidised in the pristine material, and the formula can be re-

written as Li4.15Ni3+
0.15Ni2+

0.7WO6. Considering W as redox inactive, only Ni was 

supposed to be oxidised in this material. Redox reaction of Ni2.18+/Ni4+ can only 

participate up to 127 mAh g-1 and this cannot explain the high initial charge capacity (400 

mAh g-1) and reversible discharge capacity (200 mAh g-1). To understand the role played 

by Ni, W and O in the different electrochemical processes, several spectroscopic 

techniques were used for measuring selected ex situ samples.  

X-ray absorption near edge structure (XANES) spectroscopy was used for analysis 

of the nickel and tungsten oxidation states, near the Ni K- and W LIII-edges, as shown in 

Figure 5.5. The data was calibrated using Ni/W metal foil references and normalised with 

the Athena software.9  

XANES measurements at W L3-edge (Figure 5.5a.) shows a very slight change in 

shape of the absorption peak from 4 to 4.5 V that cannot be assigned to a change of 

oxidation state but rather to a distortion of the W local environment. This is consistent 

with an irreversible transformation of the material with the 4.5 V process, as the double 

peak initially observed seems to coalesce and remains unchanged on further cycling.  

The Ni K-edge was used to probe the activity of Ni, with NiWO4 and LiNiO2 as 

standards for +2 and +3 oxidation states, respectively. The edge position of the pristine 

sample is similar to that one corresponding to the NiWO4 standard (see Figure 5.5b.), as 

it was expected from a majority of Ni2+ ions in the starting material.  
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Figure 5.5. X-ray absorption spectroscopy data of cycled Li4.15Ni0.85WO6. Ex situ spectra at W 

L3-edge on the first cycle (a) and Ni K-edge on the first (b) and second (c) cycles were measured 

for cycled samples at different states of charge / discharge. The spectra for W4+O2, W6+O3, 

Ni2+W6+O4 and LiNi3+O2 are given as references. XANES measurements were carried out by Dr 

Zoe Taylor and Dr Michael Pitcher and analysed by Dr Arnaud Perez. 
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Upon charging to 4 V, the edge gradually shifts to higher energies and finally reaches 

the edge position of the LiNiO2 standard at 4.5 V, indicating oxidation of Ni2+ to Ni3+. 

Further oxidation to 5 V does not affect the edge, which suggests that the Ni oxidation is 

limited to Ni3+, making Li4.15Ni0.85WO6 a rare example of cathode material with the 

average oxidation state of nickel being considerably less than +4 after charging to 5 V. 

On discharge, Ni is partially reduced back to an oxidation state between Ni2+ and Ni3+ at 

3 V, and to Ni2+ when discharged to 1 V. During the second cycle, the oxidation of Ni 

seems to start at a higher voltage, between 4 and 4.5 V (Figure 5.5c.), but does not reach 

the full Ni3+ oxidation state. This is possibly a consequence of structural reorganisation 

during the first cycle that leaves some Ni2+ ions inactive in the material, resulting in a 

broadening of the Ni K-edge maximum but no clear shifts of the edge position.  

According to what it is observed in XANES, only the Ni2.18+/Ni3+ redox is active in 

the material. The specific capacity of this transition theoretically account for about 64 

mAh g-1 whereas the first discharge capacity reaches 200 mAh g-1, leaving two thirds of 

the capacity unexplained.  

To investigate the possible participation of oxygen redox to the charge compensation 

mechanism, O 1s and W 4f XPS spectra were collected to probe the presence of oxidised 

oxygen species. Figure 5.6. compares the XPS results for these spectra at different 

voltages for the first and second cycle.  

Charge correction was done using O 1s, implementing the strongest component after 

deconvolution at 530.6 eV, which corresponds to the non-oxidised O2- (blue colour). The 

oxidised On- (0 ≤ n ≤ 2) at 532.2 eV is shown in red colour. Other contributions for these 

peaks are the surface deposits from decompositions products of the carbonate-based 
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electrolyte and the CEI layer at ~534 eV (orange colour) and a small contribution at lower 

binding energy (~529 eV) attributed to an oxygen environment rich in nickel (green).10  

Between the uncharged material and up to 4.5 V, the spectra are dominated by the 

signal of oxygen O2- and shows little variation, with only weak contributions of oxidised 

On- at higher binding energy (appearing at 4 V) and environment rich in nickel at lower. 

When the sample is fully charged at 5 V, the contribution of oxidised On- significantly 

increases; other contributions arising from deposited species are also very intense for this 

sample, as it is expected to have some electrolyte decomposition at the cathode surface at 

high voltage. Upon discharge, the relative intensity of the On- peak decreases compared 

to that of the O2- one but does not fully disappear, suggesting that some of the On- species 

formed are not reduced back to oxide. On the second cycle, the contribution at 532.2 eV 

increases again at 4.5 V, a lower voltage compared to the first cycle. The small 

contribution coming from the environment rich in nickel disappears at high voltages and 

appears when is fully discharged; the disappearance of this contribution with the increase 

On- species suggests that this environment is independent of the oxidation state of Ni and 

only depends of the presence of On- species. 

The same observations can be made from monitoring the W 4f doublet position, 

which is very sensitive to changes in local environment of W ions. The doublet shown in 

blue (4f7/2) and cyan (4f5/2) for the contribution with non-oxidised oxygen environment 

and in red (4f7/2) and pink (4f5/2) for the contribution with oxidised On-. At 5 V, the doublet 

shifts to higher binding energy suggesting an increase of ionicity of W-O bonds with 

decreasing Li content, and a new doublet appears, whose evolution closely follows that 

of the On- peak on the O 1s spectra. This new doublet is therefore assigned to a new W 
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environment coordinated by the oxidised On- species, and its relative intensity is 

correlated with the amount of oxidised oxygen next to the surface of the sample.  

 

Figure 5.6. X-ray photoemission spectroscopy data collected at O 1s and W 4f energies on the 

first two charge / discharge cycles of Li4.15Ni0.85WO6.  
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In order to support this assignment, the measurement of the XPS spectra of two 

reference samples with W6+ cations in different coordination environments, namely WO3 

and WO2(O2)H2O (which contains a peroxo (O2)
2- ligand),11 were done (Figure 5.7.). The 

position of the O 1s peak (530.7 eV) and W 4f doublet (35.9-38.0 eV) of WO3 are in good 

agreement with the corresponding O2- (530.6 eV) and W-(O2-) (35.5-37.6 eV) peaks of 

the fully charged sample, whereas the position of the O 1s peak (532.7 eV) and W 4f 

doublet (36.9-39.0 eV) of WO2(O2)H2O correspond to the On- (532.2 eV) and W-(On-) 

(36.9-39.0 eV) peaks in the fully charged sample. The charge correction was done with 

C 1s (graphitic carbon at 284.6 eV). 

 

Figure 5.7. O 1s and W 4f X-ray photoemission spectroscopy data collected on standard W 

compounds. In the O 1s spectra, the contributions of O2- and On- (or (O2)2- for WO2(O2)H2O) are 

shown in blue and red, respectively. Some contribution of water is also shown in cyan for 

WO2(O2)H2O. 
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Finally, the splitting of both W-(O2-) and W-(On-) doublets remains constant at any 

state of charge (2.14 eV), confirming that W has an oxidation state of +6 at all points 

along the charge / discharge curves. 

Figure 5.8. shows the evolution of oxidised On- in the first two cycles, as well as the 

change in oxidation state for O and Ni. The calculation of the oxidation state for Ni was 

made with the doublet separation of Ni 2p, and its evolution coincides with what was 

observed in XANES. The higher oxidation state for both O and Ni observed in the 

discharge of the second cycle is to charge compensate the Li loss. 

 

Figure 5.8. Evolution of oxidised oxygen On- (a) and oxidation state for the redox active centres 

(b) on the first two charge / discharge cycles of Li4.15Ni0.85WO6. 

 

The possible explanation of why most oxidised oxygen species appears above 4.5 V 

on the first charge (and the subsequent difficulty to understand the charge compensation 

mechanism between OCV and 4.5 V) is that XPS, which is a surface sensitive technique, 

cannot detect the oxygen oxidised close to the surface if it evolves as oxygen gas. It is 

possible that oxygen is oxidised at lower potential in the bulk of the material, according 
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to the low intensity contribution in the 4 and 4.5 V samples and further studies have to be 

done to understand what is happening in the bulk of the material.  

In order to observe the evolution of oxygen in the bulk and to reproduce the obtained 

XPS results for O 1s and W 4f at different stages of charge and discharge during the first 

two cycles, HAXPES measurements were carried out in Diamond Light Source 

synchrotron. The energy of the beam was 2.1 and 6.45 keV.  

The cathodic electrodes were prepared by Dr Arnaud Perez as mix of active material 

/ Super C carbon / Polytetrafluoroethylene (PTFE) binder (85:10:5 by wt) and they were 

free-standing (the aluminium current collector was not used). 

The measurement of the whole region gave place to the observation of  the main core 

peaks of each material that form part of the composition of the electrodes, but also some 

contamination is observed in most of the analysed samples, mainly copper (with an EB 

for Cu 2p3/2 of ~933 eV) from the sample plate, but also some other elements such us Au 

and Ag were observed. The reason of this contamination remains unclear, but could occur 

during the transportation and/or manipulation of the samples inside glovebox or the 

HAXPES machine. An example of this contamination can be observed in Figure 5.9a., 

where an example of measured electrodes (pristine electrode, fully charged at 5 V and 

fully discharged at 1 V during first cycle, respectively) are represented for HAXPES 

measurements with a beam energy of 2.1 keV, and the contamination peaks are observed; 

the Cu 2p peak observed in the electrode fully charged at 5V is the most intense and it is 

observed in the most of the analysed samples.  
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Figure 5.9. Survey spectra of HAXPES measurements at (a) 2.1 keV and (b) 6.45 keV for the 

pristine electrode and the electrodes fully charged at 5 V and fully discharged at 1 V during the 

first cycle. Ni 2p, F 1s, O 1s, C 1s and W 4f peaks are observed, but also some impurities where 

measured as circled and assigned as Cu, Ag and Au. 
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In Figure 5.9b., HAXPES measurements for a 6.45 keV beam energy for the same 

electrodes are represented. The signal for these spectra presents more noise compared 

with those coming from the 2.1 keV energy, but it is possible to distinguish the main core 

peaks of the different elements and additional peaks at ~250 and ~430 eV that correspond 

to W 4d and W 4p, respectively. These peaks from tungsten can barely be observed in 

soft XPS, which demonstrates the importance in the use of high energy to produce the 

photoemission of core electrons from orbitals of more difficult accessibility with the 

traditional Mg and Al anode sources.12-14  

The absence of other peaks in the most of the samples suggests that the contamination 

does not reach the bulk, but some small peaks that could be observed (like in the region 

at ~150 eV in the electrode fully discharged at 1 V in Figure 5.9b.) remain unexplained. 

Taking a look more in depth for the electrode fully discharged at 1 V in both energies, 

it is observed a variation in the F 1s peak, where the singlet is now a doublet, and the 

contribution of the C-F component in the C 1s increases significantly. This could mean 

that there is a change in the environment of PTFE binder during the discharge. 

A detailed analysis of O 1s and W 4f were done in HAXPES in order to compare 

with the obtained results in XPS. In Figure 5.10., the results for O 1s using energies of 

2.1 and 6.45 keV are shown. An important contribution is observed at ~529 eV in both 

energies: in the case of the measurements using an energy of 6.45 keV, it is attributed to 

an oxygen environment rich in nickel; for the measurements with 2.1 keV, where the 

contamination with Cu was significant in most of the samples, this peak is a combination 

of Cu-O and Ni-O bond because both appear at the same EB. 
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Figure 5.10. HAXPES data collected for O 1s using an energy of 2.1 keV and 6.45 keV on the 

first two charge / discharge cycles of Li4.15Ni0.85WO6.  
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Figure 5.11. HAXPES data collected for W 4f using an energy of (a) 2.1 keV and (b) 6.45 keV 

on the first two charge / discharge cycles of Li4.15Ni0.85WO6. The contribution of F 2s and W 5p3/2 

can be appreciated in the spectra. 
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The contributions of non-oxidised O2- and oxidised On- appear at 530.6 and 532.2 

eV, respectively, the same EB as observed in XPS. Non-oxidised O2- and oxidised On- are 

shown in blue and red, respectively. Other contributions for these peaks appearing at ~534 

eV (orange colour) are attributed to the presence of other oxides and hydroxides such as 

Cu(OH)2.  

The formation of oxidised On- in both energies follows a similar behaviour than 

observed in XPS except for the electrode charged at 4V, that differs from the XPS spectra, 

obtaining unexpected high values for oxidised On-. The most important difference 

regarding XPS is observed in the contribution at ~529 eV, above all with the use of 6.45 

keV, where the peak increases in intensity.  

Figure 5.11. shows the W 4f doublet position for both energies, and once again these 

results are comparable with those obtained in XPS. The doublet shown in blue (4f7/2) and 

cyan (4f5/2) (33.5-35.6 eV) corresponds to the contribution with non-oxidised oxygen O2- 

environment and the doublet in red (4f7/2) and pink (4f5/2) (34.5-36.6 eV) is the 

contribution with oxidised oxygen On-. An important contribution observed in almost all 

the samples appears at ~39 eV (orange colour) and it is attributed to W 5p3/2 (appearing 

in these measurements due to a different emission angle and cross section15, 16 than used 

in XPS). Additional peaks are also observed, such as a doublet at lower EB (32-34.1 eV) 

in the electrodes discharged at 1 V (first and second cycle) due to a different environment 

in these samples, and a green peak at ~28 eV attributed to F 2s can be also appreciated in 

these electrodes but also in the electrode charged at 4 V (1st cycle) and charge at 5 V (2nd 

cycle). The shift in position that was observed in XPS is barely significant in the measured 

HAXPES samples. 



Chapter 5. Electrochemical and surface behaviour of Li-rich nickel 

tungsten oxides 

 

 

142 

 

In Figure 5.12. the evolution of oxidised oxygen and the oxidation states for the used 

photon energies are observed. If these results are compared with those obtained for soft 

XPS (Figure 5.8.), and leaving apart the errors obtained in the measurement due to the 

contamination of the samples, the results follow a similar pattern, demonstrating that 

oxidised On- is also formed in the bulk of Li4.15Ni0.85WO6. The fact that the sample 

charged at 4 V has those higher values for oxygen (and also a different shape in O 1s and 

W 4f spectra) could be related with a bad labelling during the handling in HAXPES 

measurements and that sample may be indeed the one that correspond at 5 V. 

 

Figure 5.12. Evolution of oxidised oxygen On- (a) and oxidation state of oxygen (b) on the first 

two charge / discharge cycles of Li4.15Ni0.85WO6 using energies of 2.1 and 6.45 keV. 

 

Additional HAXPES measurements were done previously to the presented one in 

beamline P09 of PETRAIII (Hamburg, Germany). Due to problems of handling and 

transportation, the analysis of these samples showed more problems of contamination 

than those measured in Diamond Light Source. Furthermore, the poor signal and the 

strong W 5p3/2 peak due to the used emission angle and cross section15, 16 causing that the 
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W 4f was not possible to observe and therefore to analyse, leaving O 1s the only peak 

with a successful signal to obtain relatable results as shown in Figure 5.13.  

 

Figure 5.13. HAXPES data collected for O 1s for (a) first and (b) second cycle and the evolution 

of oxidised oxygen On- (c) and oxidation state of oxygen (d) on the first two charge / discharge 

cycles of Li4.15Ni0.85WO6 in beamline P09 of PETRAIII (Hamburg, Germany) with a photon 

energy of 5947.9 eV.  
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The evolution of oxidised oxygen and the overall oxidation state of oxygen is also 

shown, following a similar pattern as shown in previous data for soft XPS and HAXPES. 

5.3.3. Formation of stable O-O bonds 

After measurements carried out via XANES, XPS and HAXPES, it is possible to 

confirm at this point that the high reversible capacity of Li4.15Ni0.85WO6 (200mAh g-1 on 

first cycle) can be explained by anionic redox despite the low participation of Ni to the 

charge compensation mechanism. The low voltage of the reduction plateau at 1.7 V 

confirms the difficulty to reduce back the oxidised On- species formed during charge.  

 

Figure 5.14. Experimental Raman spectra of WO2(O2)H2O (black) and its comparison with 

Li4.15Ni0.85WO6 charged at 5V (red). Raman measurements were carried out and analysed by Dr 

Filipe Braga. 
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W6+ can stabilise peroxo (O2)
2- ligands in aqueous media through the formation of 

coordination complexes due to its d0 electronic configuration and associated π acceptor 

character.17 WO2(O2)H2O is a good example of this property, and shows clear signature 

peaks between 900 and 1000 cm-1 in both infrared11 and Raman spectroscopies as can be 

observed in Figure 5.14.  

The most intense peak at 983 cm-1 is generally assigned to the short W-O bond 

stretching mode,18 and the less intense peak at 920 cm-1 to the stretching of peroxo O-O 

bond. To check the formation of O-O bonds in the bulk structure of Li4.15-xNi0.85WO6, ex 

situ Raman spectra of samples at different states of charge and discharge were measured, 

and the results are shown in Figure 5.15.  

The pristine material has one main broad Raman band at 810 cm-1 corresponding to 

the W-O stretching mode and less intense peaks (327, 460, 515 cm-1) at lower shifts where 

could correspond to bending / deformation modes. Upon charging to 4 V, the intensity of 

the main peak decreases and a sharper peak appears at 930 cm-1, joined by a second peak 

at 910 cm-1 at 4.5 V. Finally, the fully charged sample (5 V) shows a very well-defined 

Raman spectrum, with relatively sharp and intense peaks, suggesting that the local 

structure of the fully charged sample is fairly ordered.  

Focusing on the peaks in the 800-1000 cm-1 region in the fully charged sample, there 

is a very intense peak at 890 cm-1 and a second peak at 930 cm-1 that appears as a shoulder. 

While the presence of the peak at 930 cm-1 remains in all subsequent spectra, including 

the fully discharged samples, the most intense band at 890 cm-1 progressively disappears 

again upon discharge and is replaced at 1 V by a broader band centred at 830 cm-1. On 

the second cycle, a perfectly reversible peak evolution is observed, consistent with the 

improved reversibility on subsequent cycles. The position of the peak at 930 cm-1 is in 
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good agreement with that at 920 cm-1 in WO2(O2)H2O (Figure 5.14.), and can be assigned 

as the formation of an O-O peroxy bond.  

 

Figure 5.15. Ex situ Raman spectra for different states of charge / discharge of Li4.15Ni0.85WO6. 

The pristine and fully charged spectra are highlighted in light purple and red, respectively. Raman 

measurements were carried out and analysed by Dr Filipe Braga. 
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The comparison with the hydrated tungsten peroxide WO2(O2)H2O provide strong 

evidence for the formation of peroxo bonds upon full charge of Li4.15Ni0.85WO6.
19 It is 

consistent with the information obtained from XPS and HAXPES, confirming that the 

oxidation of oxygen is not only happening at the surface, but also is a bulk effect. Finally, 

the fact that the peak at 930 cm-1 does not completely disappear at the end of the first 

cycle is also consistent with the XPS data and indicates that some peroxo species are 

formed irreversibly and maintained through subsequent cycling, thus explaining some of 

the irreversible capacity of the first cycle.  

5.4. Discussion 

The combination of different techniques helped us to obtain some insights in the 

electrochemical behaviour of Li4.15Ni0.85WO6. Maybe the most important result is the 

impossibility to access the Ni3+/4+ redox, which suggests a tight competition between the 

redox activities of Ni and O. According to density functional theory (DFT) calculations 

used to investigate the electronic structure of this material, the computed voltage for x = 1 

in Li4-xNiWO6 is found 0.2-0.4 V higher for the anionic redox compared to the cationic 

Ni2+/3+ model.19, 20 This is consistent with Ni oxidation at 3.7 V observed in both XANES 

and XPS, and points the small difference in energy between cationic and anionic redox 

in this material. As no change in the oxidation state of Ni beyond +3 is observed 

experimentally and irreversibility increases when charging above 4 V, the material 

undergoes some irreversible oxidation of oxygen and gas release from the surface, 

corresponding to the process at 4.2 V on the first charge. This would explain that oxidised 

oxygen species are not observed via ex situ XPS in samples until 5 V. Nevertheless, the 

reversible formation of peroxo (O2)
2- species on the second cycle, measured by Raman, 
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XPS and HAXPES, proves that the large reversible capacity on discharge (200 mAh g-1) 

is due to both cationic and anionic redox, which the last one contributing to at least 2/3 

of this capacity. Assuming that the Ni2.18+/Ni3+ redox is fully used, 1.75 e- are to be 

accounted for by oxygen, i.e. 0.29 e-/O after normalizing by the number of oxygen in the 

formula unit, which is slightly higher than Li1.2Ni0.13Mn0.56Co0.13O2 (0.25 e-/O) according 

to Luo et al.21 Thereby reflecting the possibility of attaining considerable reversible 

anionic redox capacity from localised O-O bond formation. 

About the large voltage hysteresis observed upon activation of oxygen redox, it 

should be pointed that this is a true concern for the development of Li-rich cathode 

materials,21-23 as it results in a large penalty on the round-trip energy efficiency (< 90% 

for Li1.2Ni0.13Mn0.56Co0.13O2). Such hysteresis has been correlated with oxygen redox 

activity and cationic migrations,23-25 with both resulting in different thermodynamic 

pathways on charge and discharge.  

The use of high-valence d0 cations to increase the lithium content leads to higher 

capacities, thanks to the combined participation of cationic and anionic redox. However, 

high-valence d0 cations also stabilise the formation of O-O bonds with a bond order n 

close to 1, compared to open shell transition metals and main group elements, resulting 

in a large energy penalty to break the bonds upon reduction. The empty antibonding (σ*) 

states of quasi molecular (O2)
2- species are difficult to reduce back, as they lie well above 

the Fermi level.19 Such reduction is possible in Li4.15Ni0.85WO6, at a very low discharge 

voltage of 1.7 V that makes the energy efficiency drop dramatically to 50%.  



Chapter 5. Electrochemical and surface behaviour of Li-rich nickel 

tungsten oxides 

 

 

149 

 

5.5. Conclusions 

In this work, the structural and electrochemical properties of Li4.15Ni0.85WO6 were 

explored. The fact that Ni could not be oxidised beyond Ni3+ even at high voltage (5 V) 

leaves the large reversible capacity mostly unexplained by a classical cationic redox 

mechanism. The capacity associated with oxygen redox in this material is thus 

considerably larger than that obtained with the oxidation of the cations (two thirds versus 

one third of the total capacity, respectively).  

XPS was a key technique in the observation of the evolution of oxygen redox along 

the cycles, as well as the obtained oxidation state of Ni during charge and discharge 

process confirmed with XANES. Raman spectroscopy combined with DFT calculation 

show for the first time evidences of the formation of true peroxo species (O2)
2- stabilised 

by the presence of 5d0 W6+ cations (also confirmed with HAXPES measurements). This 

results in a good reversibility of the anionic redox process after the first activation cycle, 

with however a very large voltage hysteresis between charge and discharge that we 

attribute to the difficulty in reducing stabilised (O2)
2- species, highlighting the importance 

of balancing oxygen oxidation with enabling reversing it. Such findings can be 

generalised to other d0 containing Li-rich rocksalt oxides, which also struggle with large 

voltage hysteresis and low energy efficiency, although the origin of this issue had not 

been investigated until now.  

To conclude, it is expected that this work could be very useful in a near future in 

defining new strategies to decrease the voltage hysteresis and bring high capacity rocksalt 

oxides closer to potential applications.  
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Chapter 6. 
Conclusions and further work 

 

“Always look on the bright side of life.”  

Life of Brian 

 

A study of different positive electrode materials for Li-ion batteries have been 

provided along this thesis, and the structure, surface and electrochemical properties could 

be linked each other to understand the behaviour of these compounds. 

Different synthetic routes for LiCo1/3Ni1/3Mn1/3O2 were studied in Chapter 3, and the 

electrochemical characterisation showed different capacities directly related with the used 

synthesis. The use of different characterisation techniques, especially XPS, helped to 

provide an answer about why resorcinol-formaldehyde sol-gel polymerisation had the 

best electrochemical performance compared with the rest of the samples. SEM images 

showed that there is a direct relationship between the capacity and the particle size, 

concluding that the capacity improves with the decrease of the particle size. Sol-gel 

samples turned out to be very stable in the surface due to their small particles and narrow 

distribution, and they react less with humidity and carbon-based compounds that form 

part of the air.  

In future measurements, it is recommended to synthesise fresh samples using both 

the co-precipitation and sol-gel synthetic methods, but with a better control in the 
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environment during the formation of the final product and heating the samples at high 

temperatures with pure O2 gas that is not contaminated with either moisture or carbonates. 

This would likely result in better capacities, especially in the case of the co-precipitation 

samples, because the formation of the passivation layer could be avoided or, at least, 

reduced. 

The study of Li-rich compounds in Chapter 4 showed a very different behaviour 

according to the crystal structure that is formed for each sample. The different 

stoichiometry for each other (despite the used synthetic route is the same) showed that 

Li1.2Ni0.13Mn0.54Co0.13O2 is more anion redox active than Li1.2Ni0.32Mn0.4Co0.08O2 and 

therefore the electrochemical performance is much better.  

A detailed XPS analysis showed that oxygen has an important redox activity for Li-

rich materials, and an important evolution of oxygen at different states of charge and 

discharge could be observed for Li1.2Ni0.13Mn0.54Co0.13O2. However, this is not the same 

for Li1.2Ni0.32Mn0.4Co0.08O2, where the most of the redox activity is coming from Ni and 

Co and that explains the lower capacity for this last compound.  

The possible observation of oxidised On- for Li1.2Ni0.13Mn0.54Co0.13O2 in ex situ 

Raman has to be studied more in detail in future measurements to make sure that this 

observed bond is indeed the expected O-O stretching bond. Additional computational 

calculations using density functional theory (DFT) technique can be developed in order 

to confirm that we have a real O-O stretching bond, as well as in situ Raman 

measurements to observe the same behaviour than in ex situ Raman studies. HAXPES 

measurements could also be a good option in order to confirm that oxygen redox activity 

takes place in the bulk and not only in the surface, as well as XANES measurements to 
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confirm the oxidation state of the transition metals at different stages of charge and 

discharge. 

Finally, a new family of Li-rich rocksalt oxides was studied in Chapter 5, with 

special attention in the case of Li4.15Ni0.85WO6 compound. Apart from the usual studies 

of the capacity and other lab-based characterisation techniques, the use of synchrotron 

energy techniques such as XANES and HAXPES were used, and a detailed study for this 

material was done.  

The combination of XANES and XPS studies could confirm that Ni cannot be 

oxidised beyond Ni3+ and W is not redox active, concluding that the most of the capacity 

for this material is coming from oxygen redox activity. Raman spectroscopy could 

identify the presence of O-O peroxy bonds in the structure of the material. Despite the 

HAXPES data was affected by contaminants, similar trends were observed that support 

the formation of peroxide. However, future works include the careful repetition of the 

HAXPES measurements.  

For the samples synthesised by myself, resorcinol-formaldehyde sol-gel 

polymerisation was found to be the optimum synthetic method to produce materials with 

superior electrochemical performance. Their simplicity consists in a relatively quick 

polymerisation and less control in the formation of their intermediates than other 

techniques and the final product have nanoparticles of considerable homogeneity and 

stability, as well as a stable surface that is responsible for their high capacity. In spite of 

their good electrochemical performance, sol-gel synthesis has some challenges that need 

to be solved in order to be reproduced in a big scale for their commercialisation: the fact 

that one of their steps during the synthesis implies a calcination of the samples in order 

to eliminate carbon-based compounds would give place to the production of a big amount 
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of CO2 gas. For commercial purpose, there exist the possibility to apply different methods 

to trap CO2 and other hydrocarbon gases in order to avoid their emission to the 

atmosphere, and some of these methods even allow to recycle these gases for other 

synthetic procedures. 

These studied materials are a real option to be applied in the next generation of 

commercial batteries. LiCo1/3Ni1/3Mn1/3O2 presents good electrochemical performance 

and it is relatively cheap to synthesise. However, Li1.2Ni0.13Mn0.54Co0.13O2 is the best 

option to be used as cathode in a commercial battery due to its high capacity and stability, 

as well as a good voltage window. Li1.2Ni0.32Mn0.4Co0.08O2 presents a lower capacity 

compared to Li1.2Ni0.13Mn0.54Co0.13O2 but future studies and the use of alternative 

synthetic routes can help to obtain a better electrochemical performance.  

In the case of Li4.15Ni0.85WO6 compound, although it has a very similar capacity than 

Li1.2Ni0.13Mn0.54Co0.13O2, the high cost of tungsten, the large voltage window and the 

large hysteresis due to the difficulty of reducing back the oxygen causes the impossibility 

to be applied in commercial batteries, although this material can be used as a reference 

(and even a precursor) in the future development of high-energy commercial Li-ion 

batteries.  
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