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Abstract
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The commercialisation of Li-ion batteries over the last decade has provided additional impetus
for the improvement of existing energy storage technologies. Towards this, a major portion
of the global efforts includes exploratory research aimed at the development of new material
chemistries. Aligning with this theme, this Thesis explores the synthesis–structure–property
relationships in Li- and Mn-rich layered oxides, a cost-effective high-capacity material system
that shows promise as a positive electrode material for future Li-ion batteries. The compositional
and crystallographic diversity of Li- and Mn-rich layered oxides make them particularly
susceptible to synthesis-dependent variations and exacerbates structural characterisation.
Therefore, understanding how synthetic variations influence their structural and electrochemical
properties is a crucial step in realising their potential as positive electrode materials.

Even for simple compositions like Li2MnO3, dissimilar crystallographic ordering and particle
morphologies are produced depending on whether a solid-state or sol-gel synthesis approach was
implemented. Subsequently, due to the higher degree of structural disorder and larger surface
area, the sol-gel sample exhibited higher initial electrochemical capacities. The structural
features present in these compounds such as cation site-mixing and stacking faults, manifest
over varying crystallographic regimes. Hence, complementary characterisation techniques that
probe different structural length scales are necessary for an accurate structural characterisation
of these compounds. This factor, together with their complex crystallography, have led to
contradictory single- and multi-phase structure models being reported for complex Li- and
Mn-rich layered oxides. By using a combination of diffraction, spectroscopic techniques
and magnetic measurements it was discovered that Li1.2Mn0.54Ni0.13Co0.13O2 can exist in both
single- and multi-phase structural forms if synthesised through sol-gel and solid-state methods,
respectively. Further studies following the same theme revealed that when synthesised under
common laboratory conditions these compounds are metastable. Here, the composition and
synthesis play a critical role in the thermodynamic and kinetic factors affecting the resultant
phase, domain structure and degree of cationic order. Finally, to encompass all the structural
features contained in Li- and Mn-rich layered oxides, a supercell-based structure model for
Li- and Mn-rich layered oxides, using Li1.2Mn0.6Ni0.2O2 as an example, is presented. Summing
all the work together from the thesis, a critical evaluation of commonly used characterisation
techniques is also provided as a guideline for future research in this field.
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Introduction 

Broader Context 
The word ‘battery’ was first used in the current context by the American pol-
ymath Benjamin Franklin in the 18th century.1 He used it to describe a con-
traption that consisted of a collection of Leyden jars (an antique component 
used to store charge) wired together that could act as a reservoir of electricity. 
It is said that he once used his ‘battery’ to cook a turkey for a feast, much to 
the amusement of his guests.1 From these rather humble beginnings, the past 
270 odd years have seen batteries become an indispensable part of human life, 
finding a constant place in our pockets and even our hearts (i.e., pacemakers).  

Lithium-ion batteries (LIBs) are probably the most topical energy storage 
system on the planet today. It facilitated the portable electronics revolution in 
the ’90s and has since ushered in the growth of electric vehicles and the re-
newable energy markets. The development of crystalline inorganic positive 
electrode (cathode) materials has played an integral part in the commerciali-
zation of LIB technologies. It constitutes up to 50% of the total cost ($/kWh) 
of a battery pack and is often the limiting factor when it comes to the total 
specific capacity (mAh/g) of the battery.2 Lithium 3d-transition metal (TM) 
oxides and phosphates such as LiCoO2, LiMn2O4 and LiFePO4 dominate the 
current global cathode material market.3, 4 The electrochemical properties of 
these materials that make them viable LIB electrodes are fundamentally de-
termined by their crystallography. They have crystallographic structures that 
facilitate bulk Li-ion (Li+) conduction, enabling the reversible cycling of Li+ 
into its structure through different mechanisms. Following the commerciali-
sation of LIBs by Sony in 1991,5 the ever-increasing global energy demand 
coupled with decarbonisation efforts, have necessitated novel cathode chem-
istries with superior performance with minimal increase in cost. Global re-
search efforts in this direction have led to the invention of several new material 
systems over the last twenty years. This Thesis focuses on one such class of 
materials: Li- and Mn-rich layered oxides. They are structurally related to 
LiCoO2 (both are derivatives of the simple rock salt structure) and have been 
studied for over two decades due to their high specific capacities, environmen-
tal benignity and low-cost.  
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Li-ion Batteries 
A battery converts chemical energy into electrical energy and vice versa. LIBs 
are a closed system composed of six major components—anode, cathode, 
electrolyte, separator and current collectors—as shown in Fig. 1.6 The anode 
and cathode are collectively called the electrodes, the former being negatively 
charged, and the latter, positive. The electrodes interact both internally and 
externally within the battery. Internally, they interact through the electrolyte, 
a medium that conducts Li+ while being insulating to electrons. Externally, the 
electrodes are connected through an electrical circuit via metallic current col-
lectors. The separators, often polymeric in nature, are used to prevent the elec-
trodes physically coming into contact, and thereby prevents short circuit. 

Figure 1: Schematic illustration of a Li-ion battery. 

A typical LIB uses a Li-host such as graphite as the negative electrode and a 
Li transition metal oxide as the positive electrode. The electrolyte is usually a 
Li salt dissolved in non-aqueous organic solvents, for example, LiPF6 in an 
equal-volume mixture of ethylene carbonate (EC) and dimethyl carbonate 
(DMC). Li+, within the electrochemical cell, can move between the electrodes 
through the electrolyte medium. The motion from the negative to the positive 
electrode is termed “discharge” and electrical energy can be extracted from 
the cell using an external electrical load during this process. Motion in the 
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opposite direction is referred to as “charging” and during this process, electri-
cal energy is consumed by the cell. In the positive electrode, Li+ is extracted 
from the crystal structure (delithiation) during charge and intercalated back 
into it during discharge (lithiation).  On charging, the electrical neutrality of 
the positive electrode is maintained by the oxidation of the transition metal 
(TM). Conversely, Li+ is inserted back into the positive electrode during dis-
charge with the concomitant reduction of the TM.  

Two parameters are used to gauge the performance of a LIB: voltage and 
specific capacity. The voltage of a LIB is determined by the difference be-
tween the chemical potential of Li+ in the anode and cathode. The gravimetric 
specific capacity (mAh/g) represents the amount of charge (Li+) that can be 
extracted/introduced into the electrodes during charge/discharge per unit mass 
of the cathode.  In most cases, the capacity-limiting electrode is the cathode 
and therefore, the overall capacity is defined in terms of the cathode. For ex-
ample, if two moles of Li+ were to be extracted from Li2MnO3, a capacity of 
approximately 459 mAh/g may be obtained. This follows from the equation: 

[1] 

where, Q is the theoretical gravimetric specific capacity in mAh/g, n is the 
number of electrons involved in the redox reaction, F is the Faraday constant 
(~96485 C/mol) and M is the molar mass of the compound (g/mol) undergoing 
the redox reaction. Although technically only correct during discharge, from 
here on the positive electrode will be referred to as the cathode due to the 
growing convention in battery literature. 

Positive Electrode Materials 
Cathode materials in LIBs should satisfy several requirements, which may be 
broadly divided into scientific and economic sectors.7 The scientific require-
ments include (1) availability of an easily oxidisable/reducible (TM) ion, (2) 
retention of structural stability during (de)lithiation, (3) high free energy of 
reaction with Li, (4) rapid reaction with Li for high power, and (5) good elec-
tronic conduction. The economic requirements entails that the material must 
be inexpensive and earth-abundant. This is perhaps the most important factor 
determining the market penetration possibilities of new cathode material. En-
vironmental sustainability and ease of access to raw materials are also im-
portant considerations. 
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The current commercial cathode landscape is dominated by materials that can 
be structurally categorised into two classes – rock salt-derived layered and 
olivine-type compounds.7 The layered compounds are based on (an almost) 
cubic close-packing (ccp) of the anion, where Li and the redox-active TMs 
alternatively occupy octahedral sites. LiCoO2 is an archetypal example of this 
family of compounds (Fig. 2a). Modifications to LiCoO2 have led to the de-
velopment of other isostructural materials of the form, LiNixMnyCo1-x-yO2. 
Closely related to the layered compounds due to their ccp anionic framework 
are spinel materials like LiMn2O4 (Fig. 2b), where the TMs occupy alternate 
octahedral sites and Li, a portion of the tetrahedral sites. The olivine-type cath-
ode materials do not possess a close-packed anionic framework and are the 
hexagonal close-packing (hcp) analogue of the spinel structure. LiFePO4, is a 
popular cathode material with the olivine structure.7 Here, one-eighth of the 
tetrahedral sites are occupied by P and half of the octahedral sites by Li within 
an hcp oxide framework. The aforementioned materials inherently satisfy 
most of the requirements mentioned in the previous paragraph. In addition to 
this, rigorous systematic investigation and optimisation of their electrochem-
ical performance have made them the current industry standards. Therefore, 
any material system hoping to replace the existing systems must provide su-
perior capacity values, at competitively high voltages and power rates. Fur-
thermore, it must come at a feasible cost at the raw material level as well as 
the synthetic level. Li- and Mn-rich layered oxides, at least theoretically, ful-
fils all the criteria. 

Figure 2: Crystal structures of (a) LiCoO2 and (b) LiMn2O4. The TM–O6 octahedra
are highlighted using colour. To highlight Li, it is shown in isolation, uncoordinated
to O. The unit cells in each case are represented with thick black lines.  
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Li- and Mn-rich Layered Oxides 
Li- and Mn-rich layered oxides, henceforth referred to as LMLOs, are prom-
ising class of cathode materials for future Li-ion batteries.8 These compounds, 
particularly due to the abundance and non-toxicity of Mn, are a low-cost, sus-
tainable alternative to existing commercial cathode materials like LiCoO2 and 
LiNi0.33Mn0.33Co0.33O2.2 LMLOs possess Li to TM ratios greater than 1 (per 
formula unit) and are chemically represented as Li1+xTM1-xO2 (0 ≤ x ≤ ⅓). As 
the name suggests, Mn constitutes a sizeable portion of the overall TM con-
tent. Li2MnO3, or Li1.333Mn0.667O2 (i.e., x = ⅓) is an archetypal (end-) member 
of this system, and a variety of related compounds have been developed 
through crystallographic substitutions. Although different TMs have been 
used as substituents, Ni and/or Co doped versions remain the most popular 
due to their promising electrochemical performance and economic considera-
tions, which also favour the inclusion of Co when the recycling aspects are 
considered.9, 10  

The interest in LMLOs for electrochemical applications primarily stem 
from their superior specific capacities, as compared to conventional cathode 
materials based on TM-redox with capacities lower than 200 mAh/g.11 If 
LiCoO2 were to be fully delithiated, ~274 mAh/g of capacity can be obtained. 
However, capacities of only 150–160 mAh/g are obtained in practice, indicat-
ing that only 0.5–0.6 moles of Li can been reversibly extracted. Further ex-
traction of Li is not possible due to the structural instability of LixCoO2 (x < 
0.5).11 Therefore, increased capacities may be obtained if more Li could be 
extracted, while maintaining the overall structural integrity. LMLOs offer a 
possible solution in this regard. The increased specific capacity of these com-
pounds originates from the joint participation of the cations (i.e., TMs) and 
anion (i.e., O) in the redox reactions during cycling. The additional anionic 
participation enables a larger amount of Li+ to be extracted from the structure 
resulting in the increased capacity. However, this process is not fully reversi-
ble and hence, leads to capacity fade and voltage hysteresis over continued 
cycling.12, 13  

In addition to Li2MnO3, two other LMLO feature heavily in this Thesis: 
Li1.2Mn0.6Ni0.2O2 and Li1.2Mn0.54Ni0.13Co0.13O2. These compounds are isostruc-
tural to Li2MnO3 and can be considered as the Ni and Ni-Co doped versions 
of Li2MnO3, respectively. Li1.2Mn0.6Ni0.2O2 can also be represented as a mem-
ber of the xLi2MnO3·(1−x)LiNi0.5Mn0.5O2 solid-solution series (x = 0.5). 
Li1.2Mn0.54Ni0.13Co0.13O2 belongs to the xLi2MnO3·(1−x)LiNi0.33Mn0.33Co0.33O2 

solid-solution series, with x = 0.5. Based on this description, Li1.2Mn0.6Ni0.2O2 

and Li1.2Mn0.54Ni0.13Co0.13O2 are often reported to crystallize in a multi-phase 
structure with the end-members of the series (Li2MnO3 and 
LiNi0.5Mn0.5O2/LiNi0.33Mn0.33Co0.33O2) integrated at the nano-scale. Contra-
rily, some argue that these materials exist as a single-phase solid solution with-
out any phase segregation. Therefore, these materials have been reported to 
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exist in both single-14, 15 and multi-phase16, 17 form. This uncertainty originates 
from the interpretation of the crystallography of LMLOs.  

Crystallography 
The crystallographic structure of LMLOs is derived from the cubic rock salt 
(NaCl) structure,18 which is made up of a ccp anionic (Cl−) framework with 
the octahedral sites fully occupied by the cations (Na+) and the tetrahedral sites 
empty. The cations are octahedrally coordinated to the anions and vice versa, 
forming a three dimensional edge-sharing octahedral network. Along [111], 
the structure consists of alternate cation and anion layers. The rock salt struc-
ture has face-centred Fm3m (225) space group symmetry and two distinct 
crystallographic sites, with the cations and anions occupying the 4a (0, 0, 0) 
and 4b (½, ½, ½) Wyckoff positions, respectively. 

To understand the relationship between the structures of LMLOs and NaCl, 
it is necessary to introduce the concept of a crystallographic “superstructure”. 
A rudimentary understanding of this concept can be gleaned by drawing par-
allels to its meaning in architecture, where it is defined as “a structure built as 
a vertical extension of something else.”19 In crystallography, a superstructure 
is a structure that is ‘built’ on (or from) another structure following certain 
crystallographic rules.20, 21 Ternary oxides of the form AaBbOa+b, where A and 
B have different valences are superstructures of the rock salt structure.  The 
combinations of A and B that satisfy the electroneutrality condition around O 
are ABO2, A2BO3 and A5BO6 with A and B being monovalent and tri-,tetra-, 
or heptavalent respectively.18 Layered lithium transition metal oxides 
(LiTMO2) like LiCoO2 belong to the ABO2 group. Note that these systems are 
also classified as cation-ordered rock salt oxides. Cation-disordered rock salt 
oxides also exist and are heavily investigated for their attractive electrochem-
ical properties.22  

Before moving on to the crystallography of LMLOs, it is instructive to look 
at the structure of (non-Li-rich) stoichiometric LiTMO2 as it is a direct exten-
sion of the rock salt structure.7, 18 Stoichiometric LiTMO2 belongs to the α-
NaFeO2 structure family. The α-NaFeO2 structure can be derived from the rock 
salt structure by replacing the Na+ with Na+ and Fe3+ alternately, and the Cl− 
with O2−. In the case of LiCoO2, the Na+ in the rock salt structure is alternately 
replaced by Li+ and Co3+ (Fig. 2a). Along [111], the structure can be visualized 
as alternating LiO2 and CoO2 layers. The LiO2 and CoO2 layers are often 
termed as the Li- and TM-layers, respectively. They belong to the trigonal 
crystal class with R3m (166) space group symmetry. The Li+ resides in the 3a 
position (0, 0, 0) and the Co3+ in the 3b position (0, 0, ½). O occupies the 6c 
position (0, 0, z). Layered materials are also classified based on the interstitial 
site occupied by the cation and the number of times a layer unit is repeated 
within the unit cell.23 According to this classification, the LiCoO2 structure 
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falls under the O3-type as Li occupies the octahedral sites and there are 3 dis-
tinct CoO2 layers per unit cell. The structure of other LiNixMnyCo1−x−yO2 com-
pounds like LiNi0.33Mn0.33Co0.33O2 is analogous to LiCoO2 and can be derived 
by substituting Co with Mn and/or Ni. Here, the TMs are randomly distributed 
across the 3b position. 

The structure of Li2MnO3 (Fig. 3a), is similar to that of rhombohedral 
LiCoO2 in the sense that it is made up of alternating Li–O6 and TM–O6 layers 
stacked along the c direction.24 However, the excess Li resides in the TM-layer 
and occupies one-third of the TM sites. The different radii of the Li and the 
TM in the TM-layer forces the ions to order so as to reduce the Coulombic 
repulsion between them, i.e., each Li–O6 octahedron is surrounded by six Mn–
O6 octahedra in the ab plane. This Li-Mn6 ordering reduces the symmetry to 
monoclinic C2/m (12). This creates two distinct crystallographic positions: 2b 
(0, ½, 0) and 4g (0, y, 0) in the TM-layer. The 2b position is preferentially 
occupied by Li+ (0.76 Å), while the 4g position is occupied by Mn4+ (0.53 
Å).25 The monoclinic symmetry also creates two distinct sites (2c at (0, 0, ½) 
and 4h at (0, y, ½)) in the Li layer, which is fully occupied by Li. The O occu-
pies the 4i (x, 0, z) and 8j (x, y, z) positions. Li1.2Mn0.54Ni0.13Co0.13O2 (Fig. 3b) 
is derived from Li2MnO3 by substituting the Li and Mn in the TM-layer with 
Ni and Co. The TM-layer of these compounds, with the hexagonal ordering 
highlighted, is shown in Figs. 3c and 3d. 

Figure 3: Crystal structures of (a) Li2MnO3 and (b) Li1.2Mn0.54Ni0.13Co0.13O2. Top-
view (along c) of the hexagonal Li-TM ordering in the TM-layer in (c) Li2MnO3 and
(d) Li1.2Mn0.54Ni0.13Co0.13O2. The two Wyckoff positions in this layer, 2b and 4g, are
highlighted. The distribution of elements on each site are proportional to that of the
colours.
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The structure of LMLOs, shown in Fig. 3, are idealized representations. How-
ever, in practice, their structures deviate substantially from ideality.8, 9 The 
crystallographic disorders present in LMLOs can be broadly divided into two: 
cation site occupancy (antisite) disorders and stacking faults. In LMLOs, the 
distribution of Li and the TMs across the 2b and 4g positions in the TM-layer 
leads to cation site occupancy disorder and will be henceforth referred to as 
Li-TM site-mixing (Fig. 4a). The distribution is not completely random due 
to size considerations and Coulombic repulsion. Li+ being the largest cation 
preferentially occupies the 2b site, while Mn4+ (being the smallest and most 
highly charged) occupies the other. The disruption of periodicity in the TM-
layer cation ordering along the stacking direction (here, c) results in stacking 
faults in LMLOs (Fig. 4b). Neither the ccp anionic substructure nor the Li 
layer play a role in the stacking faults. Additionally, similar to other 
LiNixMnyCo1−x−yO2 systems, LMLOs are also susceptible to Li-Ni interlayer 
mixing where Ni2+ from the TM-layer migrate to the Li layer with the simul-
taneous migration of Li+ to the TM-layer (Fig. 4c).8 A visual representation of 
these defects is provided in Fig. 4.  

Figure 4: Structural defects in LMLOs – (a) Li-TM (in-plane) mixing, (b) TM-layer 
stacking faults and (c) Li-Ni (interlayer) mixing. O has been omitted for the sake of 
clarity. The dashed line in (b) is a guide to the eye. 
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Anionic Redox and Electrochemistry 
The redox reactions taking place within the cathode material during (de)lithi-
ation can be understood using crystal field theory and electronic band struc-
tures. The same principles can be used to explain the anionic redox properties 
of LMLOs as well. A widely accepted theory about anionic redox in LMLOs 
is introduced in this section.26 Recall that in rock salt-derived non-Li-rich 
compounds like LiCoO2, the cations are octahedrally coordinated to O, form-
ing Li–O6 and TM–O6 octahedra. Conversely, each O is coordinated by three 
Li and three TM (Co) species, as shown in Fig. 5a. Before delving into further 
details, two important points must be mentioned: 
 

1. During (de)lithiation, the difference in energy between the TM (nd, 
(n+1)s and (n+1)p) and O (2p) electronic states determines whether 
the electrons are removed from TM and/or O. If the energy of these 
states are well-separated, electrons will be removed from the states 
that are higher in energy, which are generally the TM d states.  

2. The presence of Li in the TM-layer leads to the formation of two 
bonding environments for O2−: Li–O–Li and Li–O–TM. In contrast, 
O2− in stoichiometric LiTMO2 are always in the Li–O–TM environ-
ment. 

 
3d-TM and O2− possess valence nd (and (n+1)s) and 2p electrons, respectively, 
which take part in the bond formation. Overlap between these TM (d, s and/or 
p) and O (2p) orbitals leads to the formation of various hybridized bonding 
(low energy) and anti-bonding (high energy) states as shown below: 

• TM (ndx2-y2 and ndz2) and O 2p → bonding eg and anti-bonding eg
* 

• TM (n/(n+1)s) and O 2p → bonding a1g and anti-bonding a1g
* 

• TM ((n+1)p) and O 2p → bonding t1u and anti-bonding t1u
* 

Figure 5: Bonding environment and schematic electronic band structure of (a) LiCoO2 
and (b) Li1.2Mn0.54Ni0.13Co0.13O2. The additional band formed due to the Li-O-Li bond 
is highlighted. The colour schemes of the elements are identical to that in Fig. 4.  
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As the overlap between the other three TM d orbitals (ndxy, ndyz and ndxz) and 
the O 2p orbital is minimal, only non-bonding t2g states are formed. Due to the 
electronegativity and geometry, the high energy hybridized states— t2g, eg

*, 
a1g

* and t1u
*—are dominated by the TM and the low energy states eg, a1g and 

t1u by O. As the Fermi level in stoichiometric LiTMO2 lies in the eg
* or t2g 

band, delithiation is compensated for by the removal of electrons from these 
states that are occupied by the TM electrons. 

In LMLOs, the presence of Li–O–Li bonds modifies the electronic band 
structure of O. Here, the O 2p orbitals along Li–O–Li, cannot form a bond 
(hybridize) with the Li 2s orbital due to the large difference in energy between 
them. As a result, unhybridized O 2p states are created.  The energy of the 
unhybridized O 2p orbital is close to that of the unhybridized TM t2g states and 
lie between the low-energy hybridized bonding O orbitals and the high energy 
anti-bonding states formed with the TM. This, shown in Fig. 5b, enables the 
extraction of electrons from the unhybridized O 2p orbital (in addition to TM) 
to maintain the charge neutrality during (de)lithiation. There have also been 
other attempts to explain the participation of O in the redox reaction. A pre-
vailing theory is based on the hybridization of holes in the O 2p orbitals with 
the TM d orbitals due to the covalent nature of the TM–O bond.27 Recently, 
efforts have also been made to unify the theories for the anionic redox behav-
iour in Li- and Na-ion battery materials.28 Nonetheless, it is clear that the ex-
tent of anionic redox can be influenced by the bonding environment around 
the O species, which may be modified through TM substitutions or micro-
structural control.26, 29 

As mentioned previously, the electrochemistry of LMLOs is characterized 
by the sequential participation of the TMs and O in the redox reaction.13 This 
is especially visible during the charging of Li1.2Mn0.6Ni0.2O2 against Li, in the 
first cycle as shown in Fig. 6. Here, the voltage profile can be clearly split into 
two sections. The sloping region until ~4.4 V represents the oxidation of Ni2+ 

to Ni4+. Beyond this, between 4.5 and 4.6 V, a plateau region signifying the 
anionic oxidation step is observed. Although a high capacity of ~350 mAh/g 
is obtained in the charging step, it is highly irreversible in the next discharge 
step and rapid capacity fade and voltage hysteresis is observed in the subse-
quent cycles. This gradual worsening of the electrochemical performance is 
ascribed to the transformation of the layered structure into spinel over pro-
longed electrochemical cycling.30 

The anionic redox behaviour of LMLOs and various other materials, all of 
which are broadly referenced to as anionic redox materials, have been subject 
to intense investigation for over two decades. Although, our understanding of 
the atomic and electronic transitions happening within these materials has im-
proved greatly, no consensus has been reached. New theories are still being 
proposed and it remains an active field of research.29 A possible cause of such 
discrepancies is the compositional and structural diversity of LMLOs, which 
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leads to the aforementioned lack of consensus in the interpretation of its crys-
tallography. This, consequently, makes the understanding of its electrochem-
ical behaviour difficult. For example, the anionic redox behaviour of LMLOs 
is commonly attributed to the presence of Li2MnO3 domains in the structure.31 
This follows from the multi-phase structure model, which propose the exist-
ence of Li-rich (Li2MnO3) and non-Li-rich (LiNi0.5Mn0.5O2 or 
LiNi0.33Mn0.33Co0.33O2) domains/phases in the structure of LMLOs. However, 
recall that the single-phase model contradicts this. Therefore, based on the 
single-phase model, the anionic redox behaviour cannot be explained by the 
presence of Li2MnO3.  

Although it is clear that the anionic redox behaviour is determined by the 
local environment around O, it is still uncertain whether the Li2MnO3 phase is 
a pre-requisite for anionic redox properties. To gain more insight into this, one 
must understand how the structure (both short- and long-range) changes upon 
electrochemical cycling. As a first step towards this, understanding the pris-
tine structure of these materials is vital. This task is complicated by the afore-
mentioned structural and compositional complexity which makes accurate 
structural characterization difficult. Furthermore, these complexities make 
LMLOs particularly vulnerable to synthesis-dependent structural variations 
that consequently translates to its electrochemical behaviour.32-38     

 
 
 

Figure 6: (a) Voltage vs. specific capacity plots during different cycles for
Li1.2Mn0.6Ni0.2O2. The x-axis at the top shows the voltage as a function of the degree
of (de)lithiation. 
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Synthesis–Structure–Property Relationships 
The crystallographic and microstructural properties of LMLOs (and every 
other material) are dependent on the synthesis route and associated parame-
ters.32, 33, 36-38 This can range from nanoscale properties like vacancy distribu-
tion to microscopic ones like particle morphology. The effect of synthetic pa-
rameters on the material properties can differ based on the complexity of the 
materials. For example, for multi-cation systems like Li- and Mn-rich nickel 
cobalt oxides, the synthesis method may be expected to have a higher impact 
on the crystallography as compared to LiCoO2.  

Different methods have been used to synthesize LMLOs.39 Among these, 
solid-state ceramic, sol-gel and coprecipitation methods remain popular 
choices. It is interesting to evaluate these methods based on the precursors 
used and the degree of its mixing. Consider the synthesis of Li1.2Mn0.6Ni0.2O2. 
In the classical solid-state method, Li1.2Mn0.6Ni0.2O2 may be prepared by high-
temperature annealing of a well-mixed (or milled) precursor of powdered 
Li2CO3, MnO2, and NiO. Via the coprecipitation method, Li1.2Mn0.6Ni0.2O2 can 
be synthesized by the high-temperature annealing a mixture of a Li precursor 
(e.g., Li2CO3) and a mixed-metal salt like [Mn0.75Ni0.25](OH)2. Among the dif-
ferent sol-gel methods, the citrate sol-gel variant is often the method of choice 
and so, the precursor for the high-temperature annealing will be a pre-heated 
metal-citrate compound.  

Evidently, as shown in Fig. 7, these methods provide different degrees of pre-
cursor mixing, with the solid-state and sol-gel methods providing the lowest 
and highest mixing, respectively, for the same thermal treatment protocols. 
The coprecipitation method provides an intermediate degree of mixing com-
pared to the other two. This is important as the degree of precursor mixing 
determines the solid-state diffusion kinetics during the synthesis, which con-
sequently affects the crystallography of the product. Additionally, the choice 
of precursors and their thermodynamic stability across the thermal treatment 
window play a key role in the structure and phase composition of the final 
product. Considering that LMLOs are prone to disordering, it is reasonable to 

Figure 7: Degree of precursor mixing for different synthesis methods. 
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assume that the choice of synthesis method, especially the ones that differ in 
terms of precursor mixing, can lead to difference in crystallographic features 
such as Li-TM site-mixing and stacking faults.32, 33  
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Scope of the Thesis 

The commercial possibilities of LMLOs are dependent on the stabilisation of 
their crystal structure over long-term electrochemical cycling. As a prelimi-
nary step towards this goal, it is important to understand the bulk structure of 
the pristine compound as a function of synthesis methods. This can offer path-
ways through which the structure may be modified for superior electrochem-
ical performance. With this objective, the Thesis investigates how the synthe-
sis methods and associated parameters influence the structural and electro-
chemical properties of LMLOs through four studies.  

The Thesis begins with an investigation of the influence of solid-state and 
sol-gel synthesis methods on the structural, morphological and electrochemi-
cal properties of Li2MnO3 (Paper I), a structurally and compositionally simple 
LMLO which served as an ideal platform for future investigations of more 
complex compounds.  The underlying reasons behind the differences in the 
structure and morphology were also investigated via in situ methods. Inspired 
by the outcomes of Paper I, it was hypothesised that the synthetic pathway 
could determine the crystallography of Li1.2Mn0.54Ni0.13Co0.13O2, which is cur-
rently disputed. Specifically, this compound is argued to crystallise in multiple 
forms, with both single- and multi-phase forms reported. Towards this, the 
compound was synthesised through solid-state and sol-gel methods and char-
acterised using powder diffraction, Raman spectroscopy, scanning transmis-
sion electron microscopy X-ray energy dispersive spectroscopy and magnetic 
measurements to reveal that this composition did indeed exist in multiple crys-
tallographic forms. The choice of characterisation techniques was crucial here 
as it enabled the characterisation of the structure at different length scales, 
which was necessary to distinguish the different structural features revealing 
the phase distribution. The reasons behind the difference in the crystallog-
raphy was discovered to arise from the crystallisation mechanism of the two 
synthesis methods. 

Based on the results from the first two studies, two factors were identified 
to be responsible for the ambiguities in the crystallographic description of Li- 
and Mn-rich layered oxides. Firstly, the crystallography of these compounds 
with features like cation site-mixing and stacking faults, are increasingly sus-
ceptible to subtle synthetic variations. Secondly, the complex crystallography 
of these compounds makes the interpretation of the structural data difficult. 
Moreover, it also necessitates multiple complementary techniques for accurate 
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structural characterisation. Papers III and IV were, respectively, focussed on 
addressing these two factors. 

Paper III explores the synthesis–structure relationships in Li- and Mn-rich 
layered oxides in greater detail to uncover the thermodynamic and kinetic fac-
tors driving cationic disorder. Therefore, Li2MnO3, Li1.2Mn0.6Ni0.2O2 and 
Li1.2Mn0.54Ni0.13Co0.13O2, were synthesised via two methods which differed by 
the degree of precursor mixing to investigate the kinetic factors affecting the 
phase distribution. Furthermore, to examine the thermodynamic stability of 
each composition, multiple annealing procedures were implemented. The 
study revealed that these compounds were thermodynamically metastable 
when synthesised under the conditions used in the study, with the synthesis 
method and composition determining the degree of cation ordering and the 
extent of layered-to-spinel/rock salt structural transformation. Paper IV aims 
to unravel the real structure of Li1.2Mn0.6Ni0.2O2, applying the knowledge 
gained in Paper II. Li1.2Mn0.6Ni0.2O2, despite being compositionally simpler, is 
structurally more ambiguous compared to Li1.2Mn0.54Ni0.13Co0.13O2. That is, it 
is extremely challenging to define whether the material crystallises as a single 
phase, based on metrics introduced in Paper II. Thus, a structural reinvestiga-
tion of Li1.2Mn0.6Ni0.2O2 was carried out using powder diffraction, scanning 
transmission electron microscopy and magnetic measurements. Specific atten-
tion was paid to explaining the kind of information that can be reliably ob-
tained from each of these methods, and how it may lead to erroneous results 
if not analysed correctly. The aforementioned methods suffer from the draw-
back that individually they probe different structural length scales. As a pos-
sible solution to this problem, reverse Monte Carlo analysis of total scattering 
data was presented. Through this study, the proposed single- and multi-phase 
structure models for Li1.2Mn0.6Ni0.2O2 are unified and a quantitative structural 
model was developed. 
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Experimental Methods 

Material Synthesis 
Inorganic materials like LMLOs, can be synthesized through several meth-
ods.40 Each synthesis method offers different process parameters and method-
ologies that can be modified to control the properties of the material. Here, an 
overview of the three synthesis methods used in this work—solid-state, citrate 
sol-gel, and coprecipitation methods—is provided. The rationale behind 
choosing these methods were that, although they require high-temperature an-
nealing, they differ significantly in terms of the precursor mixing. This differ-
ence is expected to impact the crystallographic and microstructural properties 
of the as-synthesized compounds, which can consequently affect the electro-
chemistry.  

Solid-state Method 
The solid-state ‘ceramic’ method is perhaps the simplest dry-chemical method 
used to synthesize inorganic compounds. Here, the appropriate solid precur-
sors are mixed together (either manually using a mortar and pestle, or through 
ball milling) as per the required stoichiometry and then subjected to thermal 
treatment(s). Sometimes, the powders are pelletized before the final heating. 
Mixing and thermal treatment of the precursors can be carried out in different 
ways depending on the nature of precursors and the desired final properties. 
This method, however, suffers from sluggish reaction kinetics as it is driven 
by diffusion of ions in the solid state. This diffusion happens over micrometre 
length scales and proceeds through reactant and product layers. Thus, it re-
quires high temperatures and long reaction/annealing times. Considering that 
a homogeneous precursor mixture is often difficult to achieve at the atomic-
level, the method is often not a reliable choice to synthesize multi-cation sys-
tems.40  

Citrate Sol-gel Method  
Sol-gel methods cover a wide array of soft chemical techniques that can be 
used to produce different materials.41 It is undoubtedly more complex than the 
solid-state method but provides a higher degree of control over the final ma-
terial properties like crystallite sizes, morphology etc. The citrate sol-gel 
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method used in this Thesis is a modification of the Pechini method.42 This wet-
chemical method utilizes carboxylic acids such as citric acid as the chelating 
agent for the cations in an aqueous medium. Polyhydroxy- alcohols, like eth-
ylene glycol, are then used to cause esterification reactions between the car-
boxylate and hydroxyl groups through condensation. This generates a poly-
mer-like organic network with the cations homogenously distributed inside it. 
A modified version of this method, also called the citrate sol-gel method, does 
not involve any alcohols and therefore, does not have the esterification step. 
Here, the starting medium is an aqueous solution of the metal salts together 
with citric acid. Heating leads to the formation metal-citrate complexes. The 
dried precursor is then subject to high-temperature treatment to obtain the final 
crystalline product. Often, it is also necessary to control the pH of the aqueous 
medium to prevent the precipitation of insoluble citrates that can lead to the 
formation of impurity phases.41 Although more complex than solid-state meth-
ods, sol-gel-based methods are particularly useful for the synthesis multi-cat-
ion ceramic oxides, as precursor mixing happens at an atomic scale in the 
aqueous medium resulting in a homogenous distribution.  

Coprecipitation Method 
Coprecipitation synthesis involves the mixing of coprecipitated TM salts with 
a Li precursor, which is then subjected to thermal treatments. Thus, in terms 
of the degree of precursor mixing, the method lies in between the solid-state 
and sol-gel methods. These methods are a popular choice for industrial syn-
thesis2 and are reported to provide highly homogeneous products.39 In a typi-
cal coprecipitation reaction, an aqueous solution the TM salts (of the required 
stoichiometry) is added to a precipitating medium like LiOH or NaOH (aq.), 
thereby forming the desired mixed-TM salt. Different TM salts including hy-
droxides, carbonates, nitrates etc. can be prepared using this method. Like the 
sol-gel synthesis, coprecipitation methods also offer increased control of the 
materials properties through process parameter modifications like the temper-
ature and pH of the precipitating medium.43    

A detailed description of the synthesis procedures can be found in the ex-
perimental sections of the attached works. Schematic illustrations of the same 
are also provided in the Results and Discussion chapter. 
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Material Characterisation 

Powder Diffraction 
Powder diffraction is a common method used to study the time- and space-
averaged bulk structure of a crystalline compound. A powder diffraction ex-
periment involves irradiating a sample with X-rays or neutrons, followed by 
the detection and analysis of the scattered beams. The powder sample ideally 
consists of large number of micro and/or nano crystallites oriented in different 
directions with respect to the incident radiation. If the wavelength of the inci-
dent radiation is comparable to the inter-atomic distances of the crystallites in 
the powder sample, a portion of the radiation is scattered by the sample in a 
coherent (no phase shift between the incident and diffracted beam) and elastic 
(no change in energy) manner. As shown in Fig. 8, a typical powder diffraction 
pattern consists of a finite set of intensity values plotted against the measured 
diffraction angle (2θ). At certain angles where Bragg’s law44 is fulfilled, peaks 
in intensities (Bragg reflections) are obtained. The angle at which a Bragg 
reflection occur is directly related to the inter-planar distance between a set of 
crystallographic planes, and is formulated by the Bragg’s law: 

[2] 

where, n is ≥ 1, λ is the wavelength of the incident radiation, dhkl is the inter-
planar distance of the set of parallel crystallographic planes and θ is the angle 
of diffraction. Note that the experimentally measured angle of diffraction is 
2θ. The Bragg reflections arise from the constructive interference of the scat-
tered radiation by distinct crystallographic planes within the crystal structure. 
Therefore, each reflection can be indexed by the Miller indices hkl (the recip-
rocal of the intercepts made by the planes on the unit cell vectors) of the set 
of corresponding crystallographic planes. The dhkl values can then be used to 
subsequently determine the unit cell parameters and space group symmetry. 
The structural information that can be gleaned from the Bragg reflections are 
contained in their positions (angle), intensity and profile (shape).  
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The (integrated) intensity of a Bragg reflection hkl, not to be confused with 
the peak amplitude, contains information about the structural contents of the 
corresponding set of crystallographic planes.  Mathematically, the intensity (I) 
is proportional to the structure factor (Fhkl) multiplied by its complex conju-
gate (F*

hkl), which is equivalent to the squared absolute value of the amplitude 
of the structure factor, as shown in Eqn. 3. Fhkl is computed using Eqn. 445 
(ignoring anomalous scattering effects46):  

  [3] 

 
 

[4] 

where, h, k, and l, are the Miller indices of the crystallographic plane, Nj is the 
site occupancy multiplier for the jth atom site (viz. actual site occupancy di-
vided by the site multiplicity),  xj, yj, and zj are the position coordinates of the 
jth atom in the unit cell. Mj is the atomic displacement parameter that describes 
the degree of displacement of the atom/ion from its mean equilibrium position. 
It is given by Eqn. 5. 

 
 

[5] 

where, us2 is the root-mean-square static thermal displacement of the jth atom 
parallel to the diffraction vector, and λ is the wavelength of incident radiation. 
fj for X-rays is the atomic form factor and is a measure of the scattering power 
of an atom/ion as a function of scattering vector length, Q. It is related to the 
Bragg scattering angle (θ) and the wavelength of the incident radiation (λ) 

Figure 8: The different components of a Bragg reflection. This is the 200 reflection 
from the X-ray diffraction pattern of NaCl simulated using CuKα radiation. 



 32 

using the Eqn. 6. For neutrons, the fj term is replaced with bj, the atomic scat-
tering length, and unlike X-rays, is independent of Q.  

 
 

[6] 

X-rays and neutrons are scattered by the electrons and the nuclei, respectively. 
Note that neutrons, due to their inherent magnetic moment, can also be scat-
tered by unpaired electrons. This difference in scattering provides different 
and often complementary structural information from X-ray and neutron dif-
fractions. For LMLOs, this is useful as the presence of Li, Mn, Ni, Co and O, 
make the use of both X-ray and neutron diffraction almost a necessity to ac-
curately study its structure. Neutrons are especially sensitive to Li and O, two 
elements that weakly scatter X-rays, and also offer increased scattering con-
trast between Mn, Ni and Co.  

The third aspect of a powder diffraction pattern that can offer structural (or 
microstructural) information is the profile (or shape) of the Bragg reflection. 
Ideally, Bragg reflections are Dirac-delta functions (i.e., no broadening). 
However, broadening about the original peak position is an inevitable conse-
quence of the powder diffraction experiment and can be attributed to instru-
ment and sample-dependent factors. For example, a common instrumental ab-
erration is the finite spread of the radiation source wavelength (emission pro-
file). Sample-dependent broadening can arise from finite crystallite domain 
size, structural strains, stacking faults etc. The profile of a reflection is a con-
volution of the instrumental and sample contributions.47 Various mathematical 
functions, either phenomenological or physical in nature, can be used to model 
the broadening.48 

Analysis of Powder Diffraction Data 
Rietveld refinement is a standard method for the analysis of powder diffrac-
tion data.49-51 It is a structure refinement technique wherein a starting model 
from a previously known structure is refined against experimental diffraction 
data of an unknown structure. It employs a least squares routine to minimize 
the residual Sy, which is the squared sum of differences between the observed 
(yobs) and calculated (ycalc, using the known structure model) intensities at each 
step i, as shown in Eqn. 7.45 

 
 

[7] 

where, wi is equal to 1/(yobs, i). The success of a Rietveld refinement process is 
dependent on the initial crystallographic structure model being close to the 
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‘real’ structure of the material. The calculated intensities (ycalc, i) are computed 
from the initial structure model using Eqn. 8.45 

 
 

[8] 

where, s is the scale factor and, h, k, and l, are the Miller indices of the crys-
tallographic plane. ϕ denotes the profile function used to describe the shape of 
the reflection at point i in terms of the scattering angle θ, and usually modelled 
through mathematical functions like Gaussian, Lorentzian or a linear summa-
tion of the two (pseudo-Voigt).47 Corrhkl incorporates all the correction factors 
that need to be applied to the intensity values to account for various instru-
ment- and sample-dependent factors. Finally, ybkg, i denotes the background in-
tensity that may be due to thermal diffuse scattering, inelastic scattering, sam-
ple environment etc. There also exists alternate structure-independent diffrac-
tion data analysis techniques like Pawley refinements,52 which provides unit 
cell and microstructural information about the sample. 

It is important to bear in mind that the structure obtained through Rietveld 
refinement is time- and space-averaged. In practice, only the contents of a sin-
gle unit cell are refined. This exposes a limitation of the Rietveld refinement 
technique that it can only refine entities that repeat periodically. For example, 
point defects like atomic site occupancy disorders can be refined through this 
method under the assumption that it repeats periodically. However, defects 
like stacking faults, which occur inconsistently on length scales larger than the 
unit cell, cannot be modelled using conventional Rietveld refinement princi-
ples.53, 54 Therefore, one must rely on alternate approaches to refine them. As 
stacking faults are an integral part of the structural make-up of LMLOs, it is 
important to describe and model them accurately. It is especially important in 
this case, because stacking faults asymmetrically broaden the superstructure 
reflections in LMLOs, which contain information about the cation distribution 
within the structure. Therefore, improper modelling of superstructure reflec-
tions, i.e., omitting stacking-fault-induced broadening, can lead to incorrect 
atomic site occupancy values. This is illustrated in detail in Paper IV. 

X-ray (XRD) and neutron (NPD) powder diffraction data presented in this 
work have been collected from various instruments. Laboratory X-ray diffrac-
tion data were collected using the Bruker D8 Advance diffractometer with a 
Cu source operating in Bragg-Brentano mode with zero-background Si sample 
holders. Synchrotron XRD data were collected at the Powder Diffraction 
beamline55 at the Australian Synchrotron, Melbourne and the I11 High Reso-
lution Powder Diffraction beamline56 at the Diamond Light Source, United 
Kingdom. Constant wavelength neutron powder diffraction (NPD) data were 
collected on the high-resolution neutron powder diffractometer, Echidna57 at 
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the Australian Nuclear Science and Technology Organisation (ANSTO), Syd-
ney. In situ heating powder diffraction experiments were also carried out as a 
part of the Thesis. They were carried out at the I11 beamline at the Diamond 
Light Source using a conventional hot-air blower and the high-intensity neu-
tron powder diffractometer, Wombat58 at ANSTO using a high-temperature 
furnace (ILL type, niobium element vacuum furnace) equipped with a Pt tube 
insert. The corresponding wavelengths, and the determination of instrumental 
parameters are explained in the experimental sections of the attached works. 
Rietveld and Pawley refinements have been carried out using the TOPAS soft-
ware unless mentioned otherwise.59 

Structural Analysis of Stacking Faults 

Many materials possess crystal structures that contain layered structural enti-
ties arranged/stacked periodically along a certain direction. In some cases, the 
periodicity of stacking is broken. This is termed stacking faults and leads to 
formation of microstructural regions within the crystal structure with different 
stacking sequences. The presence of stacking faults leads to anisotropic broad-
ening of specific Bragg reflections in the diffraction patterns. This is some-
times also referred to as the Warren fall.60 This is clearly seen in the XRD 
patterns of Li1.2Mn0.6Ni0.2O2 and Li1.2Mn0.54Ni0.13Co0.13O2 shown in Fig. 9. The 
superstructure reflections in LMLO, arising from the aforementioned Li-TM 
ordering, are highlighted in the inset. Note that superstructure reflections are 

Figure 9: Stacked normalised XRD patterns of Li1.2Mn0.6Ni0.2O2 and 
Li1.2Mn0.54Ni0.13Co0.13O2. The superstructure reflections are highlighted and indexed 
in the C2/m space group symmetry. 
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not limited to the highlighted area, but are found throughout the pattern. How-
ever, beyond the ones highlighted in the inset, these reflections are very weak 
and often not visible in experimental diffraction patterns. The unique peak 
profiles of these stacking-fault-affected reflections cannot be modelled by 
conventional peak profile functions used in RR analysis. Specialised software 
like DIFFaX53, FAULTS61 and TOPAS (V6)62 are required to analyse and 
quantify stacking faults. The latter two, although different in their approach, 
offer possibilities to extract quantitative structural information including the 
amount and nature of stacking faults, from refinement of structural models 
against experimental diffraction data.  

In order to simulate diffraction patterns of stacking faulted materials using 
DIFFaX and other programmes, their crystal structures must be transformed 
to an orthogonal system. This is usually done in two steps: 

1. Transformation of the unit cell into pseudo-orthorhombic or pseudo-
trigonal system such that the new transformed angles are α′ = β′ = 90°
and γ′ = 90° or 120°. This results in the layers being stacked perpen-
dicular to each other along the transformed c direction.

2. The stacking is based on stacking vectors Si (sxi, syi, szi), which de-
scribe the transitions of each individual layer with respect to the pre-
vious one in terms of the transformed unit cell vectors (a′, b′, c′) . The
shift in a′b′ plane is (sxi, syi) and that parallel to c′ is szi.

For Li2MnO3, this transformation is detailed elsewhere.32 The same transfor-
mation is also applicable to Li1.2Mn0.6Ni0.2O2 and Li1.2Mn0.54Ni0.13Co0.13O2. 
The transformed structure can now be refined against experimental data using 
the programmes mentioned above. The refinement methodology is similar to 

Figure 10: (Left) Monoclininc structure of Li2MnO3. (Right) The three different layer
transitions after the structural transformation. The stacking vector coordinates are also
shown. 
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that of Rietveld refinement, and is usually a least squares refinement. Struc-
tural parameters like the unit cell, atomic positions, occupancies and atomic 
displacement parameters can be refined. The degree of faulting (expressed as 
a percentage), also referred to as stacking fault probability, is obtained through 
the refinement of the probability of the different stacking vectors. The DIF-
FaX-compatible layered structure of Li2MnO3 and the calculation of stacking 
fault probability is briefly explained below.  

As shown in Fig. 10, the transformed structure of Li2MnO3 has two chem-
ically distinct layer types: L1 and L2 (L3 and L4 are similar to L2). Note that 
the structural description requires that every alternate layer should be L1. The 
layer L2 is spatially connected to L1 through stacking vector S1 (⅓, −⅓, ½). 
This vector relates to the ideal stacking of ccp structures and hence is repre-
sentative of a structure with no faulting. In other words, Li2MnO3 with no 
faulting would have L1–L2–L1–L2… stacking. Stacking faults are generated 
in this structure by introducing two additional layers, L3 and L4 that are struc-
turally and compositionally similar to L2, but spatially related to L1 using 
different stacking vectors. L3 is related to L1 through S2 (⅔, 0, ½), while L4 
is connected through the vector S3 (0, −⅔, ½). Thus, S2 and S3, facilitates a 
deviation from the ideal stacking condition S1, thereby generating stacking 
faults. During the refinement procedure, the probability of the occurrence of 
these stacking vectors are refined. The degree of faulting is calculated from 
the probability of the ideal stacking vector (S2 in this case) using Eqn. 9. 

 
 

[9] 

where, PL2 is the probability of the L1–L2 transition. The probabilities of all 
the stacking vectors must always add up to unity. 

Total Scattering and Pair Distribution Function Analysis 
Experimental powder diffraction patterns can be decomposed into contribu-
tions from the sample as well as additional elements like sample holder, in-
strument, Compton scattering etc. The portion of the pattern solely composed 
of coherent elastic scattering from the sample can be further decomposed into 
Bragg scattering from the reciprocal lattice points and diffuse scattering due 
to the deviations from the average periodic structure. The latter contains in-
valuable information about the short-range structure of the sample. As 
Rietveld refinement looks at the time- and space-averaged structure based on 
the analysis of the Bragg intensities, it is unable to accurately investigate struc-
tural disorders that happen at a local scale that may often be non-periodic in 
nature. The total scattering method is a suitable way to look at these local 
structural deviations as it treats the experimental powder diffraction data from 
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the sample differently than in the Rietveld refinement method. Here, the (cor-
rected and normalized) diffraction data is Fourier transformed into what is 
called the atomic pair distribution function (PDF).  

Experimental X-ray PDF data of Li2MnO3 is shown in Fig. 11. The PDF is a 
histogram of the pair-wise correlations and gives the probability of finding an 
atom at a distance ‘r’ from another given atom in real-space. It can be formu-
lated in various ways, typically based on how the experimental data is pro-
cessed. A detailed description of the different formalisms and nomenclatures 
used can be found elsewhere.63 The most prominent of these is perhaps G(r) 
or the total pair distribution function, obtained from the corrected and normal-
ized total scattering structure factor F(Q) via a Fourier transform:63 

[10] 

where, ρ0 is the average atom number density (atoms per Å3). Q, as defined 
previously, is the scattering vector length in reciprocal space (Å−1). It can also 
be expressed as the sum of individual partial radial distribution functions, 
gij(r), weighted by the concentrations of the species, ci and cj, and their neutron 
scattering lengths, bi and bj,  

[11] 

where, Ns is the number of atomic species. The partial radial distribution 
functions are given by, 

Figure 11: X-ray PDF data of Li2MnO3 showing the different pair-wise correlations. 
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[12] 

where nij(r) is the number of particles of type j at a distance between r and r 
+ dr from a particle of type i and ρj is the number density of particles of type
j, given by ρj = cjρ0. Another popular formulation, denoted as D(r) is the dif-
ferential correlation function. It is related to G(r) as,63

[13] 

Total scattering experiments are similar to that of a conventional diffraction 
measurement. However, the nature of Fourier transformation entails that the 
data must be collected to high Q-values in the range of over 20 Å−1 with small 
statistical uncertainties. Therefore, total scattering data is usually collected at 
synchrotron X-ray or spallation neutron sources although recent advances in 
laboratory instrumentation have enabled total scattering measurements to be 
performed in-house. In this Thesis, total scattering data has been analysed 
through the so-called “big box modelling” which essentially involves the anal-
ysis of total scattering data using the reverse Monte Carlo (RMC) method.64 
Here, the contents of a large supercell (>10000 atoms) are moved at random 
to obtain optimum agreement with the experimental data. Although, no sym-
metry constraints are imposed on the supercell, certain chemical restraints 
based on inter-atomic distance windows, bond valence sum (BVS) etc. may 
be included.65 RMCProfile software was used in this work to perform the big 
box data analysis.66 This software allows the simultaneous refinement of the 
crystal structure against the experimental Bragg, reciprocal-space F(Q) and 
real-space G(r) data. X-ray and neutron total scattering data were acquired at 
the I15-1 X-ray Pair Distribution Function beamline at the Diamond Light 
Source and at the Polaris diffractometer67 at the ISIS Neutron and Muon 
Source, Rutherford Appleton Laboratory, United Kingdom. 

Electron Microscopy 
Electron microscopy techniques are invaluable tools to investigate the micro-
structural and crystallographic properties of materials. It may be broadly clas-
sified into scanning and transmission electron microscopy based on the instru-
mentation. Scanning electron microscopy (SEM) was used in this Thesis to 
investigate the morphologies and particle sizes of as-synthesized compounds. 
Here, an electron beam of relatively low energy (<20 keV) generated by a hot 
filament or a field emission gun is focused into a small spot on the sample 
using multiple electromagnetic lenses and/or apertures and then rastered over 
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the region of interest. The scattered electrons are detected and used to recon-
struct the image. Based on the position of the detectors and the origin of the 
scattered electrons from the surface (primary, secondary, backscattered) dif-
ferent information may be gathered. Additionally, the spatial elemental distri-
bution in the sample can also be investigated in the SEM using energy- or 
wavelength-dispersive spectroscopy methods.  

Transmission and scanning transmission electron microscopy ((S)TEM) 
offers an array of techniques to investigate the sample across length scales 
ranging from µm to Å. In a typical (S)TEM measurement, high-energy elec-
tron beams (~80–300 keV) are shot through thin powder samples (hence, 
transmission) drop-casted on a holey-carbon grid. Compared to SEM, (S)TEM 
offers a wide variety of measurement configurations and analysis techniques, 
which can be basically divided into two categories based on the nature of the 
electron beam at the sample. The TEM mode uses a µm-sized electron beam 
to illuminate the sample and allows for the collection of low-resolution im-
ages, diffraction patterns or high-resolution (atomic-contrast) images. When 
oriented along a zone axis the latter two techniques permit a crystallographic 
investigation of the samples, taking advantage of the wave-like nature of the 
electrons. The use of apertures facilitates a crystallite-by-crystallite investiga-
tion. In Paper I, a TEM-based diffraction technique—three-dimensional rota-
tion electron diffraction (3D-RED)68, 69—was used to investigate the crystal-
lography of Li2MnO3 crystallites synthesised through the two methods. This 
was carried out using JEOL JEM-2100 TEM operated at 200 kV using a sin-
gle-tilt tomography holder. In Paper II and Paper IV, a probe corrected FEI 
Titan Themis 200 microscope operating at 200 kV was used. In the STEM 
mode, the electron beam is focused on the area of interest and then scanned 
over it (similar to SEM). In both studies, X-ray energy-dispersive spectros-
copy (EDS) maps were recorded (in STEM mode) to obtain a quantitative 
spatial elemental distribution in the samples. In Paper IV, in addition to con-
ventional TEM imaging, nanobeam diffraction (in STEM mode using micro-
probe beam configuration) was used to collect diffraction patterns from dif-
ferent regions within the same crystallite enabling a spatial investigation of 
the changes in structure. Using the high-angle annular dark-field (HAADF) 
imaging technique, atomic-level imaging of the sample was also carried out. 
The contrast in the image is related to the atomic number (Z) by a factor of 
approximately Z1.7,70 enabling the investigation of features like Li-Mn order-
ing as the Mn appear significantly brighter than Li in HAADF images.  

Magnetic Measurements 
LMLOs are comprised of 3d-TM ions like Mn4+, Ni2+ and Co3+. Due to the 
presence of unpaired d electrons, the TM ions possess a net magnetic moment 
whose exchange interactions can be probed using magnetic measurements. 
This indirectly yields information about the TM ordering in the samples, 
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which complemented by other methods can be used to understand the under-
lying crystallography.71 Two kinds of magnetic measurement techniques are 
used in this Thesis.  

Temperature-dependent magnetic susceptibility (χ) can be probed using 
both direct (DC) and alternating (AC) current generated field configurations. 
In DC magnetic susceptibility measurements, the susceptibility of the sample 
is measured under field-cooled (FC) and zero-field-cooled (ZFC, i.e., without 
field) in the temperature range between 2 and 300 K. For these measurements, 
a relatively low field of 100 Oe is used to ensure that the activation barrier 
separating the ZFC and FC states are not overcome. By fitting the Curie–
Weiss law (χ = C/(T − θ), where C is the Curie constant, T is the temperature, 
and θ is the Curie–Weiss temperature) to the inverse susceptibility curves, in-
formation about the nature of magnetic interactions and ions responsible for it 
can be obtained.71 AC magnetic susceptibility is expressed as χ = χ' + iχ'', 
where χ' is the in-phase component and χ'', the out-of-phase component. These 
measurements are performed in an AC magnetic field at various frequencies 
within the temperature range and provides information about the characteristic 
times of magnetic moment relaxation, which helps to distinguish between dif-
ferent magnetic states. The second kind is the measurement of magnetization 
curves at isothermal conditions up to fields of ±50000 Oe. This provides in-
formation of the size of magnetic domains/clusters within the sample and also 
the nature of their magnetic interaction.71 The magnetic measurements for this 
Thesis was carried out using a Quantum Design magnetic property measure-
ment system (MPMS-XL). 

Raman Spectroscopy 
Raman spectroscopy can be used to study the local structure and bonding en-
vironments in inorganic materials. In materials like LMLOs, where the local 
TM–O bonding can be expected to change with synthesis methods and elec-
trochemical cycling, Raman spectroscopy facilitates the tracking of changes 
in the bonding environments. In this technique, the change in the frequency of 
a photon when it interacts with the sample is measured. This change, upon 
interaction with the sample, is a consequence of the atomic vibrations in the 
crystal which can scatter the incoming photons in an elastic or inelastic man-
ner. Raman spectroscopy is based on the latter. In the Thesis (especially in 
Paper II), Raman spectroscopy was used for a qualitative comparison of the 
nature of cation ordering in Li1.2Mn0.54Ni0.13Co0.13O2. The Raman spectra were 
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measured on a Renishaw InVia Raman microscope with an excitation wave-
length of 532 nm over the range of 1000 to 100 cm−1. A spectra collected on 
Li2MnO3 is shown in Fig. 12. 

Figure 12: Raman spectum of Li2MnO3. 

Inductively Coupled Plasma Optical Emission Spectroscopy 
Inductively coupled plasma optical emission spectroscopy (ICP-OES) was 
used for the compositional analyses. In brief, the samples are digested in a 
solution of ICP-grade HCl:HNO3 (3:1 v/v) solution  and diluted to the appro-
priate concentration (based on the stoichiometry) using a solution of 5 vol.% 
HNO3 in ultra-pure Milli-Q water (blank). During the measurement, the in-
strument is calibrated using a blank solution (corresponding to 0 concentra-
tion) and a commercial standard solution of known elemental concentration. 
Based on the calibration curve generated, the elemental compositions of the 
samples are obtained. ICP-OES measurements were carried out with a Perkin 
Elmer ICP-OES Avio 200 system. Further information on the scientific and 
experimental principles of this technique can be found elsewhere.72, 73 

Thermal Analysis  
Thermal analysis measurements facilitate the tracking of mass and enthalpy 
changes during the synthesis process. Combined with other techniques like in 
situ diffraction, it provides an understanding of how the synthesis process pro-
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gresses during the thermal treatment. Three kinds of thermal analysis meas-
urements are carried out in this Thesis: thermogravimetric analysis (TGA), 
differential thermal analysis (DTA) and differential scanning calorimetry 
(DSC). TGA experiments can be simultaneously carried out with either DTA 
or DSC measurements depending on the instrument capability. In Paper I, us-
ing a Netzsch F3 449 Jupiter STA thermal analyser, the synthesis precursors 
(in an alumina crucible) were heated from room temperature to 900 °C. Sim-
ultaneous TGA-DSC measurements were carried out where, in addition to the 
mass loss (TGA) of the sample, the heat flow to (and/or from) the sample is 
also measured (DSC) with respect to a reference, thereby providing infor-
mation about the phase transitions in the sample. For Paper II and Paper IV, 
the TG-DTA experiment was performed on a Netzsch STA 409 thermal ana-
lyser, wherein the sample is heated in conjunction with a reference contained 
in identical crucibles. The DTA signal is calculated by the difference in tem-
perature between the sample and reference. In all cases, the heating step was 
carried out under flowing air at a rate of 5 °C/min. 

Brunauer–Emmett–Teller Surface Area Analysis 
Brunauer–Emmett–Teller (BET) surface areas of sample powders were deter-
mined by analysing either nitrogen or Ar adsorption isotherms at 77 K using 
a Micromeritics ASAP 2020 accelerated surface area analyser. In a typical 
BET experiment, the sample contained in a glass tube is immersed in a liquid 
N2 bath, following which N2/Ar gas is injected into it. The gas injection con-
tinues until a given partial pressure p/po is reached, where po is the atmospheric 
pressure. The volume of gas required to reach a certain partial pressure is de-
pendent on the amount of gas that has been adsorbed onto the sample and free 
space in the tube. The surface area of the sample determines the amount of the 
gas adsorbed onto the sample, which in turn determines the amount of inlet 
gas needed to reach the desired partial pressure. The surface areas of the sam-
ples are then calculated by applying the BET model to the data in the relative 
pressure (p/po) range of 0.05–0.3 at 77 K. 

Electrochemical Measurements 
The electrochemical performance of LMLOs was evaluated using cells in half-
cell configurations with Li metal as the counter electrode. Here, in addition to 
being the counter electrode, the Li metal also serves as the reference electrode. 
This configuration ensures that the anode operates at an approximately con-
stant redox potential while acting as an infinite reservoir of Li+. Therefore, the 
electrochemical behaviour of the cell will be dominated by the active material 
in the working electrode (cathode) under normal operating conditions.   
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Electrochemical measurements were carried out using both coin-(Paper I) 
and Swagelok-cell (Paper II) setups using a two-electrode system. Apart from 
the differences in their geometry and architecture, the preparations of the 
working electrodes differ.  For a Swagelok-cell, the working electrode is often 
a mixture of the active material and carbon black (to improve electronic con-
duction) in powdered form. In Paper II, the working electrode was prepared 
by mixing Li1.2Mn0.54Ni0.13Co0.13O2 and carbon black in 3:1 ratio by weight 
using mortar and pestle. The mixture was dried under vacuum at 120 °C for 
12 h before the preparation of the cell. For coin-cells, the working electrode is 
typically prepared by casting the active material on a metallic foil. The coating 
is made in two steps. First, a slurry of the active material, carbon black and a 
polymeric binder is prepared by ball-milling together with a non-aqueous sol-
vent (e.g., 1-Methyl-2-Pyrrolidone). In this Thesis, a mass ratio of 8:1:1 are 
used for the active material, carbon black and the binder. Following this, it is 
casted onto an Al foil using a doctor blade. After the solvent is removed, cir-
cular electrode discs are punched out and further dried under vacuum before 
cell assembly. Due to their architecture and nature of working electrode, the 
Swagelok- and coin-cells were prepared using glass-fibre and Celgard 2400 
separators, respectively. Standard commercial electrolyte, namely, 1 M LiPF6 
in ethylene carbonate:diethyl carbonate (1:1 v/v), were used without modifi-
cation to prepare the cells. All the cells were cycled at a constant current of 10 
mA/g between 2 and 4.8 V. Electrochemical characterisation of the LMLO 
materials were performed using galvanostatic cycling, which is a basic cur-
rent-controlled technique where the change of voltage as a function of time or 
equivalent charge (often represented as specific capacity, mAh/g) is investi-
gated. Cycling curves from a typical galvanostatic cycling experiment are 
shown in Fig. 7.  
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Results and Discussion 

The objective of this Thesis is to understand how the synthesis affects the 
properties of LMLOs, with a major focus on the crystallography. By develop-
ing the current understanding of the synthesis–structure–property relation-
ships in these compounds, the electrochemical behaviour of these compounds 
can be understood in greater detail and pathways through which they can be 
improved can be identified.  

Synthesis–Structure–Property Relationships in Li2MnO3 
The research work for this Thesis started by exploring the effects of synthesis 
methods on Li2MnO3. The choice was motivated by the fact that it is the sim-
plest LMLO and hence, provides the basic insight necessary to undertake in-
vestigations on more complex LMLO compounds. Paper I investigated how 
two different synthesis methods affected the crystallographic, morphological 
and electrochemical properties of Li2MnO3 (LMO). Samples were synthesized 
using the solid-state ceramic (SLMO) and the modified Pechini citrate sol-gel 
(PLMO) methods. The step-wise procedure of each synthesis is shown in Fig. 
13. Note that both methods have identical final annealing protocols to ensure
that the synthetic effects are limited to the methods and degree of precursor
mixing.

Figure 13: Schematic representation of the synthesis procedures. 
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Crystallography 
The overall composition of the samples were found to be comparable accord-
ing to ICP-OES. The interpretation and analysis of diffraction data of LMO 

are complicated by the asymmetrically broadened superstructure reflections. 
Therefore, as a first step towards structural analysis, diffraction patterns with 
different degrees of Li-Mn mixing and stacking faults were simulated to un-
derstand their effects on the superstructure reflections. The structural model 
used for the analysis was adapted from Serrano-Sevillano et al.32 The simu-
lated patterns are shown in Fig. 3 of Paper I. The main takeaway from this 
exercise was that the Li-Mn site-mixing and stacking faults affect the same 
superstructure reflections, albeit differently. The amplitude (height) of the 
020C2/m superstructure reflection can be used as a measure of these changes. 
Li-Mn site-mixing reduces the amplitude of the 020C2/m reflection more dras-
tically than stacking faults; with 50% mixing, the amplitude of the 020C2/m 
reflection reduced to almost zero. With stacking faults, the amplitude of this 
reflection stabilized after the initial reduction, and consequently, very little 
variance in the amplitude was seen between the 60 and 100% faulted struc-
tures. Additionally, the Li-TM mixing did not affect the profile of the reflec-
tions, whereas, stacking faults, led to the asymmetric broadening of the super-
structure reflections. From FAULTS refinements, it was found that the pri-
mary difference between the samples were in the amount of stacking faults. 
SLMO had a lower degree of faulting compared to PLMO. A satisfactory fit 
of the SLMO XRD data could only be achieved by using a combination of 
faulted and fault-free (no faulting or cation site-mixing) LMO structure mod-
els (Fig. 14a). This indicated the existence of regions with different degrees 
of faulting in the SLMO sample. This was not the case in the PLMO sample, 
where a satisfactory fit was obtained with an LMO model with a single degree 
of faulting (Fig. 14b). TEM investigations of individual crystallites in the sam-
ples corroborated this conclusion (Fig. 5 in Paper I). Both samples were found 
to have similar degrees of cation mixing. A complete list of refinement metrics 
and the refined values is included in the supplementary information of Paper I. 

Morphology 
The samples showed a marked difference in their morphology and crystallite 
size (Fig. 14c). The SLMO samples were composed of coarse micron-sized 
agglomerates. The constituent particles were heterogeneously shaped, with 
spherical, platelet and cylindrical morphologies, and of varying sizes. The 
PLMO particles were predominantly spherical in their shape and about 50 nm 
in size. However, due to the significant gas evolution in the intermediate heat-
ing step, they were loosely bound, as a result of which the PLMO sample had 
higher surface area than the SLMO sample. 
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In situ Studies 
To understand the reasons behind the structural and morphological differ-
ences, the synthesis process was investigated in real time using thermal anal-
ysis and in situ diffraction; the results of which are shown in Fig. 7 of Paper I. 
As seen in the thermal analysis plots, the solid-state synthesis occurred step-
wise with three distinct steps at ~ 450, 620, and 730 °C, each accompanied by 
an endothermic DSC peak. Between 400 and 500 °C, the MnO2 reflections 
weakened as its melting point is ~535 °C. Simultaneously, reflections corre-
sponding to Li2CO3 reduced in intensity and a reflection at ~61.5° (2θ) in the 
NPD data, belonging to the SLMO phase, appeared around 530 °C. This was 
also seen in the X-ray data as the appearance of the 001C2/m reflection (at ~10° 
(2θ)) around the same temperature. However, the superstructure reflections 
were not visible at this stage indicating the absence of Li-Mn ordering. The 
020C2/m reflection in the X-ray data appeared only around 700 °C. Interest-
ingly, the reflection possessed a strong asymmetric profile, indicating the pres-
ence of stacking faults. With further heating, the phase continued to grow with 
the superstructure reflections becoming stronger with a reduction in the peak 
asymmetry. Thus, the Li-Mn ordering increased with concomitant decrease in 
the degree of faulting.  

For the sol-gel synthesis, the LMO phase already formed after the 450 °C–
5 h heating step. The diffraction data of the precursor looked similar to that of 
the final product, albeit with extra reflections from incomplete organic matter 
decomposition and broadened reflection profiles due to the small crystallite 
size and lower atomic ordering. The PLMO precursor phase had 60(1)% fault-
ing, which is close to that of the final product, suggesting that the final anneal-
ing step did not strongly influence the degree of faulting, in contradiction to 
SLMO. Looking at the TG-DSC study of the PLMO precursor, a mass-loss of 
~5% was observed over the final heating. Additionally, the heat flow process 
seen in DSC data was smooth, indicating no major phase transformation. The 
in situ diffraction and TG-DSC data together suggested that the decomposition 
of organic matter and the crystallization of LMO occurred simultaneously. 
Thus, the presence of organic matter in the structure may underpin the higher 
degree of faulting in PLMO. 

Electrochemistry 
The galvanostatic cycling curves show that PLMO exhibits higher charge-dis-
charge capacities than SLMO (Fig. 14d). To account for the crystallite size 
and morphological differences to a certain extent, care was taken to prepare 
the electrodes with comparable mass loadings of the active material and cycle 
them at a sufficiently slow rate (C-rate of ~C/46). Since the primary structural 
difference between the samples was their degree of faulting, it is posited that 
stacking faults play a crucial role in the amount of Li+ that can be extracted 
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from and intercalated back into the structure. As per previous reports, stacking 
faults and cation mixing formed three-dimensional Li percolation pathways in 
LMO resulting in higher first charge-discharge capacities.36 The faulted struc-
ture may also be thought to be in a higher energy state.38 This was based on 
the reduction of faulting on extended high-temperature annealing, which indi-
cated the existence of a thermodynamic driver for the reduction of faulting in 
the structure.36, 74 The differences in the degree of faulting together with the 
differences in the surface area of the samples may be used to explain the elec-
trochemistry results presented here. The PLMO sample has a higher degree of 
faulting and surface area than SLMO, and therefore increased capacity.  

Figure 14: (a-b) FAULTS refinement results. Observed and calculated intensities are 
shown as coloured circles and black lines, respectively. The difference curve is 
denoted by the blue line and the Bragg positions by the vertical bars. The red and 
black bars in (a) represent faulted and fault-free Li2MnO3 phases, respectively. (c) 
SEM images of the samples (scale bar is 2 µm). (d) Charge (Qc) and discharge (Qd) 
capacity vs. cycle number plots. 
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Single- and Multi-phase Li1.2Mn0.54Ni0.13Co0.13O2 
Considering the results obtained from Paper I and the compositional and crys-
tallographic complexity of Li1.2Mn0.54Ni0.13Co0.13O2, it was reasonable to hy-
pothesise that the non-equilibrium crystallography of this compound is de-
pendent on the synthesis method. This hypothesis was investigated in Paper 
II. The crystallography of Li1.2Mn0.54Ni0.13Co0.13O2 has been debated for about
20 years.16, 75 The debate centres on whether it exists as a single-phase solid
solution structure or as a multi-phase composite structure with distinct
Li2MnO3 domains. Currently, the structure of LMNCO is debated and said to
exist in one of two forms: (1) a single-phase monoclinic structure15, 76 and (2)
a multi-phase structure with inter-grown monoclinic Li2MnO3 and rhombohe-
dral LiNi0.33Mn0.33Co0.33O2 domains.17, 77, 78 Although both models possess Li-
TM ordering and a propensity for stacking fault formation, the nature of Li-
TM ordering is different in each case.  In the single-phase model, the Li-TM
ordering is assumed to be homogeneous throughout the structure, or in other
words, there are no regions of specific cation clustering. In the multi-phase
model, the Li-TM ordering is said to be discontinuous, with domains of dis-
tinct Li-Mn ordering (in Li2MnO3) present within the structure. The remaining
regions are said to possess a random distribution of Mn, Ni and Co, within the
LiNi0.33Mn0.33Co0.33O2 domains. The monoclinic and rhombohedral domains
have layered structures and are based on a ccp oxygen framework and there-
fore, argued to be integrated at an atomic scale through a shared anionic sub-
structure. The clustering of cations in specific domains entails that stacking
faults are present only within those domains as they are a consequence of Li-
TM ordering. A schematic illustration of the two structural models and the
associated defects are shown in Fig. 1 of Paper II.

Figure 15: Schematic representation of the synthesis procedures. 

As mentioned previously, it is reasonable to assume that the dissimilar struc-
ture models described above could be a consequence of different methods 
used to synthesize LMNCO.39 Considering this, LMNCO was synthesized via 
two contrasting methods with varying degrees of precursor mixing. Similar to 
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the previous study, the solid-state and modified Pechini citrate sol-gel meth-
ods were chosen for synthesis, a schematic representation of which is shown 
in Fig. 15. The as-synthesized LMNCO samples, henceforth referred to as SS-
LMNCO (solid-state) and SG-LMNCO (sol-gel), were characterized using 
ICP-OES, synchrotron X-ray and neutron diffraction, magnetic susceptibility 
measurements, STEM-EDS and Raman spectroscopy. To explain the struc-
tural differences between the samples, the synthesis mechanisms were studied 
using in situ diffraction and thermal analysis techniques. 

Figure 16: (a) SEM images, stack plots of (b) X-ray and (c) neutron diffraction 
patterns of the LMNCO samples (intensities are normalised to the highest value in the 
dataset) along with their (d) Raman spectra. The inset in (b) and (c) shows a Q-space 
region with superstructure reflections. 

Morphology, Stoichiometry and Long-range Structure 
The Li:TM ratio as well as the individual elemental composition of the SS-
LMNCO and SG-LMNCO were determined to be comparable through ICP-
OES. Oxygen stoichiometry was also confirmed to be as expected by STEM-
EDS and NPD analysis. SS-LMNCO was composed of heterogeneous sec-
ondary particles several micrometres in size with tightly packed primary par-
ticles. SG-LMNCO was made up of loosely-bound homogeneous particles, 
100–200 nm in size (Fig. 16a). The diffraction patterns (Figs. 16b and 16c) of 
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the samples were generally comparable, notwithstanding some subtle but key 
differences. Initially, Pawley refinement of the parent rhombohedral (R3m) 
unit cells was performed against XRD data. The unit cell parameters of the 
samples showed variations of ~0.16% and ~0.04% for a(b) and c lattice pa-
rameters, respectively. The c/3a value, often cited as a measure of the devia-
tion of the rhombohedral lattice from the ideal cubic close-packed (ccp) lattice 
(c/3a = 1.633),79 is comparable (difference of ~0.2%) between the samples, 
indicating that both possessed a well-layered structure. Notably, the super-
structure reflections of the samples were different in both X-ray and neutron 
diffraction data as highlighted in the inset of Figs. 16b and 16c. The differ-
ences are clearly seen in the XRD data, where the superstructure reflections 
of SS-LMNCO (blue) are comparatively sharper. This suggested dissimilari-
ties in the TM-layer cation ordering in the samples. This is corroborated by 
the differences in Raman spectra (Fig. 16d). A qualitative analysis of the spec-
tra (SI section 3 of Paper II), suggested that samples have incomparable local 
TM–O coordination environments and that multiple phases could be present 
in SS-LMNCO.  

Differences in Local TM Distribution 
STEM-EDS mapping was used to probe the spatial elemental distribution in 
the samples. SG-LMNCO had a homogeneous distribution of TMs without 
microscopic segregation of any species (Fig. 17a). The atomic % of the con-
stituent elements were also comparable to the expected values. Contrarily, the 
SS-LMNCO sample was found to be heterogeneous and made up of at least 
three different particle types or regions, as highlighted in Fig. 17b. Region 1 
was predominantly composed of Ni and Co, with O quantified to be ~62%, 
which is slightly lower than that of LiNi0.33Mn0.33Co0.33O2 (66%). In region 2, 
the major constituents were only O and Mn which were quantified to be ~72.5 
and ~25%, respectively; values that are comparably close to those of Li2MnO3. 
The third region has Mn and O conforming to the values expected from 
LMNCO but with Ni and Co lower than expected. This indicates that either 
the Li2MnO3-like phase might be in excess or that the Li2MnO3-like phase is 
over-represented within the region probed. Based on these results, SS-
LMNCO could be composed of Li2MnO3 and Li[NiyCozMn1–y–z]O2 (y, z ≥ 
0.33) phases integrated heterogeneously, ranging from atomic-scale inter-
growths to segregated Li2MnO3 and Li[NiyCozMn1–y–z]O2 particles. As the 
ICP-OES results confirm that the overall stoichiometry matches the expected 
value, SS-LMNCO may be represented as (x)Li2MnO3·(1–x)Li[NiyCozMn1–y–

z]O2 where 0.5 ≤ x ≤ 1 and y, z ≥ 0.33. It is worth noting that despite the stark
differences in the spatial elemental distribution, the diffraction data of the
samples looked very similar, further emphasizing the need for multiple com-
plementary characterisation techniques for structural analysis.
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The bulk TM distribution of the samples were probed by magnetic measure-
ments. Antiferromagnetic exchange interactions were found to dominate in 
both samples (negative Curie–Weiss temperatures in Fig. 17d). SG-LMNCO 
had a typical spin-glass80 like response, which represents a state of quenched 
magnetic disorder due to randomly oriented magnetic moments. This was ex-
plained by a random distribution of TM ions, which prevents the formation of 
any substantial magnetic ordering in the sample. Additionally, the layered 
rock salt structure with the two-dimensional triangular edge sharing planes 
provided the necessary geometric frustration to achieve the spin glass state. 
This indicated that Li2MnO3 domains were not present in the sample and that 
SG-LMNCO had a single-phase structure. In the case of SS-LMNCO, the 
magnetic response resembled that of a cluster-glass system.81 The antiferro-
magnetic transition in the ZFC curve at ~50 K indicated the presence of 

Figure 17: Bright field (BF) STEM data with EDS/EDX maps of the samples. 
Quantified elemental maps are shown at the bottom. (c) Temperature-dependent 
constant field magnetic susceptibility (χ) of the samples. FC and ZFC susceptibilities 
are shown as filled and empty symbols, respectively. (d) Reciprocal FC 
susceptibilities with their fits (dashed lines) to the Curie–Weiss law. Points are 
connected by lines for clarity. 
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Li2MnO3, as the transition is a characteristic of this phase (SI Fig. S6 in Paper 
II). The magnetic susceptibility increase upon cooling was due to different 
types of short-range magnetic ordering, possibly including the magnetic or-
dering by Ni2+ in the Li layer in the Li[NiyCozMn1–y–z]O2 or 
LiNi0.33Mn0.33Co0.33O2 domains. These observations were then confirmed by 
refining stacking-faulted structure models against X-ray data, as shown in 
Figs. 18a and 18c, where satisfactory fits were obtained for single- and multi-
phase structure refinements against SG- and SS-LMNCO data, respectively. 

Figure 18: (a) and (c) show the refinement plots of stacking faulted structure models
against XRD data. The observed and calculated intensities are shown as coloured
circles and black lines, respectively. The difference curve is shown in blue and the
positions of the Bragg reflections as vertical bars. In (a) the black and red bars denote 
Li2MnO3 and LiNi0.33Mn0.33Co0.33O2 phases, respectively. (b) In situ XRD data of the 
SS-LMNCO precursor at selected temperatures (offset in y), with the 020 (C2/m) 
reflection highlighted in the inset (plots are overlaid in the inset). The growth of the 
LMNCO 001 (C2/m) reflection is also highlighted. (d) Ex situ XRD data of the SG-
LMNCO precursor after pre-heating and final annealing. The 020 superstructure
reflection is highlighted in the inset in (d). The asterisk denotes reflections from
precursors due to incomplete synthesis reactions.  
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In situ Studies 
The differences in the cation ordering of the samples was due to their respec-
tive synthesis mechanisms since their compositions were equivalent. It was 
found that the Li-Mn clusters were preferentially formed in solid-state synthe-
sis due to the early reaction of Li2CO3 and MnO2 precursors. MnO2 decom-
posed to Mn2O3 around 500 °C accompanied by O2 release,82 whereas Li2CO3 

decomposed into Li2O and CO2 around 730 °C.83 Thus, the Li and Mn precur-
sors decomposed and entered the reaction matrix well before the Ni and Co 
precursors resulting in the formation of domains with Li and Mn species clus-
tered together. This was seen in the in situ XRD data collected during the 
heating of the SS-LMNCO precursor, where the Li2MnO3 phase formed below 
700 °C (Fig. 18b, 001C2/m and 020C2/m are highlighted). No such transformation 
was seen for SG-LMNCO. As shown in Fig. 18d, much like in Paper I, the 
pre-heated and annealed sample looked comparable except for weak addi-
tional reflections originating from the incomplete decomposition of organic 
matter and the peak broadening. Here, as the crystallization occured from a 
metal-citrate precursor mix with a homogeneous distribution of cations, the 
probability for Mn to preferentially cluster around Li was reduced. This pre-
cluded the formation of Li2MnO3 domains. In conclusion, the results demon-
strated that LMNCO can indeed exist in two distinct structural forms depend-
ing on the synthesis method implemented. The anionic redox behaviour of 
LMNCO was previously explained based on the presence of Li2MnO3 do-
mains.31, 84 However, the single-phase SG-LMNCO showed typical electro-
chemical and anionic redox behaviour associated with Li- and Mn-rich layered 
oxide systems (SI Fig. S15 of Paper II) indicating that the anionic redox be-
haviour may not be dependent on the Li2MnO3 domains in structure. 

Taken together, the results from Papers I and II shed light on two factors 
that must be addressed to improve the current understanding of synthesis–
structure–property relationships in LMLOs. Firstly, further investigation of 
the synthesis–structure relationships is necessary considering the sheer num-
ber of different parameters involved in a synthesis. The second factor concerns 
the structural characterisation of LMLO and the interpretation of the data col-
lected. As shown in the Paper II, multiple complementary techniques are nec-
essary to accurately characterise the structure of LMLOs and the average 
structure model is not able to encompass all the local structural variations. The 
final two studies were aimed at addressing these issues. 
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Synthesis–Structure Relationships in Li- and Mn-rich 
Layered Oxides 
 
 

Considering the multiple of parameters involved in material synthesis and the 
subtle effects identified in Paper II, a comprehensive study looking at how 
different LMLO compositions are affected by changes in synthesis conditions 
is necessary. Paper III was carried out with this objective and involved a sys-
tematic investigation of the synthesis–structure relationships in Li2MnO3 

(LMO), Li1.2Mn0.6Ni0.2O2 (LMNO) and Li1.2Mn0.54Ni0.13Co0.13O2 (LMNCO). 
Each compound was synthesized through two methods using four annealing 
conditions. Li2MnO3 was synthesised using both citrate sol-gel (SG) and solid-
state (SS) methods, whereas the other two compounds were synthesised 
through citrate sol-gel and coprecipitation (CP) methods. The synthesis meth-
ods were so chosen that the effect of precursor mixing could be investigated. 
That is, while the crystallisation of the final product happens from a ‘single’ 
metal-citrate complex in the sol-gel method, the crystallisation occurs from a 
mix with distinct Li and TM precursors in the SS and CP methods. Note that 
the solid-state method for LMO is the functionally equivalent to the CP 
method for LMNO and LMNCO, as both have separate Li and TM precursors 
which are ground together and annealed.   

Four annealing conditions, 900, 950 and 1000 °C for 3 h and 900 °C for 15 
h, were used to explore the thermodynamic and kinetic factors governing the 
crystallography of these compounds. For the synthesis, the heat treatment was 
always done in air, with a constant heating rate of 6 °C/min. All samples were 
quenched to room temperature after the annealing by bringing the crucible in 
contact with an Al plate. In the following discussion, the annealing conditions 
are abbreviated for convenience. For example, 1000C-3h represents annealing 
at 1000 °C for 3 h. The compositional and structural characterisation of the 
samples were carried out using ICP-OES and XRD, respectively. A schematic 
illustration of the synthesis is shown in Fig. 19. All XRD measurements were 
performed on a Bruker D8 Advance Twin-Twin diffractometer using Cu-Kα 
radiation in Bragg-Brentano mode. Therefore, unlike the previous two works, 

Figure 19: Schematic illustration of the synthesis procedures. 
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the XRD data is plotted as a function of the scattering angle (2θ) and not in 
terms of scattering vector, Q. 

It is instructive to revisit the factors affecting the superstructure reflections 
in the XRD data of these compounds. The intensity of superstructure reflec-
tions is dependent on the degree of cation ordering (in the TM-layer) and the 
resultant X-ray scattering contrasts of the two sites (Fig. 3) in this layer, which 
in turn depends on their respective electronic density.37 The superstructure re-
flections were strongest for LMO due to Li and Mn preferentially occupying 
the 2b and 4g sites, respectively, resulting in strong scattering contrasts be-
tween these sites. The structure of LMNO and LMNCO may be derived from 
that of LMO by substituting the Li and Mn species in the TM-layer with the 
respective TM(s). Therefore, the reduction in the intensity of the superstruc-
ture reflections in LMNO and LMNCO, without the growth of additional re-
flections, indicate that the dopants are distributed among the two sites, which 
results in the reduction of the overall X-ray scattering contrast between these 
sites. As shown in Paper I, the amplitude of the 020 reflection (~21°) normal-
ized to that of 001 (~18.7°) can be used as a qualitative measure of the TM-
layer cation site-mixing.37 The overall asymmetric broadening of the super-
structure reflections is indicative of the degree of (stacking) faulting in the 
structure.37  

Similarities 
The XRD data of the samples (24 in total), shown in Fig. 20, revealed notable 
similarities, irrespective of the composition. All samples possessed strong su-
perstructure reflections, as highlighted in the insets. In all cases, annealing at 
high temperatures and for extended durations were found to lead to stronger 
(more-intense) superstructure reflections with reduced asymmetry. This indi-
cates the stacking faults are not thermodynamically favoured in these com-
pounds. Additionally, in almost all cases, spinel and rock salt phases were 
present after the 1000C-3h and 900C-15h annealing, which has also been re-
ported in previous studies on similar systems.85, 86 Taken together, these ob-
servations reveal the thermodynamic metastability of the LMLO systems 
when synthesised under practical laboratory conditions which, for the pur-
poses of this work, may be considered to be annealing temperatures of <1000 
°C and durations below 20 h. Nevertheless, the samples show notable compo-
sition-dependent response to the synthesis conditions and therefore, warrant 
further investigation. 
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Li2MnO3 
A magnified view of the XRD data from the LMO samples, focusing on two 
different angular regions, are shown in Fig. 21. After the 900C-3h annealing, 
both the SG- and SS-samples possess strongly asymmetric superstructure re-
flections, indicating the presence of a significant amount of stacking faults in 
its structure. The (normalised) amplitude of the SS-LMO 020 reflection was 
higher than that of SG-sample, which indicated that the former had higher 
extent of Li-Mn ordering in the structure. Annealing at 950C-3h generated 
vastly different responses in the samples. While the SG-LMO sample pos-
sessed asymmetric superstructure reflections, the same reflections in the SS-
sample were found to have almost no asymmetry and a substantial increase in 

Figure 20: Stacked XRD patterns of the different samples synthesized through the
different synthesis methods, offset along y axis. The superstructure reflections in the 
20–35° angular range are highlighted in the inset. The dataset name is shown in the
top-left corner of each subplot and the annealing conditions, on the bottom right.
Intensities have been normalized to the largest value in the corresponding 
measurement to aid comparison. 
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the amplitude of the reflections indicating that the SS-sample was almost de-
void of stacking faults. Upon annealing at 1000C-3h, reflections correspond-
ing to additional spinel and rock salt phases (highlighted using red markers in 
Fig. 21) were observed in both samples, albeit to different degrees. Compara-
tively, the SG- sample was found to have higher amount of these phases. Ex-
tended annealing at 900 °C (900C-15h) also elicited vastly different responses 
from the two samples. The SG-LMO appeared to be comparatively less af-
fected with the extended annealing only resulting in a slight decrease in the 
asymmetry of the superstructure reflections. However, in SS-LMO, the 900C-
15h annealing resulted in changes more extreme than that observed after the 
1000C-3h annealing. Specifically, the amplitude of the superstructure reflec-
tions, were found to be higher after the 900C-15h annealing.  The kinetics of 
the SS-synthesis are considerably higher than that of the SG-method, and 
therefore, the development of Li-Mn ordering, both within the layers and 
along the stacking directions, are easier for SS-samples. 

Figure 21: Magnified view of the XRD (Cu-Kα) data within certain angular ranges of
(a) SG- and (b) SS-LMO. Growth of new phases are highlighted using coloured
triangles (spinel) and asterisks (rock salt). Intensities have been normalized to the
largest value in the corresponding measurement to aid comparison.
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Li1.2Mn0.6Ni0.2O2 
Compared to LMO, the reduction of stacking faults in LMNO upon high-tem-
perature and long-duration annealing was considerably slower. Neither the 
1000C-3h annealing nor the 900C-15h annealing reduced the asymmetry of 
the superstructure reflections to an extent observed in the LMO samples. The 
amplitude of the 020 reflection is found to undergo only a marginal increase 
with increasing annealing conditions. Notably, the observed amplitude of this 
reflection was comparable to that simulated using an C2/m LMNO structure 
with lowest cation mixing as permitted by the stoichiometry (with 40% Li (2b) 
and 10% Mn (4g) sites occupied by Ni), as shown in Fig. S2 in the Paper III 
(SI). These results indicate that the LMNO samples have a high degree of or-
dering within the TM-layers, but not along the stacking direction which is only 
developed with further annealing. The restrained response of the superstruc-
ture reflections to increased annealing conditions may originate from the pres-
ence of Ni2+ whose large size can decelerate the development of the cation 
ordering in the stacking direction. Entropy effects may also play a role here, 
which leads to a more disordered structure.87 Although growth of similar spi-
nel and rock salt phases were observed in the XRD data of SG-LMNO sam-
ples, it was comparably lower than that of LMO, indicating that the Ni doping 
retards the growth of these phases. Interestingly, the CP-LMNO samples did 
not show any appreciable formation of the spinel and rock salt phases.  

Figure 22: Magnified view of the XRD (Cu-Kα) data within certain angular ranges
from SG-(a) and CP-LMNO (b). Growth of new phases are highlighted using coloured
triangles (spinel) and asterisks (rock salt). Intensities have been normalized to the
largest value in the corresponding measurement to aid comparison. 
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Li1.2Mn0.54Ni0.13Co0.13O2 
The LMNCO samples reflect similar trends to those observed for LMNO. For 
example, like in LMNO, high-temperature and long-duration annealing is un-
able to reduce the degree of faulting in the structure considerably. The ampli-
tude of the 020 reflection undergoes little change during the different anneal-
ing procedures, and is comparable to that obtained from the simulation of 
LMNCO structure with a high degree of TM-layer cation ordering (Fig. S2 in 
Paper III SI).  This indicates that, like in LMNO, there is a high degree of 
cation ordering in the TM-layer that is not affected significantly by the chang-
ing annealing conditions. Furthermore, similar spinel and rock salt phases are 
also found to form in SG-LMNCO samples after the 1000C-3h and 900C-15h 
annealing procedures. However, the intensities arising from the new phases 
are comparatively weaker in SG-LMNCO to those in SG-LMNO. Although 
this could mean that a lower amount of these phases is formed in the case of 
LMNCO, one cannot rule out the possibility that the difference in the intensity 
arises from changes in the composition of the spinel phase. Note that in the 
LMNCO samples, an additional reflection at ~31° is observed, which can be 
indexed to a spinel phase,88 which was not observed in LMO or LMNO. 
Therefore, the growth of the spinel phase also depends on the composition of 
the sample.  

Figure 23: Magnified view of the XRD (Cu-Kα) data within certain angular ranges
from SG-(a) and CP-LMNCO (b). Growth of new phases are highlighted using 
coloured triangles (spinel) and asterisks (rock salt). Intensities have been normalized
to the largest value in the corresponding measurement to aid comparison. 
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Effect of Synthesis Methods 
The differences mentioned above, namely regarding the sluggish kinetics and 
susceptibility to structural decomposition of the sol-gel samples, can be ex-
plained by nature of the precursors and the synthesis mechanism. The effect 
of kinetics is most visible when comparing the SG- and SS-LMO samples 
where the latter is able to develop Li-Mn ordering and eradicate stacking faults 
much faster. The differences are not as stark for LMNO and LMNCO, as the 
presence of additional cations and the entropy effects work against the reduc-
tion of faulting in the structure. Crystallisation of the SG-samples occurs from 
a metal-citrate matrix with the concomitant decomposition of organic matter 
as gaseous species, as a result of which loosely bound crystallites are formed. 
On the other hand, the SS- and CP-samples are essentially formed by the solid-
state reaction of Li2CO3 and the TM precursors, with comparatively minimal 
gas evolution. Consequently, tightly-packed crystallite agglomerates are 
formed.  

Both these reasons, i.e., the presence of organic matter during crystallisa-
tion and the loosely-packed crystallites, underpin the differences observed be-
tween the samples synthesised through these methods. Looking at LMO spe-
cifically, the presence of organic matter in the SG-LMO precursor can hinder 
the growth of atomic ordering and reduction of faulting in the structure. The 
results here indicate that stacking faults in SG-LMO (as well as the other SG-
samples) cannot be eradicated by increasing the annealing temperature as the 
layered structure decomposes to spinel and rock salt phases. Secondly, the 
increased free-space between the SG-crystallites hinders the process of crys-
tallite-growth/agglomeration and consequently leads to samples with higher 
surface area. Although not directly observed in the ICP-OES data, the higher 
tendency of the SG-samples to form spinel and/or rock salt phases may be 
explained by the increased loss of Li as gaseous species, facilitated by the high 
surface area of these samples.85, 89 This can lead to a surface-to-bulk concen-
tration gradient of Li which can promote the growth of the new phases. It is 
also worth noting that despite the higher degree of cation-mixing in the SG-
precursor as compared to the SS- and CP-precursor, a higher degree of Li-TM 
ordering is observed in the SS- and CP-samples. This is counter-intuitive, and 
underlines the unexpected ways in which the crystallisation mechanisms can 
affect the structure of the final compound.   
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Quantitative Analyses 
Composition-dependent structural changes in the samples were quantitatively 
analysed through Pawley and structural refinement using XRD data. Single 
peak fitting was carried out to evaluate the coherent domain sizes90 in the sam-
ples. Only the six 900C-3h samples were used in order to avoid the effects of 
additional spinel and rock salt phases in the samples.  

Figure 24: (a) Refined unit cell parameters obtained from the Pawley refinement. (b) 
The reflection at ~44.5° (Cu-Kα) used for the single-peak fitting to extract the domain 
sizes. (c) Domain sizes calculated from the single-peak fitting. 

Results from the Pawley refinement are presented in Fig. 24a. It is seen that 
the LMNO samples have, in general, the largest unit cell volumes and associ-
ated lattice parameters compared to LMO and LMNCO. This suggests that 
presence of Ni2+ into the structure leads to significant distortion of the LMO 
structure, which is partly mitigated by the introduction of Co3+. To further 
understand how the introduction of new atomic species and synthesis method 
affected the growth of ordered domains in the structure, single peak fitting of 
the peak at the ~44.5° (Fig. 24b) was carried out. The samples were analysed 
in two groups, divided based on the synthesis method. Among the SG-sam-
ples, LMNO (27.20(17) nm) and LMNCO (31.91(47) nm) have a lower do-
main size than LMO (43.92(44) nm), indicating that additional cation species 
in the metal-citrate precursor together with the organic matter retards the 
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growth of ordered domains. However, the SS- and CP-samples exhibit a re-
verse trend, where CP-LMNO (42.28(82) nm) and CP-LMNCO (44.08(67) 
nm) have larger domain sizes than SS-LMO (38.05(45) nm). This is possibly 
due to the different synthetic pathways adopted by the precursor mix, due to 
the dissimilarities in the TM components involved (hydroxide salts for LMNO 
and LMNCO, and MnO2 for LMO).91, 92 Taken together, for LMNO and 
LMNCO, it is clear that despite the higher cation mixing in the ‘single’ SG-
metal-citrate precursor, formation of ordered domains is accelerated in the CP 
method. Although this trend is not observed for the SG- and SS-LMO samples, 
the difference between the domain sizes is much smaller (~6 nm). Neverthe-
less, these observations highlight the possible ways in which precursor-de-
pendent kinetics and the atomic compositions can influence the crystallog-
raphy of LMLOs. 

The degree of faulting in the six samples was refined using FAULTS, and 
refinement plots are shown in Fig. 8 of Paper III. It was found that in almost 
all cases, multiple degrees of faulting (i.e., domains with different amounts of 
faulting) were present. This was most visible for the SS-LMO sample where 
an acceptable fit was only obtained using a multi-phase LMO model. In all 
other cases, despite a satisfactory fit, misfits in the intensities of the super-
structure reflections revealed the existence of multiple degrees of faulting 
within the structure. The stacking fault refinements also revealed that the de-
gree of faulting was lower in the SS- and CP-samples as compared to their 
SG-counterparts. This corroborates the results discussed previously, wherein 
the SG-samples were found to have a comparatively lower degree of ordering 
in the structure. Also of note is that, in all the refinements, despite not refining 
the TM-layer cation site occupancies and being fixed to values corresponding 
to lowest degree of mixing, satisfactory fits were obtained in all cases, indi-
cating that there is very little cation site-mixing in the TM-layer. Complete 
details of the refinement methodologies and refined parameters for all the re-
finements can be found in the SI of Paper III.     
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Revisiting the Crystallography of Li1.2Mn0.6Ni0.2O2 
As mentioned previously, apart from the synthesis–structure variability, struc-
tural characterisation and accurate interpretation of the data are key to under-
standing the synthesis–structure–property relationships in LMLOs. Towards 
this, Paper IV revisits the crystallography of sol-gel-synthesised 
Li1.2Mn0.6Ni0.2O2 (LMNO) through complementary characterisation tech-
niques in an attempt to provide further insight into whether it exists as a single- 
or multi-phase structure (as described in Paper II). Additionally, in the context 
of this highly challenging system, the characterisation techniques are evalu-
ated based on their ability to characterise the structure of LMNO and distin-
guish between the two proposed structure models. The LMNO sample was 
synthesised using the citrate sol-gel method employed in Paper III, with the 
annealing done at 900 °C for 12 h, following which it was cooled to room 
temperature. The experimental details relating to the different characterisation 
techniques employed are detailed in Paper IV.  

Microscopic Elemental Distribution 
The overall cationic stoichiometry was confirmed to match expectation using 
ICP–OES. The oxygen stoichiometry was also found to be as expected 
through STEM–EDS. The spatial elemental distribution in the sample over 
multiple regions (~0.5 × 0.5 µm2) was also mapped through the same method. 
As expected from sol-gel-based methods,41 a largely homogeneous distribu-
tion of Mn, Ni and O was observed (Fig. 1 of Manuscipt IV). However, small 
amounts of Ni segregation was found, particularly along the surface and crys-
tallite boundaries. Note that the spatial elemental distribution of LMNO has 
been previously reported to vary based on the synthesis methods.93  

Average Structure and the Interpretation of Diffraction Data 
As powder diffraction methods are often the method of choice to characterise 
the average structure of LMLOs, it is important to understand the influence of 
different structural defects on the diffraction data as well as the information 
that can be reliably extracted from it. To understand the effects of structural 
defects on the diffraction data, diffraction patterns were simulated with differ-
ent degrees of the aforementioned defects were compared, as shown in Fig. 
25.
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For each of the three structural defects, namely, Li-TM mixing, stacking faults 
and Li-Ni interlayer mixing, two different scenarios corresponding to an 
‘ideal’ situation and a ‘faulted’ situation were simulated. The primary takea-
way from this exercise was that the defects affected the intensity and/or the 
profile of the superstructure reflections and hence, improper modelling of 
these reflections during structural refinements will lead to incorrect structural 
parameters. Complete details of the XRD data simulation can be found in the 
SI of Paper IV. 

Caution must also be exercised when carrying out structural refinements of 
LMNO against powder diffraction data as one cannot rely on the residual (R-
) values of the refinement to judge the goodness of fit. As the superstructure 
reflections are considerably weaker than the parent rhombohedral reflections, 
misfits to the superstructure reflections do not affect the R-values signifi-
cantly. This was illustrated by fitting the neutron diffraction data using single- 

Figure 25: Simulated X-ray (a, c, e) and neutron (b, d, f) diffraction patterns showing
the effects of in-plane Li-TM mixing (a and b), stacking faults (c and d) and Li-Ni 
interlayer mixing (e and f). In each case, the orange plot represents the defect-free 
LMNO structure, and the blue, the structure with cation mixing or stacking faults. 
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and multi-phase LMNO models with the atomic occupancies and displace-
ment parameters fixed (Fig. 3a in Paper IV) and stacking faults excluded. It 
was found that equally acceptable and comparable R-values were obtained for 
both cases indicating that improper fitting of the superstructure reflection does 
not affect the overall R-values notably and therefore, structural refinement 
against powder diffraction data is not a suitable method to validate the two 
LMNO structure models. Furthermore, superstructure reflections are weaker 
in neutron data as compared to X-ray data necessitating extra caution when 
performing structural refinements against neutron data. This was illustrated 
by fitting a rhombohedral LMNO model to the data. In the rhombohedral set-
ting, as Li, Mn and Ni are randomly distributed in the 3b position as per stoi-
chiometry, superstructure reflections are not present. Here it was seen that the 
R-values were significantly lower for the fit to neutron data (Goodness of fit
= 1.99) as compared to the X-ray data (Goodness of fit = 6.8). Another im-
portant aspect to bear in mind when undertaking structural refinements is the
overparameterisation of the data. Multi-cation systems like LMNO, where
multiple atoms can occupy two or more crystallographic sites, are candidates
for overparameterisation if structural refinements are carried out against in-
sufficient data and/or without appropriate constraints.94 Nevertheless, conven-
tional analysis of diffraction data is useful to obtain information regarding the
sample purity, degree of faulting and to carry out structure-independent inves-
tigations of domain sizes and strain values.

Pawley refinement of a rhombohedral (R3m) unit cell was carried out 
against synchrotron X-ray data and compared to that of Li2MnO3 (synthesised 
under identical conditions) to understand the changes in the unit cell parame-
ters in LMNO. Comparing the c/3a value (c and a are the rhombohedral unit 
cell parameters), which is cited as a measure of the layered-ness in similar 
compounds,79 it was observed that LMNO had a lower value than both 
Li2MnO3 and Li1.2Mn0.54Ni0.13Co0.13O2 (from Paper II) indicating that Ni2+ hin-
ders the formation of a well-layered structure. Additionally, based on the 
LMNO c/3a value being closer to 1.633 (the corresponding value for a cubic 
lattice), it had a comparatively higher amount of TM (Ni in this case) in the Li 
layer. Finally, similar to the observation in Paper III, LMNO also exhibits 
smaller ordered domain sizes than Li2MnO3. Due to high resolution and well-
defined instrumental broadening of the synchrotron X-ray data, strain values 
could be refined which shows that a comparatively higher amount of strain 
was present in LMNO than in Li2MnO3. Both these observations corroborate 
the earlier observation made from the comparison of c/3a values: Ni2+ hinders 
the growth of atomic ordering within the structure. A FAULTS refinement 
was carried out to extract the degree of stacking faults in the sample, the re-
finement plot of which is shown in Fig. 3b of Paper IV. Like in Paper III, the 
same Li2MnO3 structure model adapted from Serrano-Sevillano et al. was used 
for the refinement. To avoid overparameterisation, cation site occupancies and 
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the displacement parameters were not refined. Despite these atomic parame-
ters not being refined, a satisfactory fit was obtained with a stacking fault de-
gree of 42.8(2)%. Complete details of the refinement methodology and the 
results are provided in the SI. As shown in Paper II, the average structure of 
these materials can significantly vary from their local structure. Therefore, the 
local structure of the sample was investigated.  

Single- vs. Multi-phase Debate and the Local Structure  
The existence of Li2MnO3 in the TM-layer is a key component of the single- 
vs. multi-phase debate. However, it is important to note that irrespective of the 
Li-TM mixing, Li-Mn clusters will be formed in LMNO based on stoichiom-
etry, as there are three times as many Mn ions as Ni ions in this layer. There-
fore, it is rational that Li-Mn clusters and Li2MnO3-like domains have been 
observed with (scanning) transmission electron microscopy ((S)TEM) imag-
ing.14 In this study, the local structure of LMNO was initially investigated us-
ing (S)TEM methods and magnetic measurements, following which a com-
bined short- and long-range structural study was carried out using RMC anal-
ysis of the total scattering data. 

As shown in Fig. 27a, the nanobeam diffraction patterns collected on dif-
ferent locations of the crystallites, highlight the changes in the crystallography 
in different locations of the crystallite. This is also observed in the HAADF 
images, where, in addition to the different kinds of stacking sequences, the Li-
Mn ordering can also be seen as dumb bell-like features. Since only a qualita-
tive analysis is possible here, it is worth noting Li-Ni ordering would also 
appear identical to Li-Mn ordering. Therefore, like in the literature, where 
(S)TEM data has been interpreted in contradictory manners,14, 95, 96 a conclu-
sive distinction between the existence of single- or multi-phase model is not
possible. Additionally, data must also be collected from a larger ensemble of
crystallites to ensure that the observations are representative of the entire sam-
ple. Considering that the magnetic behaviour of the supposed constituents of
the multi-phase structure model (Li2MnO3 and LiMn0.5Ni0.5O2) are very dif-
ferent,81, 97 magnetic measurements were carried out next to check for the ex-
istence of the domains.
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Figure 26: (a) Bright-field TEM image. Nanobeam diffraction patterns collected at
three different locations of the crystalline (in STEM mode) are also shown (scale bar
is 10 nm-1). (b) and (c) show the corresponding HAADF-STEM images (drift 
corrected and integrated over 10 images) from locations 2 and 3. (d) Temperature-
dependent constant field (DC) magnetic susceptibility (χ) of LMNO at 100 Oe. Field-
cooled (FC) and zero-field-cooled (ZFC) susceptibilities are shown as squares and
triangles, respectively. Reciprocal FC susceptibility curve fitted with the Curie–Weiss 
law (black dashed lines) and the Curie–Weiss temperature is shown in the inset. (e)
Magnetization curves at 5 K measured up to fields of ±50000 Oe. Inset zooms in on
the central portion of the plot. (f) Temperature dependences of the real (χ′) and 
imaginary magnetic susceptibility (χ′′) measured at 4 Oe. Points are connected by
lines for clarity. 
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The DC magnetic susceptibility curves, shown in Fig. 26d, suggested cluster 
glass-like magnetic behaviour, based on the diverging FC and ZFC curves. 
Based on the negative Curie–Weiss temperature (Fig. 26d inset) antiferromag-
netic interactions dominate the exchange interactions in the sample, which 
was confirmed by the antiferromagnetic-like sharp drops seen in the FC and 
ZFC curves. However, as seen in Fig. 26e, the magnetisation curve did not 
reveal any significant hysteresis which indicated that the size of the clusters 
are not large enough to retain remnant magnetisation and coercivity. This, 
taken together with the fact that a clear magnetic signature of either Li2MnO3 

or LiMn0.5Ni0.5O2 was not seen in the magnetic response, indicated that a seg-
regated existence of any of these phases is unlikely. Although qualitative, this 
suggested that the sample resembles a single-phase structure model as op-
posed to the multi-phase one.  

As mentioned, a key aspect of the single vs multi-phase debate is the pres-
ence of distinct Li2MnO3 domains. Thus, a distinction between them can be 
made based on the nearest-neighbour cation of the Li atom in the TM-layer, 
henceforth referred to as LiTM. According to the multi-phase model, LiTM can 
only have Mn as its nearest-neighbour cation in the TM-layer and hence, only 
LiTM-Mn pairs exist at a distance (r) of ~2.8 Å (Fig. 27a). On the other hand, 
the single-phase model permits both Mn and Ni to be the nearest-neighbour 
cation of LiTM as shown in Fig. 27b. Analysis of the partial neutron PDF data 
of LMNO is a possible way to individually explore the LiTM-Mn/Ni correla-
tions in the structure.  

Figure 27: Nearest-neighbour cation and approximate distance in (a) multi- and 
single-phase structure descriptions. (c) Supercell structure model at the beginning of
the RMC analysis. 
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Towards this, RMC analysis of total scattering data was carried out using an 
atomic configuration containing shown in Fig. 27c (30720 atoms). To distin-
guish between the Li atom in the Li layer from LiTM it was defined separately, 
as permitted in the RMCProfile software. The experimental details of the 
RMC simulations, including the atom swap probabilities and BVS constraints 
are detailed in the experimental section of Paper IV. Here, the RMC simula-
tions were performed with LiTM, Mn and Ni atom swaps permitted only within 
the TM-layer and hence, the LiTM atom can only have three kinds of nearest-
neighbour cation – Mn, Ni and LiTM. The RMCProfile fits to the Bragg and 
neutron real-space datasets are shown in Figs. 28a and 28b, and the fits are 
acceptable in both cases. Note that misfits exist in the Bragg fit, possibly aris-
ing from the fact that the peak broadening effects from stacking faults are not 
modelled fully as the RMC structure model is composed of a finite number of 
TM-layers. Additionally, Li-Ni interlayer mixing might also be contributing 
to the misfits. Nevertheless, considering that the RMC simulations were car-
ried out against four different datasets—Bragg, neutron real- and reciprocal-
space and X-ray real-space with both distance and BVS constraints—the re-
sults of the RMC simulation are a reliable quantitative representation of the 
structure of LMNO.  

Figure 28: RMC fits to the (a) Bragg and (b) neutron real-space data. (c) Partial 
radial distribution functions gij(r) for the nearest LiTM-Mn and LiTM-Ni pairs (solid 
lines). The corresponding coordination number calculated using Eqn. 12 is shown as 
dashed lines. 
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The partial PDFs of the LiTM-Mn and the LiTM-Ni pairs are shown in Fig. 28c, 
together with the coordination number calculated for each pair as per Eqn. 13. 
Considering that a statistically significant number of LiTM-Ni pairs are present 
in the structure, it was concluded that the nearest neighbour cation for LiTM 
within the TM-layer is not necessarily Mn. Note that, summing the coordina-
tion numbers for the pairs in Fig. 28c, a total coordination number of 6 is ob-
tained for LiTM which is expected based on the hexagonal Li-TM ordering in 
this layer. Also, as shown in Fig S7 (SI) of Paper IV, no LiTM- LiTM pairs exist 
at the distance represented in Fig. 28c. It is important to emphasise that this 
observation neither disproves the multi-phase model nor is a complete valida-
tion for the single-phase model. Based on stoichiometry, and as seen from the 
partial PDF data and the HAADF images, LiTM-Mn pairs/clusters are found in 
LMNO. The key takeaway here is that LiTM-Mn ordering does not extend 
throughout the structure and regions with LiTM-Ni ordering can also occur. 
The results from the RMC simulations and the output files are included with 
the SI of Paper IV. 

In summary, this study illustrates that neither the single-phase nor the 
multi-phase model offers a complete structural description of LMNO. Fea-
tures of both models are present in the structure, and that in many cases, the 
structural feature observed depends on the choice of characterisation tech-
nique necessitating the use of multiple complementary techniques. It is also 
necessary to move away from the conventional unit cell based structural de-
scriptions in favour of larger supercell structure models which can encompass 
the different structural features in a statistically reliable manner. The 
RMCProfile analysis carried out in this work is a possible first step in this 
direction.  



71

Conclusions 

This Thesis explores the synthesis–structure–property relationships in 
LMLOs, and aims to improve the current understanding of the synthesis-in-
duced variations in these compounds, with a major focus on their crystallog-
raphy.  

The first study (Paper I) looked at the simplest LMLO—Li2MnO3—and 
investigated the influence of solid-state and sol-gel synthesis methods on its 
crystallography, morphology and electrochemistry. It was found that the solid 
state synthesis produced a lower degree of faulting in the sample compared to 
the sol-gel process. Additionally, in the solid-state-synthesised sample multi-
ple domains of both faulted and fault-free Li2MnO3 to coexist. With regards to 
the morphology, sol-gel Li2MnO3 was composed of loosely-bound 100–200 
nm crystallites, while the solid-state sample was made up of micrometre-sized 
agglomerations of heterogeneously shaped crystallites of varying sizes. The 
crystallographic and morphological differences between the samples were at-
tributed to the nature of precursors (specifically, the presence of organic mat-
ter in the sol-gel precursor) and the resultant synthetic mechanism. Electro-
chemically, the specific capacity of the sol-gel sample was higher than the 
solid-state sample (in the first 20 cycles). The highly faulted structure of the 
sol-gel sample is considered to be thermodynamically metastable, thereby 
providing a larger thermodynamic driver for delithiation and higher capaci-
ties, together with the higher surface area of the crystallites.  

Based on how the differences in the solid-state and sol-gel methods af-
fected the crystallography of Li2MnO3, it was hypothesized that similar effects 
may also be observed in more complex LMLOs. The second study (Paper II) 
investigated this hypothesis using the same synthetic methodology as in Paper 
I, for Li1.2Mn0.54Ni0.13Co0.13O2, whose crystallography has been contradictorily 
reported to exist in both single- and multi-phase forms. Structural characteri-
sation of the solid-state and sol-gel samples revealed that the former crystal-
lised as a multi-phase system with Li2MnO3- and LiNi0.33Mn0.33Co0.33O2-like 
domains, and the latter as a single-phase solid solution. Like in the previous 
study, the reasons underpinning the differences in the crystallography origi-
nate from the respective nature of precursors and synthesis mechanisms.  

With the first two studies providing ample evidence that the choice of syn-
thesis methods can drastically affect the non-equilibrium crystallography of 
LMLOs, a broader investigation into the synthesis–structure properties was 
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considered necessary. Towards this, a systematic investigation of the synthe-
sis–structure relationships in Li2MnO3, Li1.2Mn0.6Ni0.2O2 and 
Li1.2Mn0.54Ni0.13Co0.13O2 was performed in Paper III. Each compound was syn-
thesised by two methods (Li2MnO3 – sol-gel and solid-state; Li1.2Mn0.6Ni0.2O2 
and Li1.2Mn0.54Ni0.13Co0.13O2 – sol-gel and coprecipitation) using four anneal-
ing procedures. All compounds were found to possess a thermodynamic driv-
ing force to reduce the degree of faulting in the structure. However, a stacking-
fault-free structure could not obtained  under the synthesis conditions em-
ployed and the layered structure decomposed into spinel and/or rock salt 
phases when subjected to high-temperature and long-duration annealing pro-
cedures. Sol-gel samples were found to be particularly susceptible to structural 
decomposition as compared to others due to Li loss as gaseous species, facil-
itated by their higher surface area.  Additionally, the sol-gel samples were 
more resistant to the reduction of stacking faults due to the presence of organic 
matter in the precursor. Composition also influenced the crystallography as 
the larger Ni2+ ion hinders the formation of ordered domains due to its reduced 
mobility. Furthermore, structural refinements showed that compounds were 
composed of stacking faulted and fault-free domains, albeit to varying 
amounts, with the sol-gel samples exhibiting a higher degree of faulting. 

In addition to understanding the synthesis-induced variations in LMLOs, 
improving their crystallographic description is also a necessary step towards 
better understanding the structural properties of these compounds. With this 
objective a detailed structural re-investigation of Li1.2Mn0.6Ni0.2O2 was carried 
out in Paper IV. It was found that the compound possessed structural features 
corresponding to both single- and multi-phase models, with the choice of char-
acterisation technique determining which features were seen. Therefore, as a 
preliminary step towards developing more accurate structure models able to 
encompass all the structure features including cation mixing and stacking 
faults, a supercell crystallographic model based on the reverse Monte Carlo 
analysis of the total scattering data was presented. 

The Thesis illustrates how LMLOs are thermodynamically metastable 
when synthesised under common laboratory conditions and therefore, can ex-
ist in notably different synthesis-dependent structural forms. This has two im-
portant implications for future electrochemical studies as the (synthesis-de-
pendent) structural variability can result in variance in the electrochemical be-
haviour as well. Firstly, the choice of synthesis method for LMLO is often 
arbitrary loosely based on existing literature and as shown in this Thesis, even 
seemingly inconsequential factors like a 50 °C increase in the annealing tem-
perature can lead to markedly different crystallographic structures. Therefore, 
caution must be exercised when comparing the electrochemical properties of 
Li- and Mn-rich layered oxides synthesised under dissimilar conditions. Sec-
ondly, the claim that Li2MnO3 domains in complex LMLOs is solely respon-
sible for its anionic redox property needs to be reconsidered. As shown in Pa-
per II (SI Fig. S15), sol-gel-synthesised Li1.2Mn0.54Ni0.13Co0.13O2 has a single-
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phase solid solution structure devoid of significant Li2MnO3 domains, but 
shows anionic redox behaviour in its first cycle (vs. Li). This suggests that 
these domains may not be a prerequisite for anionic redox behaviour. Consid-
ering that a major challenge for the commercialisation of LMLOs is the stabi-
lisation of anionic redox and mitigating the layered-to-spinel structural trans-
formation over continued cycling, a reinvestigation into the crystallographic 
origins of the anionic redox properties of LMLOs is necessary.   

The Thesis also highlights the need for extra caution when analysing the 
crystallography of LMLOs and how the choice of characterisation technique 
can play a role in what features are observed and consequently, the final con-
clusions drawn. The complex crystallography of these compounds also entails 
that unit cell-based structure models must be replaced by larger supercell de-
scriptions, which are able to encompass the different structural features of 
these systems. Furthermore, the Thesis accentuates the scope and need for 
preliminary structural characterisation when new compositions with complex 
structures are investigated. With the rapid development of advanced charac-
terisation techniques and the prevailing competition in the ‘battery’ field, it is 
often easy to forget the importance and value of thorough fundamental struc-
tural investigations.  
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Sammanfattning på svenska 

Litiumjonbatterier förekommer i bärbar elektronik som mobiltelefoner och 
datorer och är därmed en oumbärlig del av vår vardag. Under det senaste de-
cenniet har de dessutom spelat en viktig roll i kommersialiseringen av elekt-
riska fordon. Utvecklingen av elektriska transportsystem förväntas bidra till 
framtida satsningar för att minska vårt beroende av fossila bränslen. Alltef-
tersom världens beroende av litiumbaserad batteriteknik ökar, är det avgö-
rande att förbättra redan tillgänglig teknik med avseende på kapacitet, effekt 
och säkerhet. 

Ett litium-jonbatteri består av fem sorts komponenter: två elektroder (anod 
och katod), en elektrolyt, en separator och strömuppsamlare. Av dessa är elek-
troderna de viktigaste komponenterna när det gäller batteriets kapacitet, dvs 
mängden litiumjoner som kan extraheras ur elektroderna. Kapaciteten uttrycks 
oftast som den gravimetriska specifika kapaciteten och mäts i ‘mAh/g’ (milli-
amperetimmar/gram). Katoden är den komponent som begränsar den gra-
vimetriska specifika kapaciteten eftersom anoden, som vanligtvis består av 
grafit, har en mycket högre kapacitet än katoden. Av den anledningen fokuse-
rar batteriforskningen på att utveckla och optimera nya katodmaterial.  

För närvarande domineras den globala katodmarknaden av ett fåtal material 
som alla tillhör samma familj av kemiska föreningar: oxider med litium och 
övergångsmetaller (Li-TM-oxider), exempelvis LiCoO2, LiMn2O4 och 
LiNi0.33Mn0.33Co0.33O2. Emellertid uppvisar dessa material kapaciteter under 
200 mAh/g, vilket är betydligt lägre än deras teoretiska kapacitet. Till exempel 
har LiCoO2 en teoretisk kapacitet på 274 mAh/g, förutsatt att allt (1 mol per 
formelenhet) Li kan extraheras, men i praktiken uppnås endast ca 150–160 
mAh/g, vilket motsvarar 0.5–0.6 mol Li. Det beror på kristallstrukturen: om 
mer än 0.5 mol Li extraheras från LiCoO2 faller strukturen sönder. För att 
förbättra katodernas kapacitet krävs därför nya material som tolererar högre 
extraktionsgrad av Li. Vid utvecklingen av nya material måste man också ta 
hänsyn till miljön, säkerheten och kostnaden, vilket beror på råvarornas före-
komst och tillgänglighet. 

En relativt ny grupp av kemiska föreningar som är lovande katodmaterial 
för framtida litiumjonbatterier är Li- och Mn-rika lagrade oxider (LMLO). 
Deras kemiska formel är Li1+xTM1-xO2 (x ≤ ⅓) och kristallografiskt liknar de 
Li-TM-oxiderna. LMLO-föreningarna innehåller mer än 1 mol Li per över-
gångsmetall (därav benämningen ”Li-rik”), vilket kan jämföras med de Li-
fattiga materialen, där förhållandet mellan Li och övergångsmetallen är 
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mindre än 1 (i t ex LiCoO2 och LiMn2O4 är förhållandet 1 respektive 0.5). De 
vanligaste förekommande LMLO-materialen är Li2MnO3, Li1.2Mn0.6Ni0.2O2 
och Li1.2Mn0.54Ni0.13Co0.13O2, vilka också är de kemiska föreningar som stude-
rats i den här avhandlingen. De sistnämnda uppvisar lovande elektrokemiska 
resultat och relativt hög specifik kapacitet (~300 mAh/g). Detta beror på att 
både katjoner (övergångsmetallerna) och anjoner (oxidjoner) deltar i den 
elektrokemiska processen, vilket skiljer sig från de Li-fattiga materialen, där 
endast katjonerna oxideras och reduceras. Det innebär att en större mängd Li 
kan extraheras ur kristallstrukturen innan materialen sönderfaller. Emellertid 
kan elektrokemisk användning under längre tid leda till oåterkallelig kapaci-
tetsförlust och spänningsfall med anledning av förändringar i materialets 
struktur. Därför krävs ytterligare studier, både inom grundforskning och till-
lämpad forskning, för att kringgå dessa problem, vilket i sin tur kan bana väg 
för kommersialisering.  

Målet med den här avhandlingen har varit att öka förståelsen av de Li- och 
Mn-rika lagrade oxidernas underliggande strukturkemi. Särskilt fokus ligger 
på att undersöka hur olika framställningsmetoder påverkar de strukturella, 
morfologiska och elektrokemiska egenskaperna. LMLO kan framställas ge-
nom flera olika metoder och egenskaperna kan variera beroende på valet av 
metod. Detta beror främst på skillnader i hur reagenserna blandas. Att förstå 
hur olika syntesfaktorer påverkar kristallografin och därmed egenskaperna i 
dessa material är ett viktigt steg mot att optimera deras elektrokemiska pre-
standa.  

Som titeln på avhandlingen antyder fokuserar forskningen på syntesbero-
ende variationer i LMLO-föreningars struktur och egenskaper. Den består av 
fyra delar. I den första delenstuderades hur två vanliga framställningsme-
toder—fastfassyntes och solgelsyntes—påverkar de kristallografiska, morfo-
logiska och elektrokemiska egenskaperna hos Li2MnO3. De olika metoderna 
ledde till tydliga variationer i materialets egenskaper, vilket i sin tur gav upp-
hov till skillnader i den elektrokemiska prestandan. Li2MnO3 är den enklaste 
LMLO-föreningen och används ofta som en modell för att studera de mer 
komplexa föreningarna inom samma familj. Kunskapen från detta användes i 
den andra delen som behandlade förhållandet mellan framställningsmetoden 
och kristallografin för Li1.2Mn0.54Ni0.13Co0.13O2. Historiskt sett har denna för-
ening ansetts kunna bilda olika kristallina faser och det här projektet har visat 
att det beror på tillverkningsmetoden. Sammantaget visar de två första publi-
kationerna att oenigheten angående dessa material beror på (1) den nära sam-
banden mellan syntes och struktur och (2) svårigheter med strukturbestäm-
ningen. De två sista publikationerna fokuserar på att lösa dessa problem. 

Därför studerades i detalj hur olika framställningsmetoder och värmebe-
handlingar påverkade strukturen hos Li2MnO3, Li1.2Mn0.6Ni0.2O2 and 
Li1.2Mn0.54Ni0.13Co0.13O2 (Paper III) Varje förening framställdes genom två 
syntesmetoder med fyra olika värmebehandlingar, vilka var valda för att 



76 

kunna studera effekten av olika framställningsvariabler. I många forsknings-
artiklar förefaller dessa parametrar vara godtyckligt valda och det här projektet 
möjliggjorde en förbättrad förståelse för hur de parametrarna påverkar respek-
tive förenings struktur. Slutligen, genomfördes en detaljerad kristallografisk 
analys av Li1.2Mn0.6Ni0.2O2 (Paper IV), vilket antagligen är den mest lovande 
katodkandidaten för kommersialisering pga dess prestanda och miljövänlig-
het. Det sistnämnda beror på avsaknaden av det problematiska grundämnet 
Co. Kristallstrukturen studerades medelst totalspridning, vilket möjliggör stu-
dier av både när- och fjärrordning i materialet. Pulverdiffraktion, trans-
missionselektronmikroskop och magnetiska mätningar användes också för att 
utvärdera dessa metoders potential för att förstå materialet.  

Sammantaget visar forskningsresultaten på den rika strukturkemiska mång-
fald som LMLO-föreningar uppvisar och på hur framställningen kan påverka 
de slutliga egenskaperna. Detta poängterar vikten av att ordentligt bestämma 
strukturen samt svårigheterna med att jämföra den elektrokemiska prestandan 
för material som är framställda på olika sätt. Förhoppningen är att resultaten 
presenterade i den här avhandlingen kan inspirera framtida undersökningar av 
förhållandet mellan framställningssätt, struktur och egenskaper i denna familj 
av kemiska föreningar, såväl som i andra komplexa material.  
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