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Abstract
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The use of Li-ion batteries in portable electronic products is today widespread and on-going
research is extensively dedicated to improve their performance and energy density for use in
electric vehicles. The largest contribution to the overall cell weight comes from the positive
electrode material, and improvements regarding this component thereby render a high potential
for the development of these types of batteries. A promising candidate is LiNi0.5Mn1.5O4

(LMNO), which offers both high power capability and energy density. However, the instability
of conventional electrolytes at the high operating potential (~4.7 V vs. Li+/Li) associated with
this electrode material currently prevents its use in commercial applications.

This thesis work aims to investigate practical approaches which have the potential of
overcoming issues related to fast degradation of LNMO-based batteries. This, in turn,
necessitates a comprehensive understanding of degradation mechanisms. First, the effect of a
well-known electrolyte additive, fluoroethylene carbonate is investigated in LNMO-Li4Ti5O12

(LTO) cells with a focus on the positive electrode. Relatively poor cycling performance is found
with 5 wt% additive while 1 wt% additive does not show a significant difference as compared
to additive-free electrolytes. Second, a more fundamental study is performed to understand the
effect of capacity fading mechanisms contributing to overall cell failure in high-voltage based
full-cells. Electrochemical characterization of LNMO-LTO cells in different configurations
show how important the electrode interactions (cross-talk) can be for the overall cell behaviour.
Unexpectedly fast capacity fading at elevated temperatures is found to originate from a high
sensitivity of LTO to cross-talk.

Third, in situ studies of LNMO are conducted with neutron diffraction and electron
microscopy. These show that the oxygen release is not directly related to cation disordering.
Moreover, microstructural changes upon heating are observed. These findings suggest new
sample preparation strategies, which allow the control of cation disorder without oxygen
loss. Following this guidance, ordered and disordered samples with the same oxygen content
are prepared. The negative effect of ordering on electrochemical performance is investigated
and changes in bulk electronic structure following cycling are found in ordered samples,
accompanied by thick surface films on surface and rock-salt phase domains near surface.
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1. Introduction 

1.1.  Lithium-Ion Batteries 
The use of Li-ion batteries in portable electronic products – i.e. cell phones, 
notebooks, etc. – is today widespread and on-going research is extensively 
dedicated to improve their performances. As a substitute to fossil fuels, future 
state of the art lithium-based batteries can power the next generation of electric 
vehicles in a sustainable manner, if the energy stored in such batteries is pro-
vided by renewable energy sources. A conventional Li-ion cell used today 
contains a graphite negative electrode, a lithium metal oxide positive elec-
trode, e.g. LiCoO2, and a lithium salt such as LiPF6 in a mixture of organic 
solvents as electrolyte [1]. A simple Li-ion cell is shown in Figure 1. In its 
discharged state, the cell is in thermodynamical equilibrium and the positive 
electrode is in the lithiated state while the negative electrode is in the delithi-
ated state. During charging, lithium ions are removed from the positive elec-
trode and intercalated into the negative electrode structure, which is thermo-
dynamically less favorable. Therefore, external work is required while elec-
trons are transferred from positive to the negative electrode through an exter-
nal circuit. 
 

 
Figure 1. Schematic view of a Li-ion cell during charging and discharging. 
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At the end of charging, all lithium ions are hosted in negative electrode. Dur-
ing discharging, the lithium ions will spontaneously leave the negative elec-
trode and intercalate into the positive electrode. The transport of lithium ions 
occurs in an ionically conductive medium which is normally a porous separa-
tor soaked in liquid electrolyte. As this medium is electronically insulating, 
electron transfer is forced via an external electrical connection which allows 
the use of electrical energy for any desired purpose. During discharge (i.e. 
galvanic cell operation), the negative electrode acts as anode since it is the 
electrode where electrons are emitted, while the positive electrode acts as cath-
ode (electrons are accepted). It is common to use the term ‘anode’ instead of 
negative electrode and similarly ‘cathode’ for positive electrode, irrespective 
of charge or discharge. This convention will also be used in the following parts 
of the thesis. 

Since the Li-ion batteries entered the commercial market in the early 1990s 
[2], graphite and other carbon based materials have primarily been the choice 
of anode (negative electrode). Alternative anode materials have been proposed 
[1,3], such as Li-Si, Li-Sn, Sn-Co-C alloys; TiO2, Li4Ti5O12 oxides; Cu6Sn5, 
InSb and Cu2Sb intermetallics; as well as conversion-type materials of oxides, 
fluorides, sulphides, nitrides, phosphides and hydrides [4]. As electrolyte, liq-
uid organic carbonate solutions are used in most systems today. The widely 
used lithium salt LiFP6 is dissolved in a solvent mixture of for example eth-
ylene carbonate (EC) and dimethyl carbonate (DMC), where the latter can be 
substituted by diethyl carbonate (DEC), ethylmethyl carbonate (EMC) and 
propylmethyl carbonate (PMC) without much significant performance 
change. Lithium salts such as LiClO4, LiAsF6, LiBF4, LiTf and LiTFSI have 
also been used, but LiPF6 has been the choice of lithium salt in commercial 
cells due to its overall performance regarding ionic conductivity, dissociation 
constant and thermal-chemical stability [5]. 

For the cathode, LiCoO2 and similar layered oxides have largely been used 
in commercial batteries. However, other types of materials are required as a 
result of cobalt’s high cost and toxicity [6]. Alternative layered oxides are at-
tractive due to their reduced Co content, reduced cost and increased capacity, 
e.g. LiNi1/3Co1/3Mn1/3O2, LiNi0.5Co0.2Mn0.3O2 and LiNi0.8Co0.15Al0.05O2 [7]. 
Such compounds are usually abbreviated as NMC and NCA with the general 
formula LiNixMnyCozO2 and LiNixAlyCozO2 (x+y+z=1), respectively. While 
the theoretical capacity is high for such cathodes, the practical capacities are 
lower than that, e.g. about 160 mAh/g for LiNi1/3Co1/3Mn1/3O2, since full Li 
extraction is avoided during cycling as irreversible phase transformations oth-
erwise takes place in low lithiation states [8,9]. While substitution of Co with 
other transition metal elements generates the NMC type materials, substitution 
of Li into the transition metal layers is also possible. In Li-rich layered oxides 
such as Li-rich NMC, Li is hosted in transition metal layers in addition to the 
van der Waals gap in the layered structure [10]. High capacities around 250 
mAh/g are thereby achieved due to anionic oxygen redox activity observed 
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along with the transition metal redox activity [7]. The main problems for these 
type of materials are low initial coulombic efficiency, poor rate capability and 
structural instabilities observed during cycling [11]. 

An alternative class of materials is olivine-type phosphate cathodes, e.g. 
LiFePO4 (3.4 V vs. Li+/Li). This material has been extensively studied and has 
a theoretical charge capacity of 170 mAh/g. It is an inexpensive and environ-
mentally friendly cathode material, but it suffers from slow ionic and elec-
tronic kinetics, which necessitate further modifications [12] that eventually 
increase its final cost. A third group of cathodes is spinel type materials such 
as LiMnO4 with operational voltages 4.0-4.2 V vs. Li+/Li and 148 mAh/g 
charge capacity. The 3-D lithium pathways available in the crystal structure 
allows fast lithium diffusion and makes this type of electrodes suitable for 
high power applications. However, its moderate energy density as well as fast 
capacity fading – especially observed at elevated temperature – constitute the 
main problems for this type of cathode materials [13], [14]. 

1.2. High Voltage Spinel Cathodes: LiNi0.5Mn1.5O4 
As approximately 50 % of the total cell weight is due to the cathode material, 
improvements of the cathode plays an important role when batteries with 
higher energy densities are desired [2]. Cathode materials operating at higher 
voltages improve the energy density, since the energy is determined by the 
product of charge capacity and the operating voltage. Therefore, one approach 
for such an improvement would be to use cathodes with a high voltage plateau. 
Having a spinel crystal structure, LiNi0.5Mn1.5O4 (LNMO) is a promising cath-
ode with a theoretical capacity of 147 mAh/g and an operating voltage around 
4.7 V (vs. Li+/Li). The high voltage plateau is due to the active Ni2+/Ni4+ redox 
couple, and increases the theoretical energy density to 690 Wh/kg for the ac-
tive material [6]. The spinel crystal structure allows excellent rate capability, 
and with the moderately high energy density obtained from its high voltage 
plateau, this material is regarded as a promising cathode material for high 
power applications (e.g. electric vehicles) [2].  

However, the gain in terms of energy comes at the price of parasitic reac-
tions. The anodic stability is determined by the highest occupied molecular 
orbital (HOMO) of the conventional electrolytes (LiPF6 in organic car-
bonates), and starts to become a problem at voltages above 4.3 V (vs. Li+/Li) 
[7]. Undesired interfacial side reactions as well as accompanied transition 
metal dissolution from the spinel structure causes rapid capacity fading in 
LNMO-based cells, especially at elevated temperatures [15], [7]. The synthe-
sis conditions of LNMO also affect material properties, which in turn affect 
the electrochemical performance in Li-ion full and half cells. These material 
properties will be discussed in following sub-sections. 
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1.2.1. Crystal Structure 
The LiNi0.5Mn1.5O4 can be categorized into two different structures, Fd-3m 
and P4332, which are both spinel structures but differ from each other depend-
ing on Mn/Ni ordering (see Figure 2), which is usually associated with oxygen 
deficiency. In the face-centered cubic structure (Fd-3m), the lithium atoms 
occupy the 8a sites while manganese together with nickel atoms are randomly 
positioned at 16d sites. Oxygen is located at the 32e positions. In the case of 
the simple cubic (P4332) structure, lithium atoms are at 8c sites, manganese at 
12d and nickel at 4a sites, while oxygen atoms occupy 24e and 8c sites [16]. 
These definitions are based on bulk average structure of LNMO and Mn/Ni 
ordering may still exist locally in the disordered phase  [17].  

As seen in Figure 2, both structures are very similar except the arrangement 
of Mn and Ni atoms. In literature, P4332 phase is usually referred to as ‘or-
dered LNMO’ and Fd-3m as ‘disordered LNMO’. In order to obtain ordered 
samples, the synthesized powders are usually annealed at 700 °C and then 
slowly cooled while this temperature is above 750 °C (followed by fast cool-
ing) for disordered samples [18–22]. 

 
Figure 2. Schematic drawings for (a) spinel Fd-3m and (b) spinel P4332 space 
group. The spheres represent oxygen (red), Mn (purple), Ni (grey) and Li (green). 

The ideal LiNi0.5Mn1.5O4 structure includes only Mn4+ so that the active redox 
couple simply becomes Ni2+/Ni4+, which is responsible for the plateau around 
4.7 V (vs. Li+/Li). During synthesis, however, the high calcination tempera-
ture may result in oxygen release from the structure and reduction of Mn4+ to 
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Mn3+. This results in another plateau around 4.0-4.1 V (vs. Li+/Li) which de-
creases the energy density [23]. While ordered samples possess a single plat-
eau around 4.7 V (vs. Li+/Li), disordered samples possess both plateaus (i.e. 
also the second at low voltage). A majority of the studies show that disordered 
LiNi0.5Mn1.5O4 shows better kinetics (and thus better power capability) and 
cyclability [23]. However, superior performance of cells with ordered LNMO 
powders as compared to disordered powders has also been reported [24]. 

In literature, the terminology of ‘ordered’ and ‘disordered’ is not well de-
fined [25] due to insufficient characterization of ordering and other material 
properties that change during sample preparation. High temperature annealed 
samples which show the presence of a low voltage plateau due to Mn3+ are 
usually characterized with X-ray diffraction (XRD) and identified with the 
Fd-3m space group. However, Mn and Ni have very similar X-ray scattering 
powers which makes the characterization of ordering very difficult by this 
technique. Additionally, due to different synthesis and heat treatment routes, 
samples can have different degrees of ordering, e.g. partial ordering [23], and 
it is not possible to determine the degree of ordering with XRD. It is also clear 
that particle size and geometry, concentration of crystal defects, oxygen stoi-
chiometry, impurity phase concentrations, etc., can also be affected by the 
synthesis routes. These can, in turn, affect the electrochemical performance 
and might have a larger influence on performance compared to the effect of 
cation ordering itself.  

During charging of LNMO, Li ions leave the structure and this causes 
phase transformations. For ordered LNMO, two phase transformations occur 
between LiNi0.5Mn1.5O4 and Li0.5Ni0.5Mn1.5O4 and then between 
Li0.5Ni0.5Mn1.5O4 and Ni0.5Mn1.5O4, involving three cubic phases [19,25–27]. 
However, disordered LNMO shows an additional solid-solution region at the 
beginning of charging [25]. In the computational work of Lee and Persson 
[28], it is suggested that cation disordering itself could be responsible for this 
observed solid solution behaviour in high lithiation states. Therefore, cation 
disordering in ‘disordered LNMO’ can be beneficial for cycling stability since 
single phase transformations are advantageous in cycling stability due to re-
duced strain and kinetic barriers. 

1.2.2. Effect of Oxygen Release 
During heating of LNMO (under air), oxygen release first starts at tempera-
tures near 700 °C and becomes more noticeable at 730 °C [29]. Further in-
crease of temperature makes the oxygen release more severe and phase trans-
formations start to take place. At temperatures above 750-780 °C, the transi-
tion from spinel to rock-salt phase starts to occur [30], [22]. If the sample is 
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slowly cooled below 700 °C, the powders will have sufficient time to elimi-
nate the rock salt phase, otherwise some rock salt phase domains risk being 
trapped in the structure due to fast cooling [31].  

A possible consequence of oxygen release is formation of oxygen vacan-
cies [30]. This would disrupt the charge balance and as a result, some of the 
Mn4+ in the structure would be reduced to Mn3+. As the rock-salt phase is 
formed following significant oxygen release, this can also introduce some 
Mn3+ into the spinel structure. Several compositions have been reported for 
the rock-salt phase such as NiO [22], LixNi1-xO [32], Li1/3Mn1/2Ni1/6O [30] and 
(LixMn0.66Ni0.34)yO [33]. If the rock-salt phase has a lower Mn/Ni ratio than 
the starting spinel phase, then the ratio of Mn/Ni would be higher in the spinel 
after rock-salt phase formation. This could also introduce Mn3+ into the struc-
ture without any oxygen vacancy requirement [33]. 

Kunduraci et al. [34] reported that Mn3+ present in the disordered phase 
would be responsible for the improvement of electrochemical performance in 
the disordered phase, since it would increase the electronic conductivity. Elec-
tron hopping between Mn3+ and Mn4+ was predicted as the reason for the 
higher electronic conduction in the disordered spinel. The disordered structure 
has 2.5 orders of magnitude higher values of conductivity compared to ordered 
phase. One problem with the disordered phase is the accompanying Ni-rich 
rock salt phase formation, which is electrochemically inactive. It also in-
creases the Mn3+ content and reduces energy density further [23]. The expla-
nation to the increase in electronic conductivity by the Mn3+/Mn4+ couple, as 
proposed by Kunduraci et al., has on the other hand been debated by Ma et al. 
with the argument that Mn3+ is consumed already at the beginning of charging, 
and that it is not well-known if the electronic conductivity is rate limiting in 
the cell [34,35]. Recent studies have shown that improvement in conductivity 
is only limited to high lithiation states, while the conductivities of both phases 
are similar when the whole range of cycling is considered [26,36]. Since the 
exact reasons behind the performance improvement are unclear, there is no 
well recognised method for optimum sample preparation. Nevertheless, use of 
partially ordered samples have been suggested, as it could possess the respec-
tive advantages of both structures; i.e., higher capacity due to ordering and 
better cycle life and rate capability due to disordering [23,37]. 

1.2.3. Particle Size and Morphology 
It is reasonable to expect that an extensively increased specific surface of the 
electrode powders (e.g. by smaller particle size) would lead to worse battery 
performance, considering that undesired reactions take place on the electrode 
surface. Therefore, there is a conflict between the positive effect of small par-
ticle sizes (shorter diffusion length) and the negative effect of high surface 
area (thus more side reactions) when using nano-sized electrode powders [38].  
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Moreover, during lithiation and delithiation, the electrode integrity can be lost 
due to particle cracking, or passivation layers can be continuously damaged. 
For nano-scale powders, the volume expansion occurring during cell reactions 
is usually less problematic as strain is more conveniently accommodated for 
nano-scaled electrode materials [3]. In the case of LiNi0.5Mn1.5O4, micron-
sized powders may show good kinetics and good cycle life at the same time 
[38], [35]. However, there have been studies reporting advantages of nano-
scaling. Shaju et al. for example reported that nano-sized LNMO (50 nm par-
ticles) could still yield 80 mAh/g capacity at a very high rate of 40 C after 300 
cycles [39]. 

Zhang et al. [40] synthesized LNMO porous nanorods in dimensions 
around 100-400 nm in diameter and >10 µm in length. As a comparison, an-
other cathode was prepared from LNMO powders with particle sizes around 
2 µm. At 1 C and 20 C rates, the nanorods showed 140 and 109 mAh/g capac-
ities while the micron sized sample showed 120 and 80 mAh/g, respectively. 
The capacity retentions after 500 cycles were 91 % for the nanorods and 77 % 
for the bulk samples. The better performance was attributed to the stability of 
the cathode electrolyte interphase (CEI) layer formed, as the geometry of the 
nanorods would facilitate a strain relaxation along this layer during cycling. 

Another factor affecting the performance is related to the crystal planes on 
the surfaces of electrodes, since different planes may have different reactivity 
and lead to different degree of surface film formation. Chemelewski et al. [41] 
synthesized cubic, spherical, octahedral and truncated powders to study these 
effects of morphology. A set of powders were further annealed at 700 °C. It 
was proposed that the effects of the degree of cation ordering and presence of 
rock salt phase were not profound. Cubic as well as octahedral powders on the 
other hand outperformed truncated and spherical powders in terms of cycla-
bility, indicating that the surface planes play an important role for perfor-
mance. Cubic and octahedral powder facets were identified with {112},{111} 
and {111} planes, respectively [41]. The possession of facile Li-ion transport 
pathways, better passivation against electrolyte side-reactions and transition 
metal dissolution have been suggested for {111} facets [42]. However, there 
have also been reports indicating better characteristics of {001} facets over 
{111} facets since truncated octahedron shaped powders with both facets have 
been reported to outperform octahedron shaped powders with only {111} fac-
ets [43].  

It should be noted in this context that the evaluation of electrochemical 
performance is not straightforward since changes regarding surface elemental 
distribution, surface morphology, crystallinity, impurity phases, etc., can also 
be induced during synthesis to yield powders with different facets [7]. Addi-
tional comparisons of power capabilities and cycling stabilities between dif-
ferent studies are likewise hard due to different electrode qualities and mass 
loadings applied in most experiments.  
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1.3. Failure of High Voltage Cathode Based Cells 
It was mentioned earlier that the electrochemical stability of conventional or-
ganic carbonate based electrolytes is problematic at voltages above 4.3 V (vs. 
Li+/Li) [7]. Therefore, electrolyte oxidation occurring at high voltages can 
cause loss of cyclable lithium of the cathode or can increase the internal re-
sistance due to accumulation of side-reaction products on different cell com-
ponents. At the anode side, electrolyte reduction normally happen at low volt-
ages (below ca. 1 V vs. Li+/Li). For graphite for instance, electrolyte reduction 
starts at 0.8 V (vs. Li+/Li) before lithium intercalation (around 0.2 V vs. 
Li+/Li), but fortunately the formation of a passivating film (i.e. the SEI) – that 
is ionically conductive but electronically insulating – prevents further electro-
lyte reduction [44]. However, as the focus of this thesis is on the high voltage 
cathode, only cathode related failure mechanisms will be discussed in this sec-
tion. 

In composite electrodes, the active material is not only in contact with the 
electrolyte, but also with the current collector (aluminium for the cathode), 
conductive additive (e.g. carbon black) and binders (e.g. PVdF). The degrada-
tion of these components might cause active material loss or impedance rise. 
Here, the active mass loss is usually caused by isolation of active powders. 
This can be due to electronic contact loss after particle cracking, carbon black 
degradation and electrode delamination, etc., or due to ionic contact loss as a 
result of pore clogging. Another reason for active mass loss might be degra-
dation of the active material itself. For example, the dissolution of transition 
metals from the structure [45] can reduce the amount of active particles. 

In optimized LNMO electrodes, the electrode integrity remains relatively 
intact as the volume expansion of LNMO during lithiation and delithiation 
(around 7%) is moderate [46] and binders such as PVdF [47] has acceptable 
anodic stability. Carbon based conductive additives (e.g. carbon black) have 
been reported to show some reactivity at high potentials [48],[49] and Al cur-
rent collectors have been shown to dissolve to some extent [50], but it is un-
likely that these are the main reasons for the fast capacity decay of LNMO-
based cells. The common picture in literature is that the two main causes of 
failure for this material are undesired electrolyte oxidation and transition metal 
dissolution.  

Another characteristic of this material is its significantly faster capacity 
fade when tested in full cells compared to half cells. This can be explained by 
the cyclable lithium loss in a full cell. Interactions between the cathode and 
the anode also play an important role for this behaviour [51]. Being considered 
the major problems for LNMO-based cells, the impact of electrolyte oxidation 
and metal dissolution, as well as the reasons of cyclable lithium loss in a full 
cell, are further discussed in the following sections. Recently, near-surface 
structural changes following charging have been reported for LNMO [52], and 
is therefore discussed in a separate section at the end.   
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1.3.1. Electrolyte Oxidation on the Cathode 
A standard electrolyte used in Li-ion batteries consists of LiPF6 salt dissolved 
in a mixture of organic carbonate solvents (EC, DEC, DMC, EMC, etc.). The 
anodic stability of the anion in the salt (PF6

-) is an important factor in deter-
mining the oxidation potential of electrolytes [53] and different anions in the 
same solvent might result in different oxidation potentials of the electrolyte 
[54]. A proposed mechanism of anion oxidation is given as follows [5]: 

PF6
- → PF6

● + e-                        (1.1)  
PF6

● → PF5 + F●                                                                                            (1.2)  

After the last step (1.2), HF can be formed since solvent molecules or water 
impurities in the electrolyte can serve as the proton source for a hydrogen ab-
straction reaction [5]. The resulting HF will cause further problems such as 
metal dissolution and will be discussed in the following section. For the salt 
anion, a quantitative determination of the intrinsic oxidation potential is prob-
lematic due to interfering solvent oxidation and counter-ion effects [55]. Ad-
ditionally, even though the calculated oxidation potentials of the solvents are 
relatively high (e.g. 6.95 V vs. Li+/Li for EC) [56], solvent oxidation reactions 
can start at lower voltages as a result of nucleophilic attacks of surface oxygen 
atoms in the cathode materials [57], and it is likely that anion and solvent ox-
idation are interconnected. For example, oxidation of the solvent/anion com-
plexes at lower voltages, accompanied with H-abstraction from the solvent 
molecules and F-abstraction from the anions, has been suggested [58]. In one 
study, Borodin et al. calculated the intrinsic PF6

- oxidation stability limit to be 
8.7 eV and the intrinsic EC stability limit to 7.1 eV, however, the oxidation 
stability limit of the PF6

-/EC complex was only 6.15 eV [58]. 
As electrolyte oxidation occurs, oxidized products will form (gases, soluble 

and solid species) accompanied by electron transfer to the cathode. Electrolyte 
depletion and build-up of reaction products in different parts of the cell will 
likely cause further problems in the cell [59]. The formation of a surface film 
on LNMO, consisting of LiF, C-F, P-Fx species and organic compounds such 
as polyethers, can increase the electrode impedance [60]. X-ray photoelectron 
spectroscopy (XPS) analysis of LNMO surfaces has indicated presence of or-
ganic species, including lithium alkoxides (ROLi), lithium alkyl carbonates 
(ROCO2Li) and polyethylene carbonate (PEC) [61].  

Formation (and further decomposition) of the radical cation EC•+ (formed 
after a one-electron oxidation reaction of EC) might yield CO2, CO and vari-
ous radical cations [62]. The highly reactive radical cations can participate in 
further side reactions in different parts of the cells. If it reacts with the counter 
electrode, it can be reduced to the original solvent species or be involved in 
other reactions [59]. Metzger et al. showed that reduction of protic species (on 
the NMC cathode surface) could cause H2 evolution on graphite [63]. This is 



 20 

an example of electrode interactions (so called ‘cross-talk’) which will be dis-
cussed further in following sections. 

1.3.2. Transition Metal Dissolution 
The dissolution of Mn from the spinel LiMn2O4 cathode material is well-
known and is believed to be initiated by a disproportion reaction on the cath-
ode surface (1.3) [64]: 

2 Mn3+ → Mn4+ + Mn2+                                                                              (1.3)   

It has been suggested that Mn2+ ions are dissolved into the acid-medium while 
Mn4+ ions stay in the active material. The acid attack by HF (generated after 
electrolyte oxidation) as well as structural instabilities accelerate the dissolu-
tion process [64]. For instance, increasing amounts of proton concentration in 
the electrolyte as a result of electrolyte oxidation has been shown to promote 
more Mn dissolution [65]. In the case of the Ni substituted spinel oxide 
LiNi0.5Mn1.5O4 studied here, metal dissolution of Mn and Ni has similarly been 
observed [6]. Aurbach et al. suggested that the LNMO would transform to λ-
MnO2 at elevated temperatures [60]: 

4 LiNi0.5Mn1.5O4 + 8 H+ →  
2 λ-MnO2 + Mn2+ + Ni2+ + 4 Li+ + 4 H2O + 2 Ni0.5Mn1.5O4                            (1.4) 

As mentioned earlier, for the ideal stoichiometry of LNMO, all Mn ions are 
expected to be in the +IV state, however, it is common to observe some Mn3+ 

in the structure due to oxygen deficiency and impurity phases formed during 
synthesis [6] and this can cause the Mn dissolution via disproportion reaction. 
However, even though there is some Mn3+ present in the structure, it should 
be transformed to Mn4+ after charging. It has been shown that metal dissolu-
tion is more severe in the charged state (i.e. delithiated LNMO; only Mn4+ 

present) [45], and it is therefore suggested that the presence of Mn3+ in the 
structure is not necessary for metal dissolution. If the consequences of transi-
tion metal dissolution are considered, a decrease in the active cathode mass 
loss is expected as seen in reaction (1.4). An increase in cell resistance can be 
caused by the erosion of active material as this would damage the existing 
electrical network in the cathode. Deposition of dissolved ions in the form of 
MnF2, NiF2 and LiF on the cathode could similarly increase the electrode im-
pedance [45]. Apart from these mechanisms, migration of dissolved transition 
metal ions to the anode can cause further side reactions, especially in full-cells 
[51] and possible outcomes of this interaction are also explained in the next 
section. 
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1.3.3. Cross-talk Between Positive and Negative Electrodes 
Electrode interactions occurring between the positive (cathode) and the nega-
tive electrode (anode) inside an electrochemical cell is usually referred to as 
‘cross-talk’. Such interactions can occur via migration of electrolyte oxidation 
products from the cathode to the anode. Dedryvere et al. observed with XPS 
that both inorganic (LiF, phosphates) and organic species were present on 
LTO electrodes after cycling in LNMO-LTO cells [66]. Presence of organic 
species on the anode can be due to migration/diffusion of organic cations/or-
ganic species originating from the cathode [66,67]. It is a possibility that such 
reacted species can also shuttle back to the positive electrode [68]. 

Migration of transition metals dissolved from the cathode to the anode is 
another example of cross-talk which has been extensively studied in LiMn2O4 
(LMO) based cells [64]. In LNMO-graphite cells, this type of cross-talk is 
believed to cause damages to the existing SEI layer on graphite [51]. Incorpo-
ration of transition metals on the anode surface can induce pores and increase 
the electronic conductivity of the SEI layer [69], facilitate electrolyte reduc-
tion by coordination to solvent molecules [70] or reducing reduction barriers 
via an electrocatalytic mechanism [71]. 

Recently, some studies focusing on a different kind of cross-talk have been 
reported: interaction of gas products in systems such as LNMO-graphite [72] 
and NMC-graphite [63],[73],[74]. Electrolyte oxidation at high cathode volt-
ages would yield gases such as CO2 [75]. On the anode side, C2H4, CO and H2 

might evolve at potentials below 1 V (Li+/Li) [63]. Xiong et al. suggested that 
CO2 evolving from delithiated NMC stored at 60 °C would be consumed by 
graphite [74]. The reduction of CO2 to species such as lithium oxalate or lith-
ium carbonate would decrease the lithium inventory in the anode, and back-
migration of the former product can also cause a shuttle mechanism [68]. 
Apart from gas consuming reactions, gases would also evolve as a result of 
cross-talk. Metzger et al. showed that H2 evolution on a graphite surface is 
caused by reduction of protic species that were formed continuously by elec-
trolyte oxidation (on NMC) [63].  

As seen in literature, different types of electrode interactions may exist in 
high voltage cathode based full cells. It is possible that these interactions are 
connected in some way as these problems have the same origin, i.e. electrolyte 
oxidation. It is thus important to identify the exact roles of the different inter-
actions when studying the capacity fade of high voltage cathode based full 
cells. It should also be noted that a reverse cross-talk can also happen, i.e. 
originating from the negative electrode. It was shown that the choice of nega-
tive electrode can affect the surface film composition and its thickness on 
NMC positive electrodes. Thicker films which are richer in organic species 
have been observed when the counter electrode is Li as compared to graphite 
and LTO [76].  
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1.3.4. Electrochemical Behaviour in Full-Cells 
It has already been stated that side reactions occurring at high voltages and 
accompanied transition metal dissolution from the active material cause a va-
riety of problems in LNMO-based cells and result in capacity fading. Unfor-
tunately, the capacity fading of cells is considerably faster when LNMO is 
cycled in full-cells as compared to half-cells. Especially at elevated tempera-
tures (e.g. 55 °C), this capacity fading becomes quite dramatic [18]. It should 
be noted that the lithium metal anode provides an unlimited lithium source in 
a half cell while the amount of lithium inventory in a full cell is limited and 
determined by the initial cathode capacity. Therefore, faster capacity fade ob-
served in full cells can be explained with severe oxidative decomposition of 
electrolyte and (in relation to this) consumption of the limited lithium inven-
tory in the cell [77]. This explanation needs elaboration, as it can be somewhat 
misleading. A decrease in lithium inventory is usually expected by reductive 
side reactions occurring on anode. In fact, oxidative side reactions on the cath-
ode are expected to increase the amount of lithium inventory in a full cell. In 
order to make these expected behaviors more clear, a simple example is 
demonstrated below in Figure 3. 

 

 
Figure 3. Schematic representation of cathode limited full-cells just after cell assem-
bly (a) and after being charged to 50 % SOC (b). If this cell (b) is calendar aged for 
sufficient time, the amount of charge in anode and cathode would be similar to (c) if 
only electrolyte oxidation has occurred, or (d) in case of only electrolyte reduction. 
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In this simple example, a cathode limited full-cell is first charged to 50 % SOC 
and then left at OCV state for calendar aging. During this period, electrolyte 
oxidation can occur on the cathode and reduction on the anode. If only ‘elec-
trolyte oxidation’ occurs as shown in Figure 3c, the surface reactions will gen-
erate positively charged decomposition products and electrons. The electrons 
are accepted by the cathode, but will be accompanied by intercalation of lith-
ium ions available in the electrolyte back into the cathode in order to remain 
charge neutrality. This will result in a gradual increase of the lithium inventory 
in the cathode as the electrolyte oxidation proceeds. If another possibility is 
considered (Figure 3d) so that only electrolyte reduction on the anode occurs, 
then the side reactions would involve electrons provided by the anode accom-
panied with Li de-intercalation, causing a decrease in the lithium inventory. 
After calendar aging, if these cells are discharged, in the case of electrolyte 
oxidation, only a part of the charge (Li) in the anode can be transferred back 
into cathode, while some will remain in anode. On the other hand, for electro-
lyte reduction, all charge could return to the cathode while the anode will be 
completely in the delithiated state after discharge. 

After this demonstration, it can be concluded that the oxidative reactions 
could cause ‘cyclable lithium loss’ via an increase in ‘lithium inventory’. On 
the other hand, in the case of reductive reactions, cyclable lithium loss could 
originate from a decrease in ‘lithium inventory’. In the light of this infor-
mation, it should be clear why explaining the capacity fade in LNMO based 
cells with a correlation between electrolyte oxidation and lithium inventory 
loss might be misleading. Studies of LNMO-graphite cells have shown that 
the capacity fading originates from a decrease in lithium inventory [51]. 
Therefore, reductive processes should be responsible for the capacity fading. 
As suggested [51], migration of dissolved transition metal ions from the cath-
ode to the anode could cause reduction of these ions to their metallic states, 
causing some lithium loss. Additionally, deposition of these ions could dam-
age the passivating SEI layer on graphite and therefore result in continuous 
electrolyte reduction. 

It could thus be understood that the direct cause of cyclable lithium loss is 
largely related to the instability of non-passivated graphite surfaces towards 
electrolyte reduction. However, when LNMO electrodes instead have been 
coupled to LTO, similarly the decrease of lithium inventory was found to be 
responsible for the capacity fade [67]. This is interesting, since LTO has a high 
operating voltage (1.55 V vs. Li+/Li) and is known for its stability in electro-
lyte. Therefore, it does not require an SEI for protection and ‘SEI damage’ 
should not be a problem in contrast to graphite. Thereby, it is seen that elec-
trode interactions (or cross-talk) exists in LNMO based full-cells, and has a 
significant role in determining cell life-time [66],[67]. This cross-talk between 
the electrodes is likely not limited only to the migration of dissolved metal 
ions.  
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1.3.5. Surface Structural Reconstruction 
It is known that spinel cathodes are more prone to instability issues in their 
delithiated (charged) state [52,78]. Also, in some recent studies, near-surface 
structural reconstruction has been reported for delithiated spinels such as 
LiMn2O4 [79] and LNMO [52]. As evidenced with STEM-HAADF imaging, 
‘Mn3O4-like’ or ‘rock-salt like’ phases can form in near-surface regions which 
are likely accompanied with oxygen release and TM dissolution from the lat-
tice [52]. Formation of rock-salt phases occurs via migration of transition 
metal ions to the empty octahedral sites. Similar surface reconstruction during 
charging are known to occur in layered oxide electrodes, and spinel electrodes 
are considered to have a more robust structure and being less prone to near 
surface phase changes [7]. As these recent studies indicate, however, near sur-
face changes do occur to some degree when LNMO is charged to its delithi-
ated state, and more research is necessary to understand how this reconstruc-
tion layer grows over cycling and how it affects the electrochemical perfor-
mance. Similarly, oxygen release during cycling has been little considered for 
LNMO (as compared to layered oxides) [80], but observations of rock-salt like 
phases indicate that oxygen release also takes place during cycling. To what 
degree this oxygen release occur and its effect on electrochemical perfor-
mance should also be a subject of future studies. 

1.4. Approaches to Increase Calendar and Cycle Life 
From the description formulated above, it is seen that one major problem for 
LNMO-based cells is related to the high voltage instability of the electrolyte. 
These problems decrease the calendar and cycle life of batteries, i.e. the stor-
age and usage time that the battery can deliver at least 80 % of its initial ca-
pacity, respectively. Therefore, the search for alternative novel electrolyte sys-
tems that are stable at high voltages (i.e. with high anodic stability) would be 
an ideal solution. Sulfone-based solvents, ionic liquids and dinitrile solvents 
have high anodic electrolyte stability, but have on the other hand disad-
vantages such as high intrinsic viscosity and severe reductive decomposition 
at low voltages (e.g. at the graphite anode) [77]. Ionic liquid electrolytes com-
patible with graphite have been reported [81] and such electrolytes have been 
tested with LNMO. For example, the room temperature ionic liquid (RTIL) 
based electrolyte LiTFSI/pyrrolidinium bis(trifluoromethane-sulfonyl)imide 
have been suggested to improve high temperature cycling stability [82].  

The use of solid ceramic or glassy electrolytes has also been reported with 
LNMO (thin film) half cells and showed good cycling stability, for example 
when using lithium phosphorus oxynitride (Lipon) [83]. In more realistic solid 
state cells (e.g. not thin film based), contact problems at the electrode-electro-
lyte interface result in high cell resistance. Nasicon-type materials are also 
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good candidates due to their high voltage stability. All solid state batteries 
with Li1+xAlxGe2-x(PO4)3 electrolyte (LAGP) have been reported in LNMO-Li 
half cells, but high interfacial resistance was observed between LNMO and 
LAGP [84]. For Li1.5Al0.5Ti1.5(PO4)3 electrolytes (LATP), formation of insu-
lating phases are also expected during the preparation of composite electrodes 
[85]. Even though these are promising materials in terms of anodic stability 
and safety aspects, preparation of composite electrodes and ensuring a good 
contact at the interface are problematic, and practical applications of such bat-
tery systems therefore seem less realistic in the near future. 

Solid polymer electrolytes (SPEs) are also interesting as they offer ad-
vantages for electric vehicle applications which necessitate more strict safety 
requirements as well as suitability for elevated temperature operation. How-
ever, drawbacks in ionic conductivity and interfacial functionality exist [1,86]. 
In the case of LNMO, possessing a high anodic stability is crucial for the SPE 
material. The well-known polyethylene oxide (PEO) based electrolytes are 
known to be unstable at moderately high potentials (> 4 V vs. Li+/Li) [87] and 
are therefore not compatible with the LNMO surface. Alternative host mate-
rials are polycarbonates, polyesters, polynitriles, polyalcohols, polyamines, 
etc. [86], which have still not been thoroughly tested with LNMO material. 

In the short-term perspective, solutions regarding existing electrolyte sys-
tems are likely more feasible. In a first approach, carbonate based solvents can 
be substituted with their relatively more stable counterparts, such as FEC in-
stead of EC [88]. Another approach would be to accomplish protection of the 
cathode surface against electrolyte oxidation (and acidic attack) via surface 
passivation. External coatings for the active material before electrode fabrica-
tion, or in situ coating in the cell via electrolyte additives, can constitute pos-
sible solutions. As examples of the former approach, some improvements have 
been reported by coating cathodes with mildly oxidized graphene [89] or GaF3 

which would also enhance the conductivity [90]. Other examples of coating 
materials include ZnO, Li3PO4, Zn, Au, Ag, SiO2, Bi2O3, Al2O3, ZrP2O7, ZrO, 
LiCoO2, LiAlO2, FePO4, AlPO4 and LiFePO4 [6], [91], [92]. Solid state inor-
ganic electrolytes have also been aimed for coating purposes (as thin films) 
between the LNMO and the conventional liquid electrolyte. For instance, 
LATP modified LNMO powders were used in a standard electrolyte and some 
improvements in the electrochemical performance were reported [93,94]. 

The use of polymers together with standard electrolytes have also been re-
ported in several studies. For instance, poly(methylethyl α–cyanoacrylate) 
(PMCA) with lithium bis(oxalate)borate (LiBOB) were casted on nonwoven 
polytetrafluoroethylene (PTFE) and the resultant composite was saturated 
with liquid electrolyte (PC + 1 M LiBOB) to form a gel polymer electrolyte 
[95]. In a similar study, poly(propylene carbonate) (PPC) was casted on a cel-
lulose membrane which was saturated with liquid electrolyte [96]. In–situ 
polymerization was also applied to coat LNMO powders with poly(ethyl α-
cyanoacrylate) (PECA) [97]. 
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Gel–polymer electrolytes have been applied on LNMO electrodes, for exam-
ple, poly(vinylidene fluoride-co-hexafluoropropene) (PVdF–HFP) polymers 
prepared with a standard electrolyte was tested in half cells and some improve-
ments were observed [98]. Poly(methyl methacrylate–acrylonitrile–ethyl 
acrylate) terpolymer [99] or poly(methyl methacrylate–butyl acrylate–acrylo-
nitrile–styrene) [100] based gel–polymer electrolytes have also been tested in 
half cells. In the work by Panero et al., a gel–polymer electrolyte consisting 
poly(acrylonitrile) (PAN) saturated with 1 M LiPF6 in PC was used [101]. In 
another study, a coating strategy was applied on LNMO using polyimide (PI) 
with a thickness around 10 nm (achieved by thermal imidization of polyamic 
acid) [102].  

Polymers can also be used as binders. For instance, an acrylonitrile–grafted 
poly(vinyl alcohol) (PAN-g PVA) copolymer was used as binder for LNMO 
[103]. In this work, the motivation for using branched copolymers was the 
oxidation resistance of PAN and the high adhesive strength of PVA. These 
branched copolymer was reported to provide better coverage of LNMO sur-
face. Among several alternatives, one particularly promising strategy would 
be the employment of nitrile groups (e.g. polynitriles). Being a strong electron 
withdrawing group [104], higher anodic stability and therefore higher oxida-
tion resistance is expected for polynitriles, which also possess Li ion coordi-
nating abilities. 

Yet another approach is the use of additives to form passivating surface 
layers. This would be the most preferred solution due to its practical feasibil-
ity. A number of electrolyte additives have been reported in recent years for 
this purpose [105], including LiBOB [106], succinic anhydride [107], HFiP 
[108], DMMP [109], TMSP [110], thiophene [111], etc. These approaches 
have focused directly on the cathode stability. As mentioned in above, how-
ever, cross-talk also exists in LNMO-based full cells and plays an important 
role in capacity fade. To this end, some studies have aimed to mitigate the 
negative effects of electrolyte decomposition products. For instance, electro-
active separators have been proposed [112], targeting the protection of the 
negative electrode from dissolved metal ions from the positive electrode by 
scavenging them during passage. For this purpose, Leitner et al. studied a sep-
arator containing lithiated LTO (Li4+xTi5O12) in LNMO/graphite cells [112].  

As a completely different approach, some enhancements can be made via 
slight changes in stoichiometry or with doping of other elements into the ac-
tive material since such modifications can affect the crystal structure and elec-
tronic properties as well as the surface characteristics. For instance, Fe substi-
tuted LNMO, or more specifically LiMn1.5Ni0.42Fe0.08O4, was reported to pro-
vide stabilization of the cation disordered structure with Fe enrichment on the 
surface, thereby leading to formation of thin CEI layers and thus a low polar-
ization resistance [113]. Improvements with Cr and Ru doped LNMO have 
also been reported [114]. With near surface (2-4 nm) Ti doping, it is possible 
to increase cycling performance and reduce transition metal dissolution [115]. 
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It was also reported that in TiO2 surface modified LNMO particles, Ti can 
diffuse into LNMO surface and cause phase transitions from spinel to rock-
salt and rock-salt-like phases, which was suggested to mitigate transition 
metal dissolution and electrolyte oxidation [116]. These results also indicate 
that inorganic coatings on LNMO might affect electrochemical performance 
not only due to the stabilization provided by the coating, but also near-surface 
changes that can occur by diffusion of elements in the coating material into 
the LNMO particles.  

 Finally, it should be noted that even though some improvements have been 
obtained, none of these approaches mentioned in this section deliver the cy-
cling stability demanded by the practical applications (especially for elevated 
temperature) and more research is clearly necessary with each of these men-
tioned approaches to solve the issues related to this otherwise promising cath-
ode material. 
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2. Scope of the Thesis 

In this thesis, the spinel high voltage cathode material LiNi0.5-xMn1.5+xO4-δ 

(LNMO) has been studied with a focus on understanding its degradation 
mechanisms in Li-ion battery cells and exploring the different approaches 
aiming to improve its electrochemical performance.  

The first part of this thesis (Paper I) focuses on fluoroethylene carbonate 
(FEC) which is a well-known electrolyte additive that has been used in other 
lithium-ion cell chemistries. Its effect on high voltage cathodes is not clear in 
literature and for that reason the primary focus was to understand if this addi-
tive has a beneficial effect on LNMO – rather than on the counter electrode. 
Observations from this study not only answered this question, but at the same 
time brought several new questions for understanding the capacity fading 
mechanisms in high voltage cathode based full cells, e.g. understanding the 
electrode interactions and unexpectedly fast capacity fading at elevated tem-
perature. This naturally led to the Paper II, which aims to develop a compre-
hensive understanding of capacity fading mechanisms, and the results from 
this study constitutes the second part of the thesis.  

It is well-known that the synthesis conditions affect the rate of performance 
degradation in LNMO-based cells since changes in material properties are in-
duced during synthesis such as cation ordering and oxygen content. With the 
aim of exploring such changes, in situ studies of ordered LNMO have been 
conducted via ND (Paper III) and TEM, respectively. These studies showed 
that the oxygen release is not directly related to cation ordering. Also, local 
microstructural changes upon heating were observed. These findings thereby 
suggested new sample preparation strategies which allow obtaining cation dis-
ordering in oxygen non-deficient samples. 

In Paper IV, the changes in electronic structure were analysed at different 
state of charges via RIXS and XAS techniques. Considerable contributions 
from oxygen redox activity is found during charge compensation on delithia-
tion. In Paper V, ordered and disordered samples with the same oxygen con-
tent were prepared via a novel strategy. The negative effect of ordering on 
electrochemical performance was investigated in terms of surface, near-sur-
face and bulk electronic structural changes via a range of characterization 
techniques: XPS, XAS, RIXS and TEM. 
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3. Experimental Methods 

A variety of experimental techniques have been utilized in this work. Details 
of materials and electrode preparation, cell assembly and their electrochemical 
testing are described briefly in this section, together with materials character-
ization techniques. For further details, the reader is referred to the appended 
papers. 

3.1. Materials 
Commercial powders of LNMO were used directly, or heat treated either un-
der oxygen or air atmosphere. Alumina crucibles were used for sample treat-
ment. In order to obtain conventional disordered samples, powders were 
heated to 800 °C in a quartz tube furnace under air atmosphere. After 12 hours 
of annealing at this temperature, the crucibles were removed quickly from the 
furnace and water cooled to RT. For conventional ordered samples, the atmos-
phere was pure oxygen and the annealing temperature was 600 °C, while the 
samples were cooled slowly in the furnace to RT. In order to obtain ordered 
and disordered samples with the same oxygen content, both samples were first 
heated to 760 °C in 6 hours, then cooled to 500 °C and heated back to 760 °C, 
and finally cooled to 710 °C. After two hours annealing at this temperature, 
the samples were cooled to RT in two different ways. In order to obtain disor-
dered samples, the alumina crucible was taken rapidly from the furnace and 
powders were quenched to RT. For the ordered sample, sample was cooled 
slowly to RT in furnace. 

To fabricate composite electrodes, a mixture of LNMO powders (90 wt%) 
with carbon black (5 wt%) and PVdF-HFP binder (5 wt%, PVdF-HFP) in 
NMP was ball-milled for 2 hours. The slurry was casted on bare aluminum 
foil so that the active electrode had a thickness around 50 μm. The electrode 
was calendared slowly (one pass) and the final average porosity was estimated 
to 40-50 %. The active mass loading was around 10.6 mg/cm2 (or 1.56 
mAh/cm2). For high rate applications, electrodes were put between 22 mm 
diameter stainless steel discs with polished surfaces and then pressed till the 
pressure on electrode was 160 MPa. Commercial LTO electrodes (from Le-
clanché) were used as counter electrodes. LTO electrodes had a capacity 
around 1.7 mAh/cm2 and resulting full cells therefore were then limited by the 
LNMO electrode. 1 M LiPF6 dissolved in EC and DEC with 1:1 volume ratio 
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was used as electrolyte with polypropylene (Celgard) separators. As current 
connectors, aluminum foil was used for LNMO and copper was used for LTO 
electrodes, while nickel was used for lithium. The lithium foil was 125 μm 
thick and had a diameter of 26 mm.  

3.2. Electrochemical Testing 
LNMO-LTO cells were prepared using 2 cm diameter electrodes. 1 layer (Pa-
per I) or 2 layers (Paper II, III, V) of separator were used (4 × 4 cm2 area). In 
order ensure homogeneous pressure distribution, current connectors having 2 
cm diameter circular tips were used. The electrolyte volume was 80 μl (Paper 
I) or 120 μl (Paper II, III, V).  

 
Figure 4. Schematic representation of different type of pouch cells used. 

Regular pouch cells used in this study are shown in Figure 4a. Apart from 
regular cells (2-electrode), also three electrode cells (Figure 4b) have been 
used. In those cells, concentric lithium rings were punched with an inner di-
ameter of 2.2 cm and outer diameter of 2.6 cm. These rings were carefully 
placed between LNMO and LTO so that it faced the separators on both sides. 
A third type of cells, called back-to-back cells, have also been tested with the 
aim to check electrochemical performance in cases where no cross-talk is al-
lowed between LNMO and LTO electrodes. In these cells (Figure 4c), one 
LTO half cell was connected to another LNMO half cell through their lithium 
sides. Then, these two cells were handled as one full-cell. The LNMO side 
was connected to the working electrode and the lithium side to reference elec-
trode, while the LTO side was connected to the counter electrode terminal of 
the cycling equipment. Additionally, a modified back-to-back cell was con-
structed to investigate the cell behaviour when interactions by gas products 
were possible, but not any interactions through the electrolyte. For this, a large 
lithium sheet around 4.5 × 4.5 cm was placed between the electrodes and two 
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sheets of separator were placed on both sides of the lithium, but with a smaller 
area.  

Full cells were galvanostatically cycled between 1.5 V and 3.5 V at differ-
ent rates according to the calculated capacity of LNMO. Before starting the 
cycling, a waiting time (10 hours) was applied. A Novonix HPC (High Preci-
sion Charger) system (30 and 55 °C) and a Digatron BTS-600 system (24 °C 
– 25 ̊ C) were used. Internal resistance measurements were made in three elec-
trode and back to back cells. Here, galvanostatic cycling was combined with 
an intermittent current interruption (ICI) resistance determination method 
[117], using a Bio-Logic VMP2 instrument. The calculation of cell resistance 
was made using the Ohmic voltage drop during interruptions.  

3.3. Materials Characterization 
3.3.1. Sample Preparation 
After the cycling of LNMO-LTO and LNMO-Li cells, they were carefully 
opened in a glove-box (argon atmosphere). After separation of electrodes from 
the separator, they were rinsed with DMC three times (Paper I, 0.5 ml each 
time) or 3-5 times (Paper II, IV and V, 4-5 droplets each time) and left for 
drying. This was applied to remove salt residues from the electrode surface. 
For SEM analysis, small pieces were cut and placed on carbon tapes inserted 
on aluminium SEM stubs. For XPS, XANES, XAS and RIXS measurements, 
samples were prepared in a similar way but using copper tape instead. For 
samples measured at a synchrotron facility, they were inserted into plastic 
boxes and vacuum sealed into coffee bags (two times) to ensure air-tightness 
during transport. 

3.3.2. Scanning Electron Microscopy 
Imaging in a scanning electron microscope (SEM) is done by sending a fo-
cused beam of electrons onto a sample surface and subsequently detecting the 
secondary electrons emitted from this small area where the beam is focused. 
If this process is repeated step by step to scan a selected area on the sample, it 
is possible to form a two dimensional image of this area. In this study, the 
technique was mainly used to observe the morphology of the electrodes before 
and after cycling. In Paper I, an air-tight transfer system was used to insert 
cycled samples into a SEM chamber. For this purpose, a Zeiss Sigma Series 
SEM was used. In Paper II, airtight glass vials were used for transfer and the 
samples were exposed to air for 15-20 seconds before being inserted into the 
SEM chamber of the Zeiss 1550 SEM instrument.  Both microscopes were 
equipped with a field emission gun. In order to increase surface sensitivity of 
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the imaging, the accelerating voltage was decreased (e.g. to 3 kV). The work-
ing distance was kept at 5 mm. When a set of images are presented, each image 
in the set was scaled to the same magnification using the ImageJ software by 
calibrating them using scale bars. 

3.3.3. X-ray Photoelectron Spectroscopy 
This technique uses X-rays to irradiate samples and analyses the kinetic en-
ergy of emitted electrons (the photoelectric effect). Since the distance that 
electrons can travel without any energy loss in a solid is quite limited (depend-
ing on inelastic mean free path, IMFP), this technique is very surface sensitive 
– with a probing depth of only a few nanometers. The kinetic energy of the 
emitted electrons can be defined using the equation (3.1): 

EK= hν – EB - Φs                                                                                        (3.1) 

In equation (3.1), EK is the kinetic energy of electron detected, hν is the energy 
of incoming X-ray, EB is the binding energy of the orbital that the electron is 
ejected from and Φs is the spectrometer work function. Using this equation, it 
is possible determine EB using the measured EK value. The EB is element spe-
cific (and depends on chemical state), and therefore this allows identification 
and quantification of elements in the surface layer of the materials. In this 
study, pristine electrodes as well as electrodes after electrochemical cycling 
have been analyzed using in-house XPS, which is a Phi-5500 instrument with 
monochromatized Al-Kα radiation (1486.6 eV).  

As stated, probing depth depends on IMFP, and it is dependent on the ki-
netic energy of electrons. If photons with higher energies are used, electrons 
with higher kinetic energies would be emitted which increases the probing 
depth of the analysis. The analysis using different photon energies can provide 
depth profiling in a non-destructive way. It is possible to tune the photon en-
ergy in a synchrotron facility in order to change probing depth (and perform 
depth profiling). For this reason, additional measurements were conducted at 
the Helmholtz Zentrum Berlin, BESSY KMC-1 beamline, High Kinetic En-
ergy Photoelectron Spectrometer (HIKE) end station using a Scienta R4000 
electron analyzer. Photon excitation energies of 2005 and 6015 eV were used. 
Data calibration was made by linear shifting of the hydrocarbon peak to 285 
eV, except for the LTO electrodes in Paper II which were calibrated using the 
Ti 2p peak. Casa XPS and Igor software were used for the analysis of data.  

3.3.4. X-ray Absorption Spectroscopy 
At a synchrotron facility, it is possible to obtain high energy X-rays which are 
tunable in energy. Therefore, the energy of the incoming photon hitting the 
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sample can be changed gradually, while the response of the material is de-
tected (e.g. intensity of X-rays transmitted through the material, the intensity 
of total fluorescence and the electron yield). This response originates from the 
excitation of electrons from a core level in an element when the incoming 
photon energy is sufficiently high. In this way, it is possible to obtain the ab-
sorption edge spectrum of different elements. This technique has been proven 
to be a useful tool to determine the oxidation state of metal ions [118] and has 
therefore been utilized in Paper II for LTO electrodes to identify oxidation 
state of Ni and Mn deposited on the surface. For this purpose, measurements 
were done for Mn K-edge and Ni K-edge. Measurements were performed at 
the beamline BESSY KMC-1 using a Bruker XFlash 4010 fluorescence de-
tector. Au 4f spectra was used for calibration and data analysis was made via 
Athena software. In Paper IV and V, XAS spectra of Mn L-edge, Ni L-edge 
and O K-edge were measured in the total fluorescence yield (TFY) and total 
electron yield (TEY) modes to get information on the electronic structure from 
different probing depths. Here, TFY mode allows a penetration depth of 
around 100 nm and TEY mode around 10 nm. Measurements were done at the 
Advanced Light Source of Lawrence Berkeley National Laboratory, beamline 
8.0.1. [119] and SPring-8 (Super Photon Ring – 8 GeV) synchrotron radiation 
facility in Hyōgo Prefecture, Japan. 

3.3.5. Resonant Inelastic X-ray Scattering 
In resonant inelastic X-ray scattering (RIXS), X-rays are sent to sample and a 
core hole is created by electron excitation from core level to an unoccupied 
state around the Fermi level. This core hole decays by electron transfer from 
the valence band, and as a result X-ray photons are emitted. The energy of 
such photons are recorded with a spectrometer. In RIXS measurements, the 
incoming photon energy is tuned to the absorption edge of the interest. For 
this reason, it is called a resonant technique and requires synchrotron radia-
tion. In order to determine the absorption edge, first an XAS spectrum is meas-
ured and the edge energies are determined. In the RIXS process, the energy 
difference between the incoming and outgoing photons correspond to energy 
of excitations left in the sample. Since some energy is lost in these excitations, 
the outgoing photons are said to be ‘inelastically’ scattered. The energy spec-
trum of inelastically scattered X-rays will give information about the disper-
sion of excitations in the sample. This spectrum can reveal fingerprints for 
electronic structure changes which may not be possible to see via XAS spec-
tra. This renders it as a very valuable complementary technique to XAS anal-
ysis. 

In Paper IV and V, RIXS measurements were performed for Ni L-edge and 
O K-edge in Advanced Light Source of Lawrence Berkeley National Labora-
tory, beamline 8.0.1 and SPring-8 synchrotron radiation facility in Hyōgo Pre-
fecture, Japan. The same samples were used as described in the XAS section. 
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3.3.5. Raman Spectroscopy 
Raman spectroscopy is based on inelastic scattering of optical light sent to a 
sample of interest using a monochromatic light source (e.g. a laser). Molecular 
vibrations in the sample interact with the photons and will cause some of them 
(indeed only a very small fraction of them) to scatter by gaining or losing 
energy (inelastically) while most photons are scattered with the same energy 
(elastically). Photons which are inelastically scattered are recorded with a de-
tector and the Raman spectrum is consequently obtained. Information about 
the type of bonds and crystal structure can be obtained by analyzing the Ra-
man spectrum. It is, for example, possible to see presence of cation ordering 
in LNMO (i.e. the Mn/Ni arrangement) using this technique, or to evaluate the 
degree of ordering qualitatively. Therefore, this technique was used as a com-
plementary technique to neutron diffraction due to its more surface sensitive 
character (a probing depth of few hundred nanometers) and practical accessi-
bility (Paper III and Paper V). The instrument used was a Raman microscope 
(Renishaw – inVia) with a laser wavelength of 532 nm. A crystalline Si sample 
(confirming the reference peak around 520.6 cm-1) was used for calibration. 
In each acquisition, the measurement time was 20 seconds. Acquisitions were 
repeated 20 times for better statistics and the nominal power was adjusted to 
0.5 mW. 

3.3.6. Transmission Electron Microscopy 
In transmission electron microscopy (TEM), high energy electrons are used 
for imaging of very thin samples which are durable under high vacuum. While 
the basic imaging is similar to an optical light microscope, since electrons with 
significantly smaller wavelength are used in contrast to visible light, it is pos-
sible to reach very high magnifications. In TEM, high energy electrons are 
projected on the sample coherently using proper magnetic lenses (objective 
lenses) whereby the electrons interact and pass through it. For this reason, the 
sample need to be sufficiently thin. After passing the sample, specific lenses 
are used (intermediate and projection lenses) for the electrons and the sample 
image is formed on a fluorescent screen (or a CCD camera). With state of the 
art electron microscopes, it is possible to reach atomic scale resolution and do 
complementary characterization such as electron diffraction from the areas of 
interest (selected area electron diffraction, SAED), elemental analysis via en-
ergy dispersive spectroscopy (EDS), or analysis of electronic structure via 
electron energy loss spectroscopy (EELS). In this study, such an electron mi-
croscope was used to analyze LNMO samples before and after electrochemi-
cal cycling (Paper V). For this, some part of the electrodes were scraped off 
and then dispersed in DMC in the glovebox via ultra-sonication for about 5 
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minutes. Then, a few drops of the solutions were drop casted onto a molyb-
denum TEM grid which was transferred to the microscope through a vacuum 
transfer double-tilt holder.  

For in situ TEM experiment, a thin lamella was prepared using a focused 
ion beam (FIB) technique and this lamella was inserted onto a specific heating 
stage which allowed the observation of structural and morphological changes 
in situ during heating up to 600 °C. The microscope was a field-emission FEI 
Cs-corrected (image corrected) cubed TitanTM microscope operating at 300 
kV. 

3.3.7. Inductively Coupled Plasma Analysis 
In inductively coupled plasma – optical emission spectroscopy (ICP-OES), 
plasma forming gas (e.g. Ar) is ionized inside a plasma torch surrounded by 
induction coils. Following ionization, plasma with temperatures as high as 
5000-7000 K is formed. The sample to be analysed is sprayed as an aerosol 
into this high temperature plasma. The sample is atomized at this high tem-
perature, followed by excitation and ionization of atoms present in the sample. 
At this stage, atoms emit photons and since each element has specific charac-
teristic emission spectrum, it is possible to determine the elements present and 
their relative concentration by detecting the wavelength and intensity of the 
emitted photons. In this thesis (Paper III), ICP-OES was used for determining 
the Mn/Ni ratio in the LNMO powders. The instrument used was a Perki-
nElmer Optima 7300DV spectrometer. LNMO powders were digested in aqua 
regia, diluted with deionized water and analysed using an internal standard 
method (scandium) with two point calibration. 

3.3.8. Thermal Gravimetric Analysis 
In thermal gravimetric analysis (TGA) performed in this thesis (Paper III and 
V), powders were inserted into a Pt pan which was hanged on a very sensitive 
balance. In the sample chamber, a flow of pure oxygen was maintained. The 
sample was heated to 780 °C and then cooled back to RT. During this heat-
ing/cooling cycle, the weight change of the sample was recorded. This weight 
change was used to obtain information on oxygen release and recovery of the 
samples, since no other reactions were expected to cause weight change. The 
instrument used was a Q500-TGA from TA instruments. 

3.3.9. Neutron Diffraction  
In diffraction techniques, elastic scattering of radiation (or matter) which have 
wave character are studied. Following scattering from obstacles in the sample 
(e.g. atoms), under specific conditions these interactions will lead to construc-
tive interference. As a result, enhanced scattering will be observed in certain 
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directions while destructive interference will lead to complete or partial can-
cellation in other directions. Under the conditions giving constructive inter-
ference, the scattering of radiation or matter is called diffraction. These con-
ditions require a periodic arrangement of obstacles and constant wavelength 
parallel beams, and depending on the wavelength and arrangement of these 
obstacles, constructive interference will occur in certain directions. In Figure 
5, such a condition is schematically shown. The incoming beam is initially in 
phase, and for constructive interference they should still be in phase after in-
teraction with the sample. If the interplanar spacing is ‘d’ and the angle of 
incoming beam is θ, then the difference between two scattered waves can be 
written as 2 times dsinθ. If this distance is a multiple of λ, the second wave 
would still be in phase with the first one and generate constructive interfer-
ence, i.e. diffraction. This criteria simply leads to Bragg’s law as written in 
equation (3.2): 

nλ = 2d sin θ                                                                                               (3.2) 
 

 
Figure 5. Schematic representation of diffraction from parallel planes separated by 
an interplanar distance of ‘d’ and derivation of Bragg’s law. 

It is possible to determine the crystal structure by analyzing the set of Bragg 
reflections from different planes (i.e. the diffraction pattern). When X-rays are 
used for the diffraction, X-rays will be scattered from the electrons around the 
nuclei. However, the scattering powers of Mn and Ni are quite similar with X-
rays, and therefore cation ordering of Mn and Ni in LNMO are almost impos-
sible to detect when X-rays are used for the diffraction. On the other hand, 
when neutrons are used for the diffraction, superlattice reflections originating 
from Mn/Ni ordering will easily be seen. This is because neutrons are scat-
tered from nuclei of atoms in the sample instead of the electrons, and the scat-
tering powers of Mn and Ni are then quite different.  

As discussed in the introduction, Mn/Ni ordering is known to affect elec-
trochemical performance and the mechanisms behind the improvements from 
cation disordering are still not well understood. For these reasons, crystal 
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structure analysis was made using neutron diffraction (ND) in this thesis (Pa-
per III). In situ neutron diffraction experiment (during heating under oxygen 
atmosphere) was performed on the POLARIS medium resolution time-of-
flight (TOF) powder diffractometer at the ISIS spallation neutron source, 
Rutherford Appleton Laboratory, UK [120]. A special stainless steel reaction 
cell which allows gas flow through the sample was used in the experiment. 
Pipes used for the gas flow had a coiled shape before the reaction cell so that 
the gas would reach equilibrium with the furnace temperature before entering 
the reaction cell. A disordered LNMO sample was used as the starting powder 
(around 2 grams). 257 patterns were collected in total (5 minutes for each pat-
tern). Sequential Rietveld refinement was performed on those patterns using 
GSAS [121] with the interface EXPGUI [122] and cation mixing was allowed 
for the P4332 structure during refinements. 

For the ex situ characterization of heat treated LNMO powders, ND was 
performed using a (1.555 Å) powder neutron diffractometer PUS at the JEEP 
II reactor, Norway. These measurements were done at room temperature. 
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4. Results and Discussion 

4.1. Fluoroethylene Carbonate as Electrolyte Additive 
The function of fluoroethylene carbonate (FEC) in full cells is usually corre-
lated to improvements regarding anode performance (e.g. silicon electrodes) 
[123,124]. It is important that the additives intended to modify the anode per-
formance should not cause side reactions affecting the cathode in a negative 
way, and it is therefore sensible to investigate the effect of FEC for high volt-
age cathode materials. In the case of LNMO, there is no consensus in literature 
regarding its effect, when used as an additive or co-solvent. FEC has been 
reported to have negative [125], neutral [126], [107] and positive effects [88] 
on LNMO. A previous dedicated study focusing on its effect on LNMO (stud-
ied in half cells) reported FEC to provide better passivation [127]. 

It is not easy to correlate the electrochemical behaviour in a cell to an indi-
vidual electrode, since the additive can affect both electrodes. Additionally, 
even though half cells are often considered as an ‘ideal’ cell configuration to 
get information from only the electrode of interest, this is based on an assump-
tion of a ‘stable’ lithium negative electrode. This might, however, not be valid, 
especially at high current rates [128]. It is possible that the impedance rise due 
to Li metal electrode can cause cell failure and electrolyte additives such as 
FEC can mitigate this impedance contribution [129,130]. Also, cyclable lith-
ium loss can play an important role when determining cell life time in full 
cells, but this type of mechanism is not observable in half cells due to the 
unlimited lithium inventory provided by the lithium metal. Therefore, testing 
of electrolyte additives in full cells has advantages. For this purpose, the 
LNMO-LTO system was chosen in Paper I to study the effect of FEC, as it can 
be considered a comparatively less complex system due to the high operating 
anode potential, and can therefore provide useful information regarding the 
use of this additive on the cathode side. Three electrolytes were tested with 
FEC concentrations 0, 1 and 5 wt%. The galvanostatic cycling results of the 
three resulting cells (cycled at C/5 rate - 30 ºC) are shown in Figure 6. 
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Figure 6. Galvanostatic cycling results of LNMO-LTO cells with 0, 1 and 5 wt% 
FEC in the electrolyte (a). The voltage curves of those cells during the 100th cycle 
(b) with the inset showing ‘dQ/dV vs. capacity’ for the same data. From Paper I. 

It is seen from Figure 6a that the capacity fades noticeably in the cell with 
high FEC content (5 wt%). The cells with 0 and 1 wt% FEC perform quite 
similarly over 100 cycles. The coulombic efficiencies start to stabilize and 
reach a value above 0.99 after ten initial cycles, however, the 5 wt% FEC 
sample showed a lower efficiency at the beginning. These observations indi-
cate that there is not any significant improvement from FEC, and especially 
during the initial cycles, the 5 wt% FEC containing electrolyte likely generates 
more side reactions. Electrolyte oxidation and related transition metal disso-
lution, migration of side reaction products from cathode to the anode, lithium 
inventory loss in the full cell and increase of cell resistance are possible rea-
sons for the fading of these cells. In order to get more insight about the capac-
ity difference caused by FEC, the voltage curves during the 100th cycle are 
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shown in Figure 6b. Here, it is seen that the voltage curves are quite similar 
except for at the beginning of charging. The low voltage plateau around 2.6 V 
seems to disappear for the FEC containing samples while the rest of the profile 
is almost identical. For a better visualization, dQ/dV vs. capacity curves are 
shown in the inset. It is seen that the higher voltage peaks are matching per-
fectly for all cells, which indicates that they are not subject to kinetic limita-
tions at this rate. Possibly, they have comparable internal resistances and there 
is no significant electrode degradation. The difference of capacity originates 
from the absence of the low voltage plateau which indicates that the capacity 
difference is primarily due to loss in lithium inventory. 

4.1.2. Surface Characterization of LNMO 
Surface characterization of LNMO electrodes after the 1st and 100th cycles are 
shown in Figure 7 for O 1s and C 1s together with pristine electrodes (prior 
to electrolyte contact), since the main differences in the XPS measurements 
were observed for these spectra. For the C 1s spectrum, the most intense peak 
is assigned to carbon black positioned at 284.5 eV while a smaller contribution 
at 285 eV is due to hydrocarbons. For clarity, all peaks originating from the 
binder have been colored green. The remaining peaks at 288.3 eV and 286.8 
eV correlate to binding energies of C=O and C-O related species, respectively. 
These are assigned to adsorbed species on the pristine electrode. For the O 1s 
spectrum, the peak at 529.8 eV is due to metal oxides from LNMO. The other 
two peaks at higher binding energies were similarly assigned to adsorbed spe-
cies on the active material surface. 

After one cycle, the C 1s spectra of all samples look quite similar except 
for a shift of the binder related peaks to lower energies (0.4-0.5 eV). In the O 
1s spectra, the metal oxide peak intensity at 529.8 eV decreases slightly with 
increasing amounts of FEC, implying a thicker surface layer. After 100 cycles, 
with increasing amounts of FEC, carbon black peaks and binder related peaks 
decrease in intensity. On the other hand, the C-O and C=O related peaks in-
crease in intensity due to deposition of species on the surface. It is easier to 
see in the O 1s spectra that the C-O related peak increases profoundly with 
increasing FEC contents. This can originate from the presence of organic 
ethers such as poly(ethylene oxide), PEO.  In all cases, the surface layer 
formed is seen to be thin, but FEC seems to promote relatively thicker layers. 
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Figure 7. XPS results of LNMO electrodes for C 1s (a) and O 1s (b) after cycling at 
C/5 rate and 30 °C together with the spectra of pristine electrodes. From Paper I. 
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4.1.3. Effect of Temperature 
As a complementary test, a set of LNMO-LTO cells with 0, 1 and 5 wt% FEC 
were tested at C/5 rate and at room temperature for 100 cycles. These cells 
were cycled further at 55 ºC for another 100 cycles in order to see if the addi-
tion of FEC has any positive effect at the elevated temperature. The results are 
shown in Figure 8. It clearly shows that there is no beneficial effect of the 
FEC additive at elevated temperature and all cells faded very rapidly, and ac-
tually worse for FEC containing cells. This also shows how temperature dra-
matically changes the fading rate of such full cells which is well beyond the 
expectation from a simple Arrhenius type behaviour. 

 
Figure 8. Galvanostatic cycling (C/5 rate) of 0, 1 and 5 wt% FEC added cells at 
room temperature and subsequently at 55 ºC. From Paper I. 

4.1.4. Electrode Interactions 
In order to investigate if there exists any ‘cross-talk’ between the LNMO and 
LTO electrodes and to see how these interactions are affected by the presence 
of FEC, XPS analysis was also performed on the LTO electrodes. The Mn 2p 
and Ni 2p spectra of the LTO electrodes were taken from the same full cells 
used for LNMO surface characterization. It is seen in Figure 9 that even after 
1 cycle (10 hours at OCV and 10 hours of cycling), Mn and Ni peaks are easily 
observed on the LTO electrodes. The relative intensities of the peaks were 
similar for all samples irrespective of FEC content in the electrolyte. It is in-
teresting to see that the Mn intensity was approximately the same after 1 and 
100 cycles, and its concentration was estimated to be below 1 at%. The rela-
tive amount of Ni instead increased slightly with cycling.  
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Figure 9. XPS spectra of LTO electrodes for Mn 2p (a) and Ni 2p (b) after 1 and 100 
cycles (discharged state) with the spectra of pristine electrodes. From Paper I. 

4.2. Understanding the Failure Mechanisms 
Paper I showed that 5 wt% FEC caused an additional decrease in lithium in-
ventory of the cell, and moreover that deposited metal ions on the anode indi-
cated that there is electrochemical cross-talk which is likely correlated to the 
observed capacity fading of the cells. Independent of the FEC additive, a rapid 
fading at elevated temperature could also be observed, which did not seem to 
follow an Arrhenius-type trend. These observations called for further investi-
gations of the different capacity fading mechanisms occurring in LNMO-LTO 
full cells.  

Therefore, in Paper II, the change in internal resistance with respect to 
LNMO and LTO electrodes during cycling was analyzed, and how the elec-
trode interactions effect the cyclable lithium loss was investigated. This was 
achieved by employing different electrochemical techniques as well as ex situ 
characterization of the electrodes. In parallel, the background to the good cy-
cling stability observed at room temperature in LNMO-LTO cells, and the 
rapid capacity fading present at elevated temperature (55 ºC), were explored. 
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4.2.1. Performance of LNMO-LTO Cells: RT vs. 55 ºC 
As seen in Figure 10, the performance of LNMO-LTO full cells cycled at 
room temperature showed quite stable cycling, while the fading was quite fast 
at 55 ºC. After 50 cycles, a final cycle at C/20 rate showed very limited im-
provement in the capacity, indicating that the cell resistance only had a small 
effect on the capacity. When the first and the 50th cycles are compared, a par-
tial disappearance of the low voltage plateau was visible for the 55 ºC sample. 
This indicates that there is a decrease in the cyclable lithium amount. The cou-
lombic efficiency reached around 0.997 at the 20th cycle (RT) while it was 
around 0.98 for the 55 ºC cell. If the final cycle is considered, it is seen that 
coulombic efficiency is time-dependent. An improvement in cycling perfor-
mance compared to Paper I was observed after increasing the volume in the 
pouch cell for evolving gases, indicating that the very fast fading at 55 °C is 
partly due to cell design and evolving gases. However, even after these im-
provements, the fading rate is still quite rapid. 
   

 
Figure 10. (a) Cycling of LNMO-LTO cells at RT and 55 °C. Small symbols are 
used for coulombic efficiency (right axis). (b) Selected voltage curves from the same 
cell. From Paper II. 



 45

4.2.2. Back-to-Back Cells vs. 3-Electrode Cells 
Pseudo full cells, or back-to-back cells, were constructed by connecting one 
LNMO half cell to an LTO half cell through the negative poles, as suggested 
in reference [67]. This renders cross-talk impossible. Cycling was performed 
with short-duration intermittent current interruption technique to follow indi-
vidual cell resistances. The cycling at room temperature, 40 and 55 ºC are 
shown in Figure 11a. When compared to Figure 10, the capacity fading is 
much faster. However, the effect of temperature on fading rate is not as large 
as in regular cells.  
 

 
Figure 11. (a) Cycling in back-to-back cells at different temperatures. (b) Individual 
voltage curves in the 50th cycle together with resistance measurements for the same 
cycle for LNMO (c) and LTO (d). From Paper II. 
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Individual voltage curves and internal resistances for both electrodes are 
shown in Figure 11b-d. It is clear from these voltage curves that the cycling 
window of the LNMO electrode becomes limited to the higher lithiation states, 
and that this is more severe at higher temperature. From the voltage jumps 
observed for LTO at the end of charging, it is seen that LTO limits the capac-
ity. This is expected if there is an increase in lithium inventory. Stable cycling 
at the beginning is due to excess capacity of LTO, which can compensate the 
increase in lithium inventory for a limited amount of time. 

The internal resistance of LNMO and LTO sides show that neither re-
sistances reach any high levels. Also, the effect of temperature on the re-
sistance increase is limited. As a comparison to those cells, 3-electrode cells 
were prepared and cycled in a similar way. In this configuration, cross-talk is 
allowed between the electrodes. The results from these cells are shown in Fig-
ure 12. One clear difference is that the fading is slower compared to back-to-
back cells, especially at room temperature it is seen that the 3-electrode cells 
perform very well. 

As the back-to-back cells showed, there are severe side reactions on LNMO 
as compared to LTO. At first sight, from Figure 12a, one could believe that 
the rate of side reactions is slower in those full cells. However, if the rate of 
side reactions on LNMO is independent of cell configuration, then cross-talk 
can explain the observed behaviour. If migration of reaction products to LTO 
cause additional side reactions there, this would help to maintain the overall 
lithium inventory and reduce the capacity fading rate. This is because reduc-
tion reactions on LTO would decrease the Li inventory, in contrast to oxida-
tion reactions on LNMO which would result in an increase in Li inventory. 
Therefore, if reactions occur to similar degree in terms of number of electrons 
involved, the overall change in Li inventory would be minimal due to counter-
balancing effects. Therefore, a closer examination of voltage curves is neces-
sary to determine which side is dominating the observed capacity fading. 

In Figure 12b, voltage curves from the 50th cycle is shown. Here, the cy-
cling window is being limited to the lower LNMO lithiation states as the cy-
cling proceeds. Moreover, the LTO voltage curve shows that the electrode 
returns to its fully de-lithiated state after discharging. This clearly shows that 
the capacity fading is due to a decrease in lithium inventory. This is only pos-
sible if more severe side reactions are occurring on the LTO electrode as a 
result of cross-talk of species originating from the LNMO electrode. 
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Figure 12. Cycling in 3-electrode cells at different temperatures (a). Individual volt-
age curves in 50th cycle (b) together with resistance measurements for the same cy-
cle for LNMO (c) and LTO (d). From Paper II. 

It is observed from resistance measurements (Figure 12c-d) that the contribu-
tion to overall cell resistance is smaller for LTO as compared to LNMO. At 
55 ºC, this difference is higher, and most of the contribution comes from the 
LNMO electrode. In all cases, however, the resistances are not high enough 
to influence the cell behaviour significantly. Internal cell resistance might start 
to play a major role later in the cycling, near the cell break-down point, but it 
is seen that significant capacity losses occur earlier due to cyclable lithium 
loss. At elevated temperature, either new reactions (involving more electrons) 
on LTO become thermodynamically favorable, or the kinetics of cross-talk 
(e.g. migration of protic species or transition metals) is faster, or both. Testing 
of a modified back-to-back cell (allowing gas interactions but blocking elec-
trolyte contact between two compartments) indicated that cross-talk affects 
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the capacity fading mainly due to migration of species soluble in the electro-
lyte (see Paper II).  In either of these cases, it is clear that LTO’s efficiency is 
more sensitive to temperature and this explains the unexpectedly large 
changes in the fading rate with increasing temperature.  

4.2.3. Surface Characterization: RT vs. 55 ºC  
For LNMO surfaces, no clear differences between pristine and cycled samples 
were observed in the SEM analysis (see Paper II). However, XPS analysis 
showed the presence of thin surface layers formed on LNMO (see Figure 13). 
The main difference after cycling is seen on C-O and C=O related surface 
species for both temperatures. When the surfaces are compared after cycling 
at two temperatures, the intensity of those peaks seem to be higher at 55 ºC. 
In the O 1s spectra, no considerable increase in the corresponding energy re-
gion for these species could be observed, indicating a possibly more favorable 
surface layer deposition on the carbon black and binder surfaces at 55 ºC (see 
also Figure 13c for atomic percentage changes) . The observation of intense 
metal oxide peaks indicate that there is no thick layers formed on the active 
material surface either at RT or at 55 ºC.  

 

 
Figure 13. (a) C 1s and (b) O 1s XPS spectra of pristine and cycled LNMO elec-
trodes. (c) Atomic percentages of elements in pristine and cycled electrodes. From 
Paper II. 

In the case of LTO, the surface layers were surprisingly thicker as compared 
to LNMO surfaces (see Figure 14). In fact, as seen in the O 1s spectra, it was 
not possible to see metal oxide peaks after cycling when in-house XPS was 
used for analysis (1486.6 eV), and therefore analysis with hard X-rays (2005 
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eV, 6015 eV) were performed on the same electrodes. In the C 1s spectra, an 
increase related to C-O species is observed after cycling while the intensity of 
the C-C peak decreases. Peaks related to C=O species also appear. If different 
photon energies are compared, it is seen that the organic components of the 
film decrease in intensity with increasing excitation energies. After room tem-
perature cycling, a large contribution is still visible at 284 eV, but it rapidly 
decreases with lower excitation energies. This suggest that relatively thick 
surface layers are present. For the 55 ºC sample, even at 6015 eV, there is not 
a significant contribution from carbon additives which indicates that an even 
thicker SEI is formed after cycling at 55 ºC.  

In the O 1s spectra, similar trends are observed. However, the main peak 
due to surface species becomes broader at 55 ºC, indicating compositional 
changes. Such changes can be due salt decomposition products (e.g. LixPFyOz) 
and C-O/C=O contributions from carboxylates. The relative intensities of the 
surface peaks to the metal-oxide peak can be used to estimate film thickness. 
For O 1s spectra, the probing depths can be estimated as 9, 14 and 40 nm for 
incoming photon energies of 1486.6, 2005 and 6015 eV, respectively. There-
fore, it can be concluded that the film thickness is between 9-14 nm for RT 
and above 14 nm for the 55 ºC sample (see Paper II for further discussion). 

 
Figure 14. C 1s and O 1s spectra obtained at different photon energies (1486.6, 2005 
and 6015 eV) for pristine and cycled (50 cycles at RT and 55 ºC) LTO samples. 
From Paper II. 
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These observations show that the layers formed on LNMO are relatively thin, 
while they are unexpectedly thick on LTO electrodes. If the internal resistance 
measurements are considered, one would expect thinner layers on LTO, as it 
did not show any major contribution to the cell resistance. This suggests that 
even if thicker layers are formed on the LTO electrode, these are ionically 
conductive and do not contribute significantly to the resistance. The increased 
SEI thickness on LTO at 55 ºC also supports the findings of 3-electrode meas-
urements in the way that this is an indication of enhanced reactions occurring 
on LTO following cross-talk.  

The deposition of transition metal ions on the anode (migrating from 
LNMO) was shown in Paper I, but it was then not possible to determine oxi-
dation state of these metal ions through the XPS spectra. This is a well-known 
example of cross-talk, and it can also play a role in capacity fading. One pos-
sibility is that the metal cations are reduced on the anode to their metallic 
states, which would decrease the lithium inventory from anode. In order to 
determine the oxidation states of transition metal ions observed on LTO, 
XANES measurements have been performed. The results are shown in Figure 
15 and show the Mn oxidation state near to be +III and the Ni state near to be 
+II. This confirms that metal ion deposition on the LTO is not a direct cause 
for the capacity loss. However, the dissolved transition metal ions can still 
effect the capacity loss indirectly by being involved in the reduction reactions 
(e.g. by SEI film damage, catalytic effects, etc.) occurring on the LTO surface.  

 

 
Figure 15. XANES measurements of cycled LTO samples (RT and 55 ˚C) together 
with reference samples. From Paper II. 
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4.3. In situ Studies of LNMO During Heating 
The LiNi0.5Mn1.5O4 spinel material adapts a P4332 space group under ideal 
conditions, as this is the more thermodynamically stable structure at room 
temperature. During heating, oxygen release starts at temperatures about 700-
730 ºC. A relationship between oxygen release and disordering has been sug-
gested since the same temperature region yields cation disordering as observed 
from ex situ analyzed samples [29]. Apart from the cation disordering, heating 
to high temperatures—and accompanying oxygen release—are also known to 
effect oxygen stoichiometry [20,31], phase transformations from spinel to the 
rock-salt phases [31,33] and particle morphology [43,131,132]. Therefore, it 
is important to study this spinel material via in situ techniques as more insights 
can be gained on mechanisms and dynamics of material property changes. In 
situ ND and TEM studies were used for this purpose. 

4.3.1. In situ Neutron Diffraction During Heating 
As mentioned above, a direct relation between disordering and the oxygen 
release is believed to exist. If this is true, it would make it harder to determine 
the individual role of disordering on the electrochemical performance since it 
will not be possible to obtain suitable samples allowing to de-couple these two 
properties. In Paper III, in situ ND was used to follow ordering transitions 
during the heating/cooling of LNMO powders. Despite the large number of 
studies on ordering–disordering on LNMO, there have previously been only 
two important studies which have investigated ordering in situ with ND: one 
heating powders under vacuum [30] and another under air [22]. In Paper III, 
in situ heating/cooling characterization of slightly Mn-rich LNMO under pure 
oxygen atmosphere was performed. Increasing oxygen partial pressure is ex-
pected to shift the onset of oxygen release to higher temperatures. Thus, it can 
be tested if there is a direct relation between oxygen release and cation disor-
dering, because the ordering–disordering transition temperature (TO–D) would 
then shift accordingly. Mn-rich LNMO (Mn/Ni = 3.5) was also chosen to en-
sure that there was always some Mn3+ present in the structure, since the Mn/Ni 
ratio can deviate from the starting ratio of 3. This would also reduce the ten-
dency towards rock-salt phase formation [31] and render the experiment less 
complex against further Mn/Ni ratio changes. Before the neutron diffraction 
experiment, a TGA analysis was made under similar conditions in order to 
confirm the shift of the oxygen release temperature (see Figure 16). It is seen 
that switching from air to pure oxygen atmosphere shifts the oxygen release 
temperature about 40 ºC. 
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Figure 16. TGA analysis of disordered LNMO under oxygen or air. Right y-axis 
shows the corresponding oxygen stoichiometry with the assumption that the maxi-
mum point in the cooling curve is oxygen non-deficient. From Paper III. 

In situ ND experiments were conducted under similar conditions. If there is a 
direct relationship between oxygen release and cation disordering, disordering 
would be expected to start around 725-730 ºC which is the temperature for 
oxygen release as observed in TGA analysis. Contour plot showing ND data 
is given in Figure 17 together with the temperature profile given on the right-
hand side of the plot. 

 
Figure 17. Neutron diffraction data of disordered LNMO powders under pure oxygen 
(atmospheric pressure). The intensity values are in arbitrary units. From Paper III. 
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As seen in Figure 17, additional peaks originating from ordering start to ap-
pear around run number 50. Later, at certain temperatures, these peaks disap-
pear and re-appear again. Except for small peaks from the collimating mask 
at 1.76 Å and 2.03 Å, all other peaks belong to the spinel phase with no visible 
rock-salt phase formation. This shows that the pure oxygen atmosphere to-
gether with excess Mn in the structure delay the rock-salt phase formation 
temperature, since rock-salt phase formation was observed at lower tempera-
tures (e.g. 750 ºC)  for under air heating [22].  

Sequential Rietveld refinement was performed on the neutron diffraction 
data (257 patterns in total). Here, the P4332 model with a fixed Mn:Ni ratio of 
0.78:0.22 (since no rock-salt phase was observed) was used and cation mixing 
was allowed to change. Li occupancy was fixed to 1. Attempts to refine the O 
occupancy were also made, however, these were not accurate enough to de-
termine the small amount of changes that could be expected from the TGA 
measurement, and the O occupancy was therefore also fixed to 1. The Ni-4a 
site is the preferred site for Ni in the ordered phase, and its occupancy can thus 
be used to quantify the degree of ordering (i.e. Mn/Ni mixing). The results 
from the refinements are shown in Figure 18. 

As seen in Figure 18, a sharp increase in Ni-4a occupancy starts around 
530 ºC, and continues to increase until 630 ºC where the trend changes and 
disordering starts. However, no oxygen release was observed until 725-730 
ºC. Therefore, it can be concluded that cation disordering is not initiated by 
oxygen release. During the experiment, isothermal steps were added. This 
shows that there is not a specific transition temperature for the ordering–dis-
ordering transition. Instead, the ordering degree changes gradually with tem-
perature, indicating a second-order transformation (similar to the ordering 
transition observed in beta-brass; CuZn) [133,134].  

An attempt to get information about the possible chemical changes was 
made by following the trends in lattice parameter changes (see Figure 18b). 
A deflection towards lower values are observed around 460 ºC with the oxy-
gen recovery, as is expected from the reduction of the large Mn3+ ions. Above 
730 ºC, a larger increase in the rate of cell expansion occurs, which is in ac-
cordance with the considerable oxygen release at these temperatures. While 
these trends are not highly conclusive, since no rock-salt phase was observed 
in temperatures below 800 ºC, it can still be speculated that oxygen vacancies 
cause the higher lattice constants. 
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Figure 18. Results from Rietveld refinements. (a) Change of Ni-4a occupancy with 
temperature. (b) The change of lattice parameter with temperature. For easier evalu-
ation, y-left and y-right axes are scaled so that the lines initially overlap completely. 
From Paper III. 

In summary, this shows that oxygen release has no direct role in starting the 
cation disordering in LNMO. This shows that it is possible to obtain samples 
with varying degrees of ordering without changing the oxygen content under 
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suitable conditions. Also, when comparing with work by Cai et al. [22], a de-
crease in the ordering–disordering temperature is observed, which can be due 
to the excess Mn. The presence of Mn3+ can lower the tendency for ordering, 
but ordering is still possible to obtain [135]. Therefore, if the oxygen release 
and disordering temperatures are close to each other, oxygen release could 
initiate disordering as this also introduces Mn3+ into structure. Moreover, ac-
cording to theoretical calculations [136], the formation of oxygen vacancies 
could lower the energy of the disordered phase and reduce the thermodynam-
ical driving force for keeping ordering at high temperature. This would also 
initiate disordering. However, as results in Paper III show, if the disordering 
temperature is made lower than the oxygen release temperature (e.g. by in-
creasing Mn/Ni ratio and oxygen partial pressure), a temperature zone is cre-
ated in which cation ordering is possible without oxygen deficiency. This 
opens new possibilities to obtain a suitable set of samples to study the indi-
vidual effects of ordering vs. oxygen release on the electrochemical perfor-
mance, and thus allows to design electrode materials with optimum properties. 

4.3.2. In situ TEM Analysis During Heating 
While diffraction techniques give an average information on the structure, real 
time in situ microscopy techniques render it possible to obtain more local in-
formation on structural changes. In this part, in situ heating of ordered LNMO 
samples was studied with TEM. Using a FIB technique, a thin cross-section 
sample was prepared from micron sized LNMO particles and these particles 
were put onto a heater chip in a TEM chamber. In situ TEM images obtained 
at 250 and 400 ºC are shown in Figure 19. 

As seen in Figure 19a, ordering in LNMO is well retained until 250 ºC. 
This is easily seen from the additional superlattice spots in the FFT image 
(given as inset). As the temperature increases to 400 ºC, disordering as well 
as structural transitions to rock-salt like phases occur (Figure 19b). These tem-
peratures are significantly lower as compared to previous reports [30]. This 
can be explained by the ultra-high vacuum in the TEM chamber, effects of 
beam damage, and that small particles were selected, which would all increase 
the rate of oxygen release. It is seen that structural changes occur heterogene-
ously and small domains with ordering character remains while rock-salt like 
phases are formed in other regions. In Figure 20, EDS maps of the same region 
are shown after a short time annealing at different temperatures. It is seen that 
Ni and Mn become separated from each other over time and increasing tem-
perature, forming Mn-rich and Ni-rich flake-like regions.  
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Figure 19. In situ TEM images from 250 ºC (a) and 400 ºC (b). As the temperature 
rises to 400 ºC, ordering disappears and rock-salt like phases start to form. Insets 
show the corresponding FFT images.  

In Figure 20, as seen from the 500 ºC image, Ni first prefers to occupy high 
energy grain boundaries. A gradual increase of black regions also indicate that 
oxygen release occurs over particles and causes material erosion from the par-
ticle surface. Rock-salt impurities are usually Ni-rich phases, and thus likely 
the origin of the bright regions in the Ni maps. This shows how ordered do-
mains co-exist with disordered and rock-salt like phases at specific tempera-
tures. The microstructural evolution of Mn- and Ni-rich phases are observed 
dynamically in a LNMO particle following heating and oxygen release, which 
is likely useful when understanding the electrochemical performance of 
LNMO powders exposed to high temperatures and oxygen loss. 
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Figure 20. EDS results of LNMO samples heated to different temperatures for Ni, 
Mn and O. Measurements were done at RT after heating to desired temperature.  

4.4. Understanding the Effect of Cation Ordering 
In Paper IV and V, the focus was to understand individual effect of ordering 
on the electrochemical performance by isolating the effect of other material 
properties which inevitably appear from conventional sample preparation. The 
experimental approach relied on obtaining samples with different ordering de-
gree but having other material properties, e.g. oxygen content, fixed. Prepara-
tion of such samples are possible with specific heat treatment conditions as 
seen in Paper III. 

4.4.1. Preparation of Ordered and Disordered LNMO 
LNMO powders were subjected to identical thermal treatments under pure 
oxygen atmosphere. The final step during heat treatment was an annealing 
period at 710 ºC. Under these conditions, as shown in the in situ ND experi-
ment, the samples should be oxygen non-deficient but having disordered 
structures. Therefore, following the annealing at 710 ºC, quenching or slow-
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cooling were performed to obtain disordered and ordered samples, respec-
tively. The synthesized powders were analyzed using Raman spectroscopy to 
confirm if ordered and disordered phases were prepared successfully; the re-
sults are shown with reference samples with varying degrees of ordering (Pa-
per III) in Figure 21a. A comparison shows that the preparation approach was 
successful since ordered and disordered samples were in good agreement with 
references.  

It was also necessary to verify that no oxygen release occurred during sam-
ple preparation. This was done via TGA analysis under pure oxygen flow dur-
ing a heating and cooling cycle. It is seen that both samples are oxygen non-
deficient and have identical oxygen contents (see Figure 21b). For reference 
purposes, the same test was done for a disordered sample prepared conven-
tionally (annealed at 800 ºC under air and then rapidly cooled). It was then 
verified that ordered and disordered samples were successfully prepared with 
the same oxygen content and with minimal differences in its preparation route. 

 
Figure 21. (a) Raman spectra of ordered (TMord) and disordered (TMdis) samples. 
(b) TGA analysis of ordered and disordered samples under oxygen atmosphere. 
From Paper V. 
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4.4.2 Electrochemical Performance 
The electrochemical performance of ordered (TMord) and disordered (TMdis) 
LNMO samples were tested in full cells with LTO counter electrodes. Since 
the capacity fading is much faster at elevated temperature, testing was per-
formed at 55 ºC. In the first part of the testing, cycling was started with gal-
vanostatic cycling at C/2 charge and 10 C discharge rates (see Figure 22). 
Slow charging and fast discharging were chosen to investigate intrinsic rate 
capabilities of samples, because side reactions are expected to be more severe 
during charging. After 40 cycles, the cycling approach was changed. This 
time, both charge and discharge rates were C/2, however, a potentiostatic step 
was added for 2 hours at the end of charging (followed by additional 2 hours 
waiting step at OCV). The purpose was to observe how the stability varied 
between samples when they were kept in the delithiated state.  

The results of electrochemical testing are shown in Figure 22. Initially, 
even at a discharge rate of 10 C, capacities around 110-120 mAh/g were ob-
tained for all samples. In Figure 22b, individual voltage curves are shown for 
both samples. During charge (C/2), some differences are observed in the low 
voltage region and these can easily be seen as distinct peaks in the differential 
capacity plots (Figure 22c). The appearance of two distinct peaks in this re-
gion is due to cation ordering, since both samples have the same oxygen con-
tent.  

It is important to note that both samples have similar capacities when dis-
charged at 10 C rate (Figure 22b). Even though some extra overpotential is 
visible at the higher rate for the ordered sample, the similarity in capacity at 
such a rate indicates that the difference in rate capabilities are insignificant. 
However, with increasing cycle numbers, the ordered samples show a gradual 
decrease in rate performance. In the second part, lowering of rate to C/2 in-
creases the capacities to the same level for all cells. As expected from the CV 
steps, cyclable lithium loss dominates the capacity fading in this region and is 
also accompanied by an impedance rise in the cells. This impedance rise oc-
curs more significantly for the ordered sample, as can be concluded from Fig-
ure 22f. These results clearly show that cation (Mn/Ni) disordering in LNMO 
samples indeed mitigates the impedance growth during cycling without caus-
ing any considerable difference in terms of the side reactions, as the cyclable 
Li losses were similar and the samples had the same oxygen content and mor-
phology. 
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Figure 22. Electrochemical testing (at 55 ºC) of ordered (TMord; blue) and disor-
dered (TMdis, red) samples in LNMO-LTO full cells. Each sample has been tested 4 
times in order to assure reproducible results. These identical cells are shown with the 
same color, but with different symbols and line shapes. (a) Discharge capacity vs. 
cycle number; (b) voltage curves from the first cycle. In (c) and (d), differential ca-
pacity plots for the first charge (at C/2 rate) are shown for the low and high voltage 
region, respectively. In (e) and (f), similar plots are shown for the 50th cycle. From 
Paper V. 
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4.4.3. Unusual Anion Redox in Ordered and Disordered LNMO 
In Paper IV it is shown that the high voltage plateau of LNMO is not due to a 
pure Ni redox activity, which is commonly accepted in literature, but rather 
that O also makes a considerable contribution to the charge distribution in this 
plateau. Therefore, both samples (at different state of charges) were investi-
gated to see how the electronic structure of O and Ni differs depending on 
cation ordering. Ni L3-edge XAS (PFY mode) and RIXS spectra of the sam-
ples are shown in Figure 23 for the ordered and disordered samples. It is seen 
that pristine and charged samples at the end of charge (1-EoC) display both 
Ni2+ and Ni4+ character and that ordering does not seem to affect electronic 
structure. However, changes are observed during charging as ordered sample 
show a slightly increased Ni oxidation at 40% SOC at the beginning of plateau 
(1-BoP) while the disordered sample reaches higher oxidation states more ab-
ruptly when the SOC reaches 70% at near the end of plateau (1-EoP). After 
11 cycles, the disordered sample also seems to reach higher oxidation levels 
for Ni at 100% SOC (11-EoC) while both samples had identical behaviour at 
the same SOC after the first delithiation (1-EoC). Ni L3-RIXS spectra are also 
compared in Figure 23b for the delithiated samples. The main differences are 
the decrease of a low energy elastic peak for the disordered sample and a 
broadening of the main peak for the ordered sample. The latter can be caused 
by the charge transfer states related to holes in the oxygen band [137,138]. 

 

 
Figure 23. (a) Ni L3-edge XAS LNMO electrodes at different SOC (reference spec-
tra were reported by Qiao et al. [139]). (b) Ni L3-edge RIXS spectra at an incident 
photon energy of 854.5 eV for delithiated LNMO samples. From Paper V. 
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In Figure 24a, O K-edge RIXS and XAS spectra are shown together (the ex-
citation energy for RIXS is shown as a dashed line). During delithiation, both 
samples show a distinct pre-edge shoulder (around the dashed line) indicating 
the formation of holes in the Ni 3d – O 2p hybridized states. In the RIXS 
spectra, a distinct feature is formed around 526.5 eV and small changes are 
observed in the elastic peak. In the pristine state, there are also differences 
caused by ordering. As seen in Figure 24b, the sample at 70% SOC show 
differences in the elastic peak. The disordered material seems to retain its 
spectral shape between the 1st and 11th cycle while the ordered sample shows 
a slight decrease in peak area, as indicated by orange and green arrows. Those 
differences caused by the cation ordering are most likely related to faster deg-
radation of the electrochemical performance. Therefore, XPS and TEM was 
done in order to achieve more information of surface and near-surface differ-
ences between ordered and disordered samples. 
 

 
Figure 24. (a) O K-edge RIXS and XAS of selected SOC LNMO samples. (b) O K-
edge RIXS spectra of selected samples showing the spectral differences. From Pa-
per V. 

4.4.4. XPS Analysis of Ordered and Disordered LNMO 
C 1s, O 1s and Ni 2p XPS spectra are shown in Figure 25 and the relative 
atomic percentages of the analyzed elements are also provided in the figure.  
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Figure 25. Normalized spectra for C 1s, O 1s and Ni 2p are shown in (a), (b), (c), re-
spectively. (d) Relative atomic percentages of the analyzed elements (the left parts 
of the individual bars correspond to disordered samples and the right parts to ordered 
samples. From Paper V. 
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In the C 1s spectra (Figure 25a), organic species start to deposit with charging, 
seen from the intensity increase in regions where C-O and O−C−O/C=O re-
lated species are present. After 1 cycle (including CV and OCV steps), these 
effects are more significant and the ordered sample shows thicker film for-
mation. In the O 1s spectra, it is observed that organic and inorganic species 
form to a larger degree on the active material of the ordered sample and the 
lattice metal oxide peak observed around 529.9 eV decreases. The trends 
clearly show that the film formation primarily occurs during the first cycle, 
while further growth proceeds to a limited extent in the following 10 cycles.  

In the Ni 2p spectra (Figure 25c), the highest intensity feature of the Ni 
2p3/2 multiplet peak (~855.2 eV) does not move in binding energy from OCV 
to 1-BoP, but shifts around 1.4 eV to higher energy (~ 856.6 eV) when charg-
ing is completed. It returns to its original position after discharge, which indi-
cates that it is caused by Ni oxidation. Such a shift can be due to oxidation of 
Ni2+ to the Ni4+  state [140] or to the Ni3+ state [141] as reported for layered 
oxides. No shift was observed for the satellite peak (861 eV), which can be 
related to the ligands to which Ni is bonded [142]. With charging, also peak 
broadening is observed and the intensity of the main satellite peak increases, 
but irreversibly and continuously with further cycling. This increase in inten-
sity occurs more pronouncedly for the ordered samples. It can be related to 
formation of defects such as oxygen vacancies [143] or changes in covalency 
[144,145] with the oxygen atoms.  

4.4.5. TEM Analysis of Ordered and Disordered LNMO 
To observe ‘near-surface’ structural changes, HRTEM images of ordered (a) 
and disordered (b) samples are shown in Figure 26 (see Paper V for images 
of pristine samples). Significant structural changes obviously occurred during 
cycling, which are easily seen in FFT images obtained from different areas of 
the images (indicated by the colored rectangles). For the ordered sample, or-
dering is still visible as additional spots are present due to (110) planes, how-
ever, the brightness of additional spots decreases close to the surface which 
indicates a decrease in ordering. In the ‘near-surface’ regions just below the 
surface, domains of rock-salt like character are observed. Transition to rock-
salt phase is clearly seen within the red rectangle as well as in the FFT image 
from the rock-salt like domain (blue rectangle). In this area, the increase in 
(440) spots are visible while the (110) spots disappear and the brightness of 
the (220) spots decreases. 
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Figure 26. HRTEM images of ordered (a) and disordered (b) LNMO samples after 
cycling (10 cycles). HRTEM images of the pristine samples are shown in Paper V. 

In the disordered samples (Figure 26d), no domains with rock-salt like char-
acter were observed. Unexpectedly, domains with some degree of ordering 
was on the other hand spotted in the inner regions of the particles. In this study, 
the disordered samples were prepared to be oxygen non-deficient. Therefore, 
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the driving force for ordering is predicted to be high and during lithiation/del-
ithiation cycles at elevated temperature, it is possible that the inner regions 
could partially adapt cation ordering. In the near-surface regions, oxygen re-
lease and subsequent near-surface reconstruction would limit this effect. 

Considering that the studies in Paper V comprise samples without changes 
in the oxygen content of samples, it can be concluded that disordering helps 
to delay degradation of electrochemical performance. While positive effects 
of disordering have been suggested in earlier studies, this thesis work shows  
this phenomenon experimentally for the first time by testing of two samples 
in which only cation ordering was different. The main reason for the perfor-
mance difference is the rise of cell resistance. XPS analysis showed deposition 
of thicker films on the ordered sample, which might also accumulate on other 
cell components during prolonged cycling in different parts of the cell and 
prevent Li transport. More bulk sensitive XAS/RIXS technique showed that 
there were differences in electronic structure. These differences may affect the 
performance and trigger additional chemical reactions in the cell. The near 
surface changes observed with TEM shows a loss of ordering and formation 
of rock-salt like phase domains in the ordered sample after cycling, indicating 
that oxygen release might have taken place during cycling and caused near 
surface changes as well as chemical oxidation of electrolyte. 
 



 67

5. Conclusions 

In this thesis, first the effectiveness of a well-known electrolyte additive, FEC, 
was tested in LNMO-LTO cells. Compared to alternatives, this cell chemistry 
can be considered a less complex full cell system in terms of anode surface 
reactions, and is therefore suitable for investigating the cathode’s perfor-
mance. Contrary to several other reports, this additive was found to have a 
limited effect when used in small amounts (1 wt%). Increased amounts, on the 
other hand, resulted in a decrease in charge capacity. Considerable side reac-
tions occurred, but there was interestingly no considerable layer formation 
found on the LNMO electrodes. Moreover, the effect of temperature on ca-
pacity fading was dramatic and both Mn and Ni were detected on the surface 
of counter electrode already after one cycle.  

Following these observations, a comprehensive study was conducted to 
identify different capacity-reducing mechanisms in this system and to under-
stand the unusual effect of temperature. The results showed that the major 
contribution to capacity fading was due to a decrease in lithium inventory of 
the cell. It was seen that even though the side reactions originate from the 
cathode surface, reaction products migrate towards anode and cause further 
reductive reactions there, which reduce the lithium inventory. These reactions 
caused by electrochemical cross-talk is more sensitive to temperature and 
therefore explains the unusual increase in capacity fading rate at elevated tem-
perature. It should be noted that the good capacity retention at room tempera-
ture is also due to cross-talk since reactions occur on both electrodes, but in a 
similar degree. Such deceptively ‘stable’ conditions can likewise be achieved 
at higher temperatures by applying some strategies aiming to increase the cell 
lifetime and can therefore give misleading results if extensive testing is not 
performed. It was also observed that the internal cell resistance increases dur-
ing cycling, and it was seen that the main contribution originated from the 
LNMO side even though no thick surface films are formed on its surface. In 
contrast, thick films are observed on LTO surface but this layer does not cause 
any significant resistance. 

In the third part of this thesis, the changes occurring in structure and mi-
crostructure were investigated in situ during heating and cooling of LNMO 
under different conditions. Observations from the neutron diffraction and 
TGA experiments showed that disordering starts around 630 ºC and oxygen 
release around 725-730 ºC when slightly Mn-rich samples are heated under 
pure oxygen flow. It was also observed that no specific temperature for the 
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order-disorder transition exists. These observations are noteworthy, as they 
show that there is not a direct relationship between oxygen release and cation 
disordering, and suggest that new sample preparation strategies which allow 
control of cation ordering in the samples without disrupting the oxygen con-
tent are possible. Observations from real time TEM analysis showed how or-
dered domains co-exist with disordered and rock-salt like phases at certain 
temperatures. It was also observed that further oxygen release caused for-
mation of Mn- and Ni-rich phases on the microstructural level when the tem-
perature was raised above 500 ºC under vacuum.  

Following the insights gained from in situ studies, a suitable set of samples 
were prepared to study the effect of ordering on electrochemical performance. 
This was achieved by heating samples to 710 ºC (which is above disordering 
but below oxygen release temperature) and annealing for the same durations 
followed by either fast or slow cooling. This minimized changes in other ma-
terial properties such as oxygen content when obtaining ordered and disor-
dered samples. It was found that ordering in the structure causes faster elec-
trochemical performance degradation. The results indicate that these differ-
ences are primarily dependent on the instability of the material in its delithi-
ated state. Characterization of samples with XAS/RIXS showed that bulk 
related changes in the material might have a crucial role in performance failure 
of LNMO-based cells, and might also trigger further side reactions inside the 
cell via oxygen release. Participation of oxygen in the charge compensation 
during delithiation was shown, in contrast to the widely accepted pure cationic 
redox via transition metals in LNMO. With XPS, it was shown that ordering 
favors formation of thicker surface films on LNMO with more deposition of 
C-O, C=O and LixPFyOz species. TEM analysis showed that cation ordering is 
partially lost in the particles after cycling and rock-salt like phases are formed 
near the surface. Thereby, a comprehensive picture of the interrelations be-
tween the structural chemistry, the surface chemistry and the electrochemistry 
of LNMO has been achieved. 

This thesis illustrates the importance of acquiring a comprehensive under-
standing on degradation mechanisms in full and half cells. This way, more 
meaningful electrochemical testing of cells can be performed, generating new 
perspectives for future directions when solving degradation issues. The im-
portance of performing advanced materials characterization is also clear, since 
vital property changes can be overlooked with more conventional techniques. 
The knowledge gained from this work will therefore hopefully provide in-
sights for future studies and not least help designing more durable LNMO 
materials and LNMO-based batteries with longer lifetimes.  
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6. Sammanfattning på svenska 

Användandet av Li-jon batterier i portabel elektronik, så som mobiltelefoner, 
laptops, surfplattor och så vidare, är idag mycket utbrett och ett intensivt på-
gående forskningsarbete sker för att förbättra prestandan i dessa batterier. Li-
jon batterier kan som ersättare till fossila bränslen vara med och driva nästa 
generations elbilar på ett hållbart sätt genom användandet av el från förnyel-
sebara källor. En utbredd elektrifieringsprocess av fordonsparken i transport-
sektorn möjliggörs genom användandet av batterisystem med hög energiden-
sitet, som samtidigt är säkra och långlivade. Det är viktigt att dessa batterisy-
stem består av material som finns i stora mängder, är miljövänliga, och billiga. 
Det är även önskvärt att dessa batterisystem kan hantera höga strömmar så att 
de kan laddas snabbt. 

I kommersiella batterier idag så kommer ungefär hälften av deras totala vikt 
ifrån katodmaterialet, och katoden har därför blivit ett viktigt mål för förbätt-
ring för utvecklingen av Li-jon batterier. Som ett alternativt katodmaterial har 
LiNi0,5Mn1,5O4 (LNMO) flera fördelar mot nuvarande kommersiella standar-
der. Dessa fördelar inkluderar förmågan att hantera höga strömmar, hög ener-
gidensitet, låg produktionskostnad, och att materialet är miljövänligt. Den 
höga elektrokemiska potentialen detta material är behäftat med bidrar till en 
hög energidensitet, men introducerar även oönskade sidoreaktioner i batteriet. 
Dessa sidoreaktioner minskar batteriets livslängd och utgör därför hinder för 
storskalig implementeringen av LNMO som katodmaterial. 

I denna doktorsavhandling har det undersöks det om en specifik metod, 
som är standard i många batteriter, kan användas för att öka livslängden i cel-
ler med LNMO. Denna metod går ut på att blanda in små mängder additiv i 
elektrolyten för att på så sätt skydda katoden ifrån oönskade sidoreaktioner. 
Resultaten från denna studie visar att ett av de vanligaste additiven för ända-
målet inte gav någon positiv effekt alls. Vidare så visades det på vikten av att 
utveckla en god förståelse för vilka nedbrytningsmekanismer som sker vid an-
vändandet av detta nya katodmaterial. Till följd av dessa resultat gjordes en 
detaljerad uppföljningsstudie där användandet av avancerade karakterise-
ringstekniker identifierade effekten av olika nedbrytningsmekanismer. I 
denna studie användes ett anodmaterial som är känt för sin stabilitet som mo-
telektrod, och det visade sig att en gradvis minskning av litiumförådet var hu-
vudorsak till den observerade kapacitetsförlusten. Det anses generellt att en 
sådan kapacitetsförlust endast kan vara möjlig om sidoreaktionerna sker på 
anoden. Trots detta så visade det sig att med en ändrad celldesign så skedde i 
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stället sidoreaktionerna huvudsakligen på högvoltskatoden, vilket betyder att 
reaktionsprodukterna borde migrera från katoden till anoden där produkterna 
orsakar fler sidoreaktioner. Dessa sidoreaktioner är temperaturkänsliga, vilket 
förklarar varför kapacitetsförlusterna är större än förväntat vid höga tempera-
turer. Det visades också att mycket tjockare ytlagersprodukter bildas på ano-
den, men att däremot resistansen för transport av litiumjoner är mycket lägre 
i dessa ytlager. Denna studie visade att generella antaganden om kapacitets-
förluster inte alltid stämmer för denna cellkemi. 

Det är välkänt att förändringar av syntesförhållanden ändrar egenskaperna 
av katodmaterialet LNMO, vilket också påverkar den elektrokemiska prestan-
dan. Vid exempelvis lågtemperaturssyntes följd av sakta nedkylning föredrar 
Mn och Ni specifika positioner i kristallstrukturen, vilket skapar ordnad 
LNMO (se Figur 27). Om syntestemperaturen i stället är hög så kommer inte 
Mn och Ni att ha specifika positioner i strukturen, och materialet får därför en 
oordnad kristallstruktur. Vid högtemperatursyntes förloras också syre från 
materialet och förändringar av partikelmikrostruktur och -morfologi sker. 
Dessa skillnader kan också påverka den elektrokemiska förmågan. 

Inom ramarna för den här avhandlingen undersöktes sådana materialför-
ändringar med avancerade karaktäriseringsmetoder såsom in situ neutrondiff-
raktion och in situ elektronmikroskopi. Tack vare dessa tekniker införskaffa-
des viktig kunskap om LNMO. Exempelvis visade studierna att frigörelse av 
syre inte är direkt relaterat till katjonisk oordning i materialet. Det visades 
också att det finns ett temperaturintervall vid speciella förhållanden som tillå-
ter bildning av katjonisk oordning, men utan syrefattighet varierade i LNMO-
proven. I ett efterföljande projekt användes dessa insikter från in situ studi-
erna, och anpassande provserier bereddes för att studera effekten av katjon-
ordning på den elektrokemiska förmågan. 

 

 
Figur 27. Kristallstrukturer av LNMO med ordnad Mn/Ni-distribution (vänster) och 
motsvarande oordnad struktur (höger). Atomer är: O (röd), Li (grön), Mn (lila) och 
Ni (grå). 
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Preparering av passande prov gjordes genom att upphetta av proven till 710 
ºC (vilket är tillräckligt högt för oordning, men lägre än temperaturen för fri-
släppning av syre) där de glödgades lika lång tid, men med olika kylningshas-
tigheter under den efterföljande kylningen. Ordnade och oordnade prov, vilka 
båda hade samma syrehalt, testades därefter i olika cellkonfigurationer och 
karaktäriserades med avancerade synkrotrontekniker, röntgenfotoelektron-
spektroskopi och transmissionselektronmikroskopi. Det visades att syre har 
ett betydande bidrag till energin som detta material levererar vid litiering och 
delitiering. Detta är skarp i kontrast till det vitt accepterade bilden av rena 
katjonsbidrag från övergångsmetaller. Därutöver visades att oordnad LNMO 
presterar bättre vid elektrokemisk testning. Detta förklaras av en mer stabil 
elektronstruktur, bildandet av en tunnare ytfilm och en mer stabil kristallstruk-
tur. 

Upptäckter från denna avhandling illustrerar betydelsen av att skapa en om-
fattande förståelse av degraderingsmekanismer för material i Li-jonbatterier. 
På detta vis kan mer meningsfull elektrokemisk celltestning utföras som 
skapar nya perspektiv för lösande av degraderingsproblem. Det är tydligt att 
avancerad materialkaraktärisering kan ge många insikter p.g.a. att vissa vik-
tiga egenskapsförändringar kan missas med mer konventionella tekniker. 
Kunskapen som erhållits från detta arbete kommer därför förhoppningsvis att 
ge betydelsefulla insikter för fortsatta studier och design av mer hållbara 
LNMO-material och LNMO-baserade batterier med längre livstider. 
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