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Summary

The purpose of this thesis is the synthesis of LiMn2O4 with different morphologies and the
impact this have on its use for high-voltage lithium ion batteries (LIB). Through sol-gel
synthesis and coprecipitation, phase pure LiMn2O4 were synthesised successfully and
selected samples was used in the assembly of lithium ion half cells. A large number of
synthesis with different parameters were completed for both techniques, which resulted in
a large number of samples with a secondary Mn2O3 phase. Both techniques showed that
they could produce LiMn2O4 with a variety of morphologies. Open sponge like structures,
porous ellipsoids and particles with wide size distribution have been synthesised. Sol-
gel synthesis was either the citric acid method or Pechini method. Different calcination
temperatures were used, as well as some samples with active pH control. Altering the pH of
the gel yielded no usable results. Synthesis of LiMn2O4 through coprecipitation was done
through precipitation of MnCO3. Heat treatment of MnCO3 was done to form MnO2 for
some samples. Both MnCO3 and MnO2 was attempted mixed with LiNO3 with mortar and
pestle, ball milling, and mixing in a water dispersion. Mixing by hand in mortar and pestle
and ball milling proved far insufficient to get the desired phase pure LiMn2O4, while the
water dispersion technique however provided the desired result. Phase purity was evaluated
through X-ray diffraction. Scanning electron microscopy was used to analyse morphology,
and overall surface area was found for selected samples.

Phase pure samples from both techniques was used to assemble lithium ion half cells
to evaluate their electrochemical properties. An cathode slurry was prepared by mixing
LiMn2O4 powder with carbon black N-Metyl-2-pyrrolidione (NEP) polyvinylidene fluoride
binder in both 5 and 10 % by weight. The slurry was casted on a aluminium foil current
collector, and cathodes cut from the foil. Prepared cathodes were assembled into lithium
ion half cells in a glove box in a inert argon atmosphere, alongside a metallic lithium anode
and LiPF6 electrolyte.

The properties of the assembled cells were tested through galvanostatic charge-discharge
cycling, to evaluate capacity, capacity loss and rate capability. Both materials had a
low initial capacity of 81.2 mAh/g for sol-gel synthesised LiMn2O4 and 82.7 mAh/g for
coprecipitated synthesis LiMn2O4. Both samples experienced rapid capacity fading, and
next to no available capacity at high C-rates. There was only marginal difference between
tested samples, but the sol-gel synthesis seemed superior.

Some evaluation of changes in the cathode cast was done following galvanostatic cycling.
X.ray diffraction was taken of cycled and non-cycled casted cathode. And investigation
into the surface microstructure was also done.





Samandrag

Føremålet med denne avhandlinga er syntese av LiMn2O4 med varierande partikkel mor-
fologi, og kva det si påverknad det vil væra for bruk i høg spennings litium ion batteri (LIB).
Gjennom sol-gel syntese og medutfelling vart da vellukka syntetisert fase reint LiMn2O4,
og utvalde prøvar vart nytta til å setja saman litium ion half celler. Eit høgt tall syntesar vart
utført for båe sol-gel og medutfelling, som resulterte i eit høgt tall prøvar med ein sekundær
fase av Mn2O3. Begge teknikkar viste at dei kunne nyttast til å laga LiMn2O4 med eit utval
av ulike morfologiar. Opene svamp likande partikklar, porøse ellipsoidar og prøvar med
stor variasjon i partikelstørrelse har vorte laga. Sol-gel syntesen var enten sitron syre eller
Pechini metoden. Endring i båe kalsinerings temperatur og pH-control vart forsøkt. Endring
i pH leia ikkje til noko brukbart resultat. Syntese av LiMn2O4 gjennom medutfelling vart
gjort gjennom først utfelling av MnCO3. som alternativt vart varmebehandla for å forma
MnO2. Båe MnCO3 og MnO2 vart blanda med LiNO3 etterfølgt av kalsinering. Tre like
blande teknikar vart utprøvd, for hånd med mørter og pestel, ball mølling og vatn disperger-
ing. Verken bruk av mortar og pestel og ball mølling gav ønskja fasereine LiMn2O4 men,
vatn dispergering oppnådde dette derimot. Analyse av fase reinleiken til alle prøvar vart
gjort gjennom røntgen diffraksjon, mens analyse av overflate areal og morfologi gjennom
sveipelektronmikroskop.

Utvalde fasereine prøvar frå både sol-gel syntese og medutfellings syntesen vart nytta
til å setja samen litium ion halv celler, for å analysera materialets eigenskap før dette
føremål. Ein katode slurry vart laga med å blanda LiMn2O4 pulver med svart karbon,
N-metyl-2-pyrrolidon (NEP) of ployvinyldiene flourid bindemiddel i båe 5 % og 10 %
forhold etter masse. Blanda slurry vart smørt ut over ein aluminiumsfolie straum samlar, og
katodar av passande størrelse vart kutta ut. Ferdig framstilte katodar vart saman med ein
metallisk litium anode og LiPF6-elektrolytt sett saman til ei halv-celle.

Eigenskapane til dei samansett cellene vart evaluert gjennom galvanostatisk sykling,
for å bedømma kapasitet, tap av kapasitet og rate evne. Begge valte materialar hadde låg
kapasitet ved start med 81.2 mAh/g for produkt frå sol-gel syntesen og 82.7 mAh/g for
produkt frå medutfellinga. Begge prøvane opplevde raskt tap av kapasitet, og tilnærma inga
tilgjengeleg kapasitet ved høge C-rater. Det var lite forskjell mellom produkta som vart
testa, men LiMn2O4 fr sol-gel verka som det betre val.

Vidare evaluering av endring i forskjellen mellom sykla og usykla katode vart gjort
etter galvanostatisk sykling. Røntgen diffraksjon vart teken av både testa og utesta støypte
katodar. Vidare så vart endingar i mikrostrukturen analysert før og etter bruk.
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Chapter 1

Introduction

At the dawn of history when mankind first learned to harness fire, the use and storage
of energy have been an essential part of the development of our society. The burning of
wood and coal permitted cooking of food, metalworking and burning of primitive ceramics.
Taming the wind and river currents provided mechanical energy for use in windmills,
sawmills and water pumps. Even as technological advances were made during the antique
and middle ages, the global energy demand remained fairly constant. However, as the
scientific understanding gained during the age of Enlightenment lead to the industrial
revolution, the use of energy skyrocketed. As new machines were developed, alongside
new ways of metal forging and advanced in chemical production a far larger concern grew
for the nation states for reliable energy sources. This need has so far been largely covered
by fossil sources as, coal, oil and natural gas, which have been able to cover most of the
energetic demand of the globe [1, 2].

These sources are not without their issues however, the source of fossil fuels are finite
and more pressing, the rising CO2-levels. As the levels of CO2 in the atmosphere rises,
the changes in global climate seem to lead to catastrophic ecological and sociological
consequences. To counteract this, a increased research have been focused on green energy
sources the last 20 years. This is however not enough, as many renewable energy sources
suffers from storage issues, as no large scale renewable energy storage exits in the global
scale. One proposed solution in the application of large-scale battery systems connected
to the power grid, which can store excess energy and supply the network when required.
And among the cell on the market today the lithium-ion battery (LIB) offers the best
possible properties, regarding lifetime and energy density. LIBs are already an established
technology as their use in full electric and hybrid electric vehicles, portable electronics and
other electrical applications which are not connected to the power grid. However, even
as LIBs in a mature technology, there is still the opportunity and demand for significant
improvements should the technology be able to compete with fossil sources for energy
storage. With a rather low energy density, low power density high cost, safety concerns and
pressure on scarce materials there is a list of issues related to LIBs [1–4].

One option to increase both energy and power density of LIBs are to increase their
operating voltage, by utilizing high voltage cathode materials. There is however several
issues related to high-voltage lithium ion cell, such as decomposition of electrolyte and
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2 CHAPTER 1. INTRODUCTION

dissolution of specific elements from the cathode during use. The latter is especially an
issue for manganese-based electrodes. As the 12th most abundant element in the earths
crust combined with a high potential for the Mn4+ −−→ Mn3+ reduction versus lithium,
the use if manganese in high-voltage LIBs is highly desired. However the dissolution of
manganese, Jahn-Teller distortion and other reasons makes the stability of LiMn2O4 far to
low for commercial purposes [5–9].

Several different ways have been proposed to increase the stability of the cathode, as
surface doping, the addition of Nickel to the structure to form LiMnNiO [10, 11] synthesis
of core-shell structure. [12–14] and synthesising the particles with different morphologies
[15–18] The latter have found to have a high impact on the electrochemical properties of
the material, when used as cathode for LIBs.

1.1 Aim of work
The aim of this work was the analysis on the effect of different synthesis techniques and par-
ticle morphologies on the electrochemical properties of LiMn2O4. The goal is to synthesise
a phase pure LiMn2O4 through sol-gel synthesis and coprecipitation, with different mor-
phologies and analyse the impact on overall electrochemical properties. Electrochemical
analysis is to be done through galvonostatic cycling, to evaluate, capacity, capacity fading
and evaluation at different cycling rates. Further some comparison of the cells before and
after cycling will also be done.



Chapter 2

Theory

2.1 Lithium ion batteries

Simply put, a battery is a device made from one or several galvanic cells, which can
convert stored chemical energy into electrical work through a locally separated spontaneous
redox reaction. A working galvanic cell consists of two electrodes, the cathode and anode,
separated by the electrolyte and a separator, as seen in Figure 2.1 [19–22].

Figure 2.1: A lithium ion battery with LiMn2O4-cathode and a graphite anode [20], cathode and
anode structures made with VESTA [23].

The electrochemical reactions occur at the electrodes, the positive cathode is reduced,
while the negative anode is oxidised. This process is driven by an overall reduction of
Gibbs free energy (∆G), due to a difference in the electron density at the electrodes. Thus
connecting the cell to an external circuit, the electrodes comes into electrical contact. And a

3



4 CHAPTER 2. THEORY

spontaneous flow of electrons between the electrodes through the extranl circuit is permitted.
Internal charge neutrality is preserved through an internal ionic circuit and a charge transfer
reaction at the electrodes. The charge transfer reaction is an oxidation/reduction reaction
which converts the electric current between the external electronic part and the internal ionic
part. For a cell with a LiMn2O4 cathode and graphite (C6) anode the proposed reactions are

Cathode reaction Li+ + Mn2O4 + e−
Discharge−−−−−−⇀↽−−−−−−
Charge

LiMn2O4 (2.1)

Anode reaction LiC6
Discharge−−−−−−⇀↽−−−−−−
Charge

Li+ + C6 + e− (2.2)

Total reaction Mn2O4 + LiC6
Discharge−−−−−−⇀↽−−−−−−
Charge

LiMn2O4 + C6 (2.3)

Here Li does not change its oxidation state during the cycling, but rather acts as a charge
carrier between the cells as it migrates between them during cycling. Electrodes are usually
made from a mixture of active material, which reacts mixed with a binder and other additives
to increase conductivity. This mixture is in contact with a current collector to ensure an easy
connection between the cell and the external circuit. The cathode and anode terminology
for reversible cells is technically only valid during discharge, as the reactions are reversed
during charging. But due to the fact that the positive electrode in a secondary lithium ion
battery commonly is referred to as the cathode, that terminology will be used in this thesis
[19, 21, 24–28].

Due to the spontaneous nature of the electrochemical reaction, direct contact between
the electrodes will result in the system short circuiting. To prevent this, the electrodes must
be electronically insulated from each other. But an ionic exchange must occur to sustain
the electrochemical reaction. These requirements are fulfilled by the separator and the
electrolyte. The separator is an electronically inert material, which physically separate the
electrodes form each other. In LIBs it is often a insulating porous ion conductive polymer.
As it does not partake in the electrochemical reaction, it should be light and have a low
resistance for the ionic current. The electrolyte is a medium which can transfer current in
the form of ionic migration. In LIBs an organic compound with dissolved lithium salts,
as LiPF6 dissolved in ethylene carbonate and diethyl carbonate is ise as the electrolyte.
As the transport medium for the ionic current, it should have an high ionic conductivity.
In addition it should also have high electronic resistance. Thus an ionic current can pass
between the electrodes and maintain a closed electrical circuit, with an internal ionic part
and an external electronic part which is available for work [19, 21, 29–33].

Depending on the reversibility of the reactions, galvanic cells are divided between
primary and secondary cells. In primary cells, the electrochemical reactions can not be
reversed by applying an external electrical potential. In secondary cells however, the high
energy state can be restored through the application of an external electrical potential. Thus
a primary cell must be fabricated in its high energy state and discarded after use, while a
secondary cell can be recharged and used again [19, 21].

2.1.1 Important parameters and properties
Certain parameters and properties of the system are important to consider before a secondary
battery is considered for practical applications. Ideally each cell should have a high specific
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capacity, high voltage, high specific power, a long cycle life, be safe during use, non-harmful
to dispose off and cheap [19, 20]

The specific capacity is the amount of charge a system can store, given theoretically as

Cs =
n · F
3.6M

(2.4)

Where n is the number of charges transferred in the reaction, F is Faraday’s constant (=
96485.3365 C/mol) and M is the molar mass of the reacting material. 3.6 is an conversion
factor, to convert Cs to mAh/g. However, this value is rarely reached, as full reaction with
the active material may not be feasible or reversible. The practical or reversible capacity is
the capacity the system can store without irreversible loss of said capacity. As full charge
or discharge of the cell may cause unwanted irreversible reactions to occur and thus a loss
of capacity [19, 21, 34–36].

The electrical potential of the cell, termed the working voltage or open circuit voltage
(VOC) is the difference in the chemical potential of the cathode and anode, given as

VOC =
µA − µC

e
(2.5)

Where µA is the chemical potential of the anode, µC the chemical potential of the cathode
and e is the elementary charge of the electron (= −1.602 · 10−19 C). The practical working
voltage is however, limited by the electrochemical stability window of the electrolyte.
Which as shown in Figure 2.2 is dependent on the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of the electrolyte. Some
systems can however be kinetically stabilised even when µA > LUMO and/or µC <
HOMO, through the formation of a solid electrolyte interface (SEI)-layer [3, 21, 34, 35, 37]

The overall performance of the cell in regards to energy which can be utilised is its
specific power, given as

U = Cs

∫ stop

start

VOC(t)dt (2.6)

Specific power is usually given as Wh/kg [21, 35].
The life time of a galvanic cell is usually set to 80% of its nominal capacity [19].

This loss of capacity is due to unwanted irreversible reactions within the cell. This may
be unwanted reactions with the separator, electrolyte, mechanical stress related to the
electrochemical reactions, passive layer formation, electrolyte decomposition, lithium
deposition or for LiMn2O4 the dissolution of manganese [38–41]. A cell can lose capacity
both during cycling and storage. The overall lifetime of the battery is a combination of
what is named the cycle life and shelf life. The cycle life is the number of full charges and
discharges the cell can maintain before the cut-off point has been reached. The cell may
still deteriorate when not in use, and the shelf life is the time the cell can be stored before
the cut-off point is reached [36].

Safety will always be of high concern in the implementation of new technology, as
accidents and issues will result in negative public perceptions and in severe cases grievous
harm or death. Due to the spontaneous nature of the elecrochemical reaction and the use of
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Figure 2.2: Relative energies of the anode and cathode and the permitted electrolyte window. Eg is
the energy separation between LUMO and HOMO of the electrolyte [3]

.

often reactive compounds as electrolyte, small issues within the cell can quickly spiral out
of control and lead to grievous consequences [19, 42–44].

Lastly, the cost of implementation for both personal and public use will always be a
factor. The cost is dependent on several factors, but can be approximated as the levelized
cost of electricity (LCOE, in $/KWh·cycle)

LCOE =
C

E · n · η
(2.7)

Where C is is the total cost of the storage system, both construction and operating cost, E
us the energy density per unit if mass, n is the lifetime of the system in number of cycles
and η is the energy efficiency of the cell. From this the main goal for a battery should be
clear, having a low cost of production and operation, a high energy density, long lifetime
and high efficiency [6, 19].

2.2 Electrodes

As the sites of the electrochemical reactions and the link between the internal ionic cir-
cuit and the external electronic circuit, the properties of the electrodes are of paramount
importance for LIBs [19, 21].
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2.2.1 Intercalation electrodes
Due to their unsurpassed longevity compared to other electrodes utilised for galvanic cells,
the intercalation electrode has become the type of choice for secondary cells [6].

An intercalation electrode is made from an open host structure, which permits diffusion
of the charge carrier into and within its lattice. As a charged particle is inserted/extracted
from the lattice during cycling, the host structure accepts or donates an electron form the
external circuit in a spontaneous reaction to maintain electronneutrality. As an ion in a
crystal structure always will be surrounded by ions of opposite charge, there is a barrier
against ionic diffusion within a lattice. Further, an ion can only move between adjacent
vacant sites. Thus to facilitate the electrochemical reactions, the host material should have
an open crystal structure which alleviate internal Li+-diffusion in the lattice. An typical
example for this is LiCoO2, shown in Figure 2.3. LiCoO2 is made from a layered structure

Figure 2.3: The layered LiCoO2 structure [45], made with VESTA [23].

of alternating (111) planes of Li+ and [CoO6]-octahedra. The CoO6-octahedra form a loose
framework with two-dimensional channels for Li+ transport, with a low barrier against
Li+-diffusion, as shown in Figure 2.4 [4–6, 21, 27, 46–48].

Figure 2.4: The layered LiCoO2 structure [45], adapted from [49]

As the charge carrier does not react, but forces a reaction in the host material, the
electrode should be made form materials with benifitial electrochemical properties. The
free energy (∆G) of reaction should be high, with both high specific capacity and voltage.
To maximise capacity, the amount of charge carrier which it can store should be as high as
possible, with a reversible insertion/extraction mechanism. The material should be able
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to react, and must thus contain at least one element which can change its oxidation state.
Elements or systems with a high reduction potential are beneficial as they ensure a high
electrical potential. To ensure longevity, the change in volume should be minimal, as any
change in volume causes undesired strain upon the material. The rate of the intercalation
reaction should be rapid, both during charge and discharge. To ensure this, the crystal
structure of the host material should be open as to ease the Li+-diffusion within its lattice.
The material should be a mixed conductor, with high electronic and ionic conductivity. The
material should be stable in regards to overcharge and overdischarge. And at last, it should
be cheap, environmentally friendly and safe [5, 19, 29, 50].

No material used in modern practical cells fulfill all the demands mentioned to a perfect
degree, for example LiCoO2 is toxic and expensive. The most used intercalation electrode
materials for LIBs are shown in Table 2.1. Common for all these materials are a modest

Table 2.1: Materials used as intercalation electrode materials for rechargable LIBs [6].

Material Structure
Average
voltage
(V vs. Li \ Li+)

Practical
capacity
(mAh/g)

Cathodes LiCoO2 Layered 3.9 140
LiMn2O4 Spinel 4.1 120
LiFePO4 Olivine 3.45 160

LiNi1/3Mn1/3Co1/3O2 Layered 3.8 200
LiNi0.8Co0.15Al0.05O2 Layered 3.8 200

Anodes Graphite Layered 0.1 360
Li4T5iO12 Spinel 1.5 175

capacity, but combined with a reversible insertion/extraction of Li+ and thus a long lifetime
[5, 6, 13].

2.2.2 The lithium anode and the solid electrolyte interface.
On the anode side, the Li/Li+-anode would be ideal, due to having the lowest reduction
potential amongst the metals (−3.040 V against the standard hydrogen electrode) and a theo-
retical capacity of 3860 mAh/g. However, due to dendrite formation which severely reduces
its lifetime and safety issues, its implementation have proven impractical in commercial
LIBs [51].

However, as it will be utilised during testing of cells in this thesis, some properties
of it should be considered. The difference in electrical potential between the electrode
and the electrolyte, results in the formation of a solid-electrolyte interface (SEI-layer) at
the surface. The SEI-layer is made from the partial decomposition of electrolyte on the
surface, and prevents further decomposition of electrolyte. Ideally the SEI-layer acts as an
electronic insulator, but permits rapid transfer of Li+ between the electrode and electrolyte.
A thick SEI-layer is undesired as it inhibits the charge transfer and increases the internal
resistance of the cell. The formation of the SEI-layer is accompanied by a capacity loss
which usually occurs during the first cycle for commercial cells as Li+ becomes trapped
in the layer. This is will however not be an issue in this thesis, as the lithium anode will
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provide Li+ in far excess of the capacity of the active material This ensures that capacity
loss due to SEI-formation can be ignored [37, 51].

2.3 LiMn2O4

LiMn2O4 have shown itself as a valid choice as a cathode material for lithium ion batteries,
due to its low cost, high natural occurrence of manganese, non-toxicity and environmentally
benign properties. With a theoretical capacity of 148 mA h/g, a practical capacity of 120
mAh/g alongside a average voltage against Li/Li+ of ≈ 4 V, its energy density is high
enough to be of interest for use in practical lithium ion batteries [5, 6, 9, 15, 52–54].

LiMn2O4 adopts the spinel structure in the Fd3̄m space group. The unit cell shown
in Figure 2.5 shows a cubic structure, with a lattice parameter of 8.245 , with each cell
consisting of 32 oxygen ions, 16 manganese ions and 8 lithium ions. The basis of the
cell is the face centred cubic (fcc) stacking of O2–, in which manganese occupies half the
octahedral holes and Li+ sites in one eighth of the tetrahedral positions. In regards to sites
within the unit cell, oxygen occupies the 32e position, manganese the 16d position and
lithium the 8a position [5, 27, 46, 55–58].

Figure 2.5: The unit cell of LiMn2O4, [55], made in VESTA [23].

The edge sharing [MnO6]-octahedra form the stable host structure of the material in
which interactions of manganese at the edges ensures an adequate electronic conductivity,
as e– can move directly between metal ions. The octahedral arrangement as shown in
Figure 2.6, leads to a structure of intersecting tunnels, shown in Figure 2.7. These tunnels
provides channels for three dimensional lithium diffusion. Li+ can move to and from 8a
sites, through the adjacent 16c vacant site. This provide a network with a low barrier against
Li+-diffusion and insertion/extraction with a preservation of the original cubic framework.
The practical capacity of 120 mAh/g corresponds to an insertion of 0.8Li+ per formula unit.
[5, 15, 59].

Fully charged, the structure is delithiated and the insertion of Li+ occurs in the 4 V
region. As Li+ is inserted, Mn4+ is reduced to Mn3+. Excess Li+ can continuously be inserted
until a maximum composition of Li2Mn2O4 has been reached. This intercalation goes to the
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Figure 2.6: Shape of the edge sharing [MnO6]-octahedra in LiMn2O4 and tunnels for Li+-diffusion
[55], made in VESTA [23].

Figure 2.7: The diffusion tunnels in LiMn2O4, adapted from [49].
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previously vacant 16c sites and occurs in the 3 V region. Even with a theoretical capacity of
296 mAh/g, the formation Li2Mn2O4 is undesired, due to reduction of its structural integrity,
due to Jahn-Teller distortion. As Mn4+ with an electronic configuration of [Ar]Mn4+:3d3(t 3

2g)
is reduced to Mn3+ with a electronic configuration of [Ar]3d4(t 3

2ge
1

g ), the spin state changes
from low to high spin as shown in Figure 2.8. This alters the preferred symmetry from

Figure 2.8: Molecular orbital diagram for Mn4+ and the high spin state of Mn3+. Alongside the
preferred symmetry of the MnO6-octahedra, adapted from [6].

cubic to tetragonal, which is accompanied by a volume expansion of 6.5%, resulting in
a considerable strain in the structure. This damages the electrode and rapid capacity loss
follows. Thus around 3 V, LiMn2O4 is not useful as an secondary lithium ion battery
[5, 6, 15].

Further, even in the 4V range there is a loss of capacity, attributed to manganese
dissolution into the electrolyte, Jahn-Teller distortion due to non-equilibrium cycling,
formation of two cubic phases, loss of crystallinity and micro-strain present during cycling.
The dissolution of manganese is considered to be the main source for capacity loss. As at
elevated voltages, Mn3+ can go through the following dissolution reaction

2 Mn3+ −−→ Mn2+ + Mn4+ (2.8)

Where Mn4+ remains in the structure while Mn2+ dissolves into the electrolyte, which
occurs especially at elevated temperatures and in the presence of HF [28, 60–62].

2.4 Electrolyte and the formation of HF
As mentioned briefly in Section 2.1.1, the large operating voltages present in LIBs, require
electrolytes which can withstand the conditions. For LIBs the electrolyte are usually
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a lithium salt dissolved in a organic medium, such as LiBF4, LiAsF6 LiClO4 and most
commonly LiPF6. Even as LiPF6 suffers some severe drawbacks, its overall properties
such as conductivity, ionic mobility, dissociation constant and stability, still makes it the
best candidate. LiPF6 main issues are a low thermal stability and a spontaneous hydrolytic
decomposition in the presence of trace amounts of water and alcohols. This hydrolytic
decomposition results in the formation of reactive substances as HF, which lowers the
overall performance of the cell, decomposes the electrodes and in worst case scenarios
result in severe health hazards. As LiPF6 is dissolved in a solvent, there is an equilibrium
between the ionic dissociation and molecular dissociation compounds

LiPF6 −−⇀↽−− Li+ + PF6
− (2.9)

LiPF6 −−⇀↽−− LiF + PF5 (2.10)

Where PF5 as a strong Lewis acid reacts strongly and rapidly with water

PF5 + H2O −−⇀↽−− POF3 + 2 HF (2.11)

Thus any trace amounts of water quickly becomes detrimental for the practical applications
of the cell. [5, 63, 64].

2.5 Relation between particle morphology and electrochem-
ical properties.

The size and shape of the particles which composes the cathode has a large influence on the
electrochemical properties. As Li+ diffusion occurs far faster in the electrolyte, than the
solid bulk, the rate of the overall electrochemical reactions are dependent on the internal
diffusion. Thus, large particles will result in an overall slower process as lithium most
diffuse farther within the bulk phase. Further the use of samll particles have also shown
the be beneficial, to minimise strain. As small particles will experience minimal change in
volume, during cycling [16, 57, 65].

However smaller particles may inhibit overall performance as well. Even as smaller
particle sizes will ease the Li+ diffusion, the introduction of larger grain boundaries will
have a negative effect. The introduction of small grain bound will reduce the conductivity of
the cathode as e– most be transferred between grains. This increases the internal polarisation
of the cell which alters the behaviour during charge and discharge [46, 47, 65, 66]

Published work exists on the influence of different morphologies of LiMn2O4. Porous
microspheres have been used to increase the rate capability of LiMn2O4 as Li+ can diffuse
through the pores [18]. Further, samples with high surface areas can also mitigate this
issue, as it shortens the internal Li+ diffusion paths. However, a large surface area will also
increase contact between LiMn2O4 and the electrolyte, which would result in However,
a large surface area can quickly lead to a loss of electrochemical properties. As a large
surface will aggravate the effect of HF present in the electrolyte [67].
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2.6 Sol-Gel synthesis
The sol-gel synthesis has shown itself to be a viable option for the production of inorganic
materials due to its simplicity, reliability and possibility to synthesise both simple and
complex ceramic compounds, which include, TiO2 [68], AlOOH [69], Ce2O(Co3)2 [70],
(U,Pu)O2 [71], ZrO2-SiO2 glass fibers [72], Ba0.6Sr0.4FeO 3−δ [73] and of course LiMn2O4
[17, 27, 70, 74–80].

A sol is a dispersion of solid particles in a liquid medium, where the particles have
at least one dimension in the colloidal scale, between 1 nm and 1 µm. While a gel is a
non-fluid network, which extends through the liquid medium, made form either a polymer
network or a network of agglomerates. Sol-gel synthesis thus consist of forming a colloidal
sol of particles with the desired chemical composition and through ageing the solution turns
into a gel, to prevent phase separation [27, 70, 78–81].

2.6.1 Citrate sol-gel synthesis

Citric acid, Figure 2.9 is a small organic acid which have proven itself useful in a wide range
of sol-gel synthesis. As a weak triprotic acid, with all three acid groups able to depronate,

HO

O

OHO

OH

O

OH

Figure 2.9: Citric acid

citric acid forms complexes with most metal ions and is thus an effective chelating agent,
shown in Figure 2.10 [75, 78].

HO

O

OH

O−

Mn2+O−

O

Figure 2.10: Citric acid coordinated to a Manganese ion

As metal ions are dissolved in water, water molecules will coordinate to said ions. This
result in a weakening of the O-H bond on the coordinated water molecule and can thus
depending on pH lead to deprotonation and hydrolysis as shown

[M(OH2)]z + −−⇀↽−− [M−OH](z−1)+ + H+ −−⇀↽−− [M−−0 ](z−2)+ 2 H+ (2.12)

By just dissolving metal salts, the removal of the solvent would lead to precipitation of
the original salt or oxides/hydroxides. In the case of several dissolved metal ions, the
precipitation would occur at different points due to differences in solubility. By forming a
metal citric acid complex, the hydrolysis reaction is inhibited and the result is a more gel
like substance with a homogeneous distribution of metal ions [78, 82].
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As an acid, modifications of the pH have shown to impact citric acid and the resulting
gel. As cations form complexes, deprotonation can enhance the cation bonding, prevent
individual precipitation and a more homogeneous gel. The acid constant values of citric
acid are given in Table 2.2 [78].

Table 2.2: The acid dissociation constant for citric acid for each deprotonation, alongside correspond-
ing reaction.

Ka
H3Cit −−⇀↽−− H2Cit− + H+ 7.10 · 10−4

H3Cit −−⇀↽−− H2Cit− + H+ 1.68 · 10−5

H3Cit −−⇀↽−− H2Cit− + H+ 6.40 · 10−6

By dissolving metal salt precursors alongside citric acid, and evaporating water and
allowing the gel to age an homogeneous gel should be the result. The gel can then be
removed through pyrolysis in air, leaving the metaloxide [76, 78, 82].

2.6.2 The Pechini method
The Pechini synthesis, named after the original inventor is a modified sol-gel synthesis
where alongside the metal cation precursors and complexing agent an polymeric agent is
added [27, 78]

The polymeric agent is added to form the entire mixture into a polymeric network,
which traps the metal ions as the solvent is removed. The main choice for polymeric
agent is Ethylene glyole, shown in Figure 2.11, which is used alongside citric acid. Due

OH

OH

Figure 2.11: Ethylene glycol

to the hydroxyl groups, ethylene glycol can react with an organic acid or ester through a
transesterification reaction. Along with citric acid, the following reaction occurs

HO

O

OHO

OH

O

OH + OH

OH −H2O−−−−⇀↽−−−−
+H2O

HO

O

OHO

OH

O

O

OH

(2.13)

By continuously removing water from the system, the reaction is irreversible, and the system
is thus turned into a covalent polymer network. This process is shown schematically in
Figure 2.12. The sample is then heated to remove the organic components, as the polymeric
gel will combust at high temperatures and leave a pure inorganic oxide [27, 78, 82].

2.6.3 Metal nitrate precursors alongside the sol-gel synthesis
In this thesis, metal nitrates serves as the precursors for the sol-gel synthesis. Which during
heating experiences an rapid self-propagating combustion reaction. Around 200 ◦C there
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Figure 2.12: Schematic description for the pechini sol-gel synthsis, adapted from [78].

is usually a rapid loss of mass attributed to the decomposition of nitrates. This process
is highly exothermic and results in a particle morphology with a high surface area, and
a sponge like structure. The intensity of this reaction is highly dependent on the ratio of
nitrates to citric acid. During the combustion the nitrates acts as oxidants while the organic
components acts as a redundant. By altering the ratio through increasing the amount of
organic components, the rate of the redox reaction is reduced, and the sample decomposes
far more slowly [78, 83].

2.7 Coprecipitation synthesis for inorganic oxides
Coprecipitation have proven itself useful to synthesise inorganic oxides with a wide range
of compositions and morphology’s. Through coprecipitation intermediates are formed
from dissolved solutes, which through further treatment provides the desired material as
LiMn2O4 [27, 52, 84, 85].

The technique is based on precipitation of multi-component substances from a supersat-
urated solution. By having the concentration of solutes in a solution exceeding the solubility,
the solution in termed to be supersaturated. The degree of supersaturation is given as

S =
a

a∗
(2.14)

Where a is the activity of solutes and a∗ is the activity at equilibrium. Or for dissolved ions

S = (
IAP

ksp,a
)

1
v (2.15)

Where IAP is the ionic activity product (= acations + aanions), ksp,a is the activity based
solubility constant and v is the number of ions per formula unit of salt. As long as S > 1
the system is unstable and precipitation will spontaneously occur to lower the energy of the
system, as the salt precipitates. The new solid phase has a lower free energy (∆GB) than
the previous dissolved phase. Precipitation from a homogeneous solution is not however
instantaneous, due to the activation energy (∆G∗) required to form a new solid phase. As
ions agglomerate and form a new solid phase, a new surface is also formed, with a non-zero
surface energy (γ). Thus, the energetic gain of forming the new bulk phase (∆GB) must
compensate for the energetic cost of forming the new surface (∆GS). As both ∆GB and
∆GS are dependent on the size of the particle. Particles where ∆GS > ∆GB , are not
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stable and will disappear. The new phase is only stable when a critical size (∆GS = ∆GB)
have been reached, and the larger the size the more stable the new phase is, as shown in
Figure 2.13. The critical size is a function of several parameters as chemical composition,

Figure 2.13: Diagram for the change in free energy of a precipitating particle, as a function of particle
size. Adapted from [84].

temperature and naturally degree of supersaturation. For ions in a solution, this means that
a particle must be formed due to fluctuations the solution, with a critical size to enable
growth. When a particle of a stable size is formed, ions from the solution can b added to
the particle which grows larger, in process known as crystal growth [84–88].

The formation of these nuclei is of high importance due to the effect they have on
the morphology on the final product. Size and number of nuclei formed in the solution
influences the particle size of the final product. Both formation of stable nuclei and
subsequent growth consumes solutes and thus lowers S. The nucleation rate (J) is given as

J = A exp
−∆G∗

kBT
(2.16)

Or alternatively as
J = kj(S − 1)j (2.17)

Where A is a pre-exponential factor and KB is Boltzmann constant, kj is the rate constant
and j is an exponential factor. As shown in Equation 2.17, there is a direct correlation
between S, J and ∆G∗. If a high number if nuclei are formed, this will rapidly lower S
until S = 1 with only a limited time for growth is permitted. Here the all nuclei are formed
around the same time resulting in a homogeneous size distribution in the precipitated
product. In the opposite case if the number of nuclei formed per unit of time is low, the
growth on the few particles formed will be the main reason for reducing S. While the
formed particles grow, new stable nuclei are generated with a shorter growth time. Thus,
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a low S usually result in a more heterogeneous size distribution. By ensuring that S is
high when nucleation starts the chance of obtaining a precipitate product with a small
and homogenous size distribution, while low degree of supersaturation usually result in a
product with large particle size with a more heterogeneous size distribution [84–88].

Growth on stable nuclei occurs through attachment of solutes to the existing nuclei and
is also an factor on the size and shape of finished particles. As solutes attach themselves to
the surface of the particles, they are incorporated into their structure. Unsurprisingly the
way they are incorporated is a significant factor in the size and shape of the final particle.
The driving force for growth is the same as for nucleation, degree of supersaturation the
higher the degree of supersaturation the more rapid the growth. In the case of slow (smooth)
growth termed thermodynamic growth, added solutes are attached to the most stable sites.
Which for a crystalline sample result in the final particle shape being an extension of
the unit cell. For example an perfect cube for slowly precipitating NaCl. Faster (rough)
growth, termed kinetic growth usually result on more rough particles as the solutes are
incorporated onto sites rapidly. This usually result in more irregularly shaped particles. The
relations between growth rate and particle shape is shown in Figure 2.14. This means that

Figure 2.14: The shape of a crystalline particle with a cubic unit cell as a function of growth rate.

by modifying S the growth rate can determine the shape of the crystalline particles formed
[84, 85, 89].

2.7.1 Synthesis of LiMn2O4 through coprecipitation

So far this section have covered the formation of a solid phase from dissolved salts in a
liquid phase, but with the exception of a few rare cases the precipitate will require further
treatment to obtain a pure inorganic oxide. Often the precipitate formed does not have
the desired chemical composition as a source of O2– is not readily available in a liquid
medium. One way is to precipitate the metal cation followed by thermal decomposition
of the anion to form the oxide. Metal salts with anions such as nitrate (NO3

2–), carbonate
(CO3

2–), sulphate (SO4
2–), oxalates (C2O4

2–) all decompose at high temperatures leaving an
metal oxide. A scheme for this process is shown in Figure 3.3.

For LiMn2O4 the difference in solubility between lithium and manganese salt, shown
in Table 2.3, indicates that the precipitation of manganese would occur at different points
and thus result in several phases present in the final product. Thus trying to precipitate
LiMn2O4 directly or through a common anion in ambient conditions would quickly prove
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Figure 2.15: Scheme for the process of forming an inorganic oxide through co-precipitation

challenging.
LiMn2O4 have successfully been synthesised through precipitation of an manganese

precursor which can be mixed with Li+ through mechanical means, such as milling, ground-
ing and etc. This followed by calcination have shown to yield a phase pure LiMn2O4
[16, 52, 53, 90].

Note should be taken on the resulting particle morphology, as it would dependent on
shape of precipitating particle, mixing with Li+ - source and calcination. The morphology
of particles generated from co-precipitation, is influenced by several factors, from [16]

• Reagent concentration

• Nucleation and growth rate

• Ostwald ripening

• Collision with reactor walls and other particles

• Temperature
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Table 2.3: Solubility of lithium and manganese salts used in this thesis, unless specified at 25 ◦C
[34]..

Compound Solubility [g/100 g]
LiNO3 85
Li2CO3 1.29
MnCO3 0.0065
Mn(NO3)2 Very soluble
MN(CH2CO2)2 435◦C

• Influence and reaction with other components

The later point includes reactions with chelation agents, reversible of adsorption of other
foreign species. By carefully monitoring synthesis conditions, irregular, cubic, sphericala
and porous particles have been synthesised [16, 18, 52, 53, 90].

2.8 X-ray diffraction
After the discovery by Max von Laue in 1912 that X-rays passing through a solid crystal
would be diffracted and produce a distinctive diffraction pattern, X-ray diffraction (XRD)
have become an integral part in analysis of solid crystalline samples [91–93]. As a sample
is irradiated by a collimated beam of monochromatic X-rays over a range of imminent
angles, elastic collisions with atoms will scatter the rays. As the scattered rays interfere
with each other, constructive interference of X-rays in phase will result in a diffracted ray.
If the waves are in or out of phase, is determined by Bragg’s law

nλ = 2dsin(θ) (2.18)

Where n is an integer, known as the order of reflection, λ is the wavelength of the X-
rays, d is the distance between two lattice planes, and θ is the diffraction angle between
the the incoming X-rays and the normal of the crystal plane, as further shown in Figure
2.16 [91–96]. When the diffracted ray, exits the sample, its intensity will overshadow the
imminent ray and the remnants of the waves that where out of phase and can thus be easily
measured. By plotting the intensity as function of the angles (2θ), Equation 2.18 can be
used to determine the distance between the lattice planes [91–96].

For LiMn2O4, with the lattice parameters and atomic positions described in Section 2.3,
the pattern can be calculated with Bragg’s law in VESTA [23] and is shown in Figure 2.17.

When a crystalline powder is analysed, the different orientation and size of the crystals
cause further wave interference. This non-complete destructive interference leads to a line
broadening in the XRD-diffractogram, which can be related to particle dimension and size
through the Scherrer formula

〈L〉 =
Kλ

βcosθ
(2.19)

Where 〈L〉 is a measure of the dimension, in the direction perpendicular to the reflective
plane, K is a constant (often 1), λ is the wavelength if the X-rays, β is the peak width at half
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Figure 2.16: Working principle behind X-ray diffraction.

maximum and θ is the angle of the peak. Note, β may also be affected by particle strain
[93, 94, 96, 97].

2.9 The BET isotherm and surface analysis
The Brunauer-Emmett-Teller (BET) isotherm is a physical model which describes the
adsorption of inert gases onto a solid surface. The model provides a useful tool for the
determination of the surface area of a solid sample. By adsorbing an inert gas onto a surface
cooled to the condensation temperature of said gas, the specific surface can be found by
determining the number of molecules required to form a complete monolayer [94, 98, 99].

However, in practice a gas will not adsorb evenly upon a surface, resulting in the
formation of mulitlayers, while at the same time some regions are uncovered. The size of
the monolayer must then be found indirectly through the BET-isotherm. The derivation of
said isotherm assumes that there is a dynamic equilibrium between the amount of adsorbed
and free gas. It is assumed that molecules adsorb onto equivalent sites on the first layer.
Adsorbed molecules serve as adsorption sites for subsequent adsorption. Interactions
between adsorbates are ignored. Conditions for adsorption and desorption on layers beyond
the first are equal and the the adsorption energy is equal to the condensation energy. And
at the saturation pressure of adsorbing gas, the multilayer will grow to infinite thickness
[94, 99].

Through the derivation of the BET-isotherm the following equation is used to determine
the surface area of the sample

P

Va(P0 − P )
=

1

χV0
+

(χ− 1)

χV0

P

P0
= η + α

P

P0
(2.20)

Where P is the pressure, Va is the volume of gas adsorbed, P0 is the saturation pressure,
χ is a constant, describing the ratio of desorption between the first and second layer, V0
is required adsorbed volume to form a complete monolayer on the sample. And α and η
are constant for the linear equation. Thus by measuring Va as a function of P and plotting
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Figure 2.17: Theoretical XRD pattern for LiMn2O4, figure from VESTA [23], based on data from
[55]. Note intensity is arbitrary and only reflects ideal relative height between peaks.

P
Va(P0−P ) versus P

P0
, a linear equation is found. V0 is found form the equation as

V0 =
1

α+ η
(2.21)

And the surface area (A) follows as

A = A0
PV0
kBT

(2.22)

Where KB is Boltzmann constant (=1.381 · 10−23 J K−1) [94, 99].

2.10 Scanning electron microscopy and Energy-Dispersive
spectroscopy

Scanning electron microscopy (SEM) is an imaging technique which offers far better
magnification than optical microscopes. By bombarding a sample with a high energy
beam of convergent electrons, magnifications up to 300 000 times can be reached, and
information about particle morphology, topology and surface composition can be obtained.
As the surface is scanned, the interactions between the sample and the electron beam
generates a list of signals in the form of emitted electrons and X-rays, as shown in Figure
2.18. The SEM-apparatus will primarily generate the image and information based on the
backscattered electrons (BSE), secondary electrons (SE) and emitted X-rays [94, 95, 100].

BSE are electrons from the injected beam that are scattered due to elastic and inelastic
collisions with the specimen. Their energy are dependent on the incident beam, and are
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Figure 2.18: Interaction between a sample and an electron beam, adapted from [94].

equal or less than said beam. The fraction of BSE are dependent on atomic number and
thus the heavier the element, the larger the fraction of BSE. The BSE image will reflect the
chemical composition of the sample, even if it can’t be used for elemental identification
[94, 95, 100].

The injected electrons also lead to the emission of free and valence electrons from
the sample. The energy of these are far lower than the BSE, and thus only emitted from
the surface while those emitted from within are quickly reabsorbed. The amount of SE
that is detected is inversely proportional with the angle between the electron beam and the
normal of the surface. By monitoring the amount of SE, an image of the morphology and
topography of the sample is generated [94, 95, 100, 101]

The high energy of the electron beam also leads to excitation of inner-shell electrons.
The subsequent relaxation will lead to the emission of characteristic X-rays. As the energy
is only dependent on the atomic band gap of the exited atom, it can identify the excited
atom. This technique named Energy-disperse X-ray spectroscopy (EDS), can analyse the
elemental composition of the surface of the sample. And information about, which elements
are present, their occurrence as well their distribution can be obtained By scanning the
surface, the elemental composition can be mapped and the distribution of surface elements
can be obtained. Some importance is related to the resolution and discrimination of the
instrument. As many elements emit characteristic X-rays with similar wavelength. Thus
overlapping peaks may quickly lead to errors in the measurement if the user is not careful
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Figure 2.19: Ionisation of an inner orbital, followed by relaxation by electron transition. The
relaxation is followed by the emission of a auger electron or a characteristic X-ray photon.

[94, 95, 100, 102].
SEM offers an effective toll in the analysis of particle morphology. The large magnifica-

tion present offers a direct way to observe the sizes and shapes of the particles. Further EDS
can be used to scan the surface, to determine elemental composition of places of interest
[94, 100, 101].

2.11 Electrochemical characterisation

Even with the information about phase purity and particle morphology obtained from
the other characterisation techniques, the electrochemical properties are still unknown.
Thus, full evaluation of the material for use in high-voltage LIBs should follow after
electrochemical analysis. In its simplest form, the material of interest is used to assemble a
working galvanic cell, which is repeatedly charged and discharged in order to evaluate its
electrochemical properties [19, 48].

Usually the active material is used as a cathode against the pure metallic lithium anode,
in an assembly termed a half cell. As the metallic lithium anode provides Li+ in far excess
of what can be intercalated into the active material this has a number of benefits. Firstly the
capacity is only determined by the active material, and the Li+ trapped in the SEI-layer does
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not impact the electrochemical properties of the cell. Further as mentioned in Equation 2.5
in Section 2.1.1, the VOC of a galvanic cell is a function of the chemical potential of both
the cathode and anode. For intercalation electrodes the chemical potential is given as

µ = (
∂G

∂x
) (2.23)

Where x is the amount of intercalated lithium. Thus, changes in the chemical composition
leads to changes in chemical potential. As only the properties of synthesised samples is of
interest in this thesis, µA should be constant as to not influence the measured voltage of
the cell. As long as the metallic lithium anode provides Li+ in far excess this is ensured
as the changes in chemical composition during cycling is minimal and thus changes to
its chemical potential. Then as long as this is the case, changes in VOC should only be
influenced by changes in µC which occurs during cycling [6, 21, 48, 103, 104].

When an assembled cell is cycled, the current passing through and operating voltage can
easily be measured, and form this valuable information about capacity, operating voltage,
energy density, capacity loss and information about electrochemical reactions be obtained.
By plotting cell voltage as a function of current passing through the cell, the behaviour
of the voltage as a function of state of charge or discharge is obtained. This is termed a
current-voltage diagram, and among other things gives information about the power (P ) as

P = I · Voc,t (2.24)

Where I is the electric current and Voc,t is the open circuit voltage at time t. In this thesis it
is of higher interest of looking at the behaviour of Voc as a function of specific capacity, this
is done by dividing passing current for a single charge or discharge with the mass of active
material. Ideally Voc should be constant and drop to 0 in a single step during discharge to
maximize the energy and power density of the cell. This is however not the case for real
systems, as Voc drops as the cell is discharged. LiMn2O4 have a distinct charge-discharge
curve consisting of two plateaus, with a voltage small voltage drop around 1/3 of its spent
capacity [5, 19].

As loss of capacity is one of the large challenges of using LiMn2O4 as the active
material for LIB cathodes, monitoring changes in capacity as a function of charge-discharge
cycle is of high interest. Changes in cell capacity is easily found by measuring capacity
both during charge (Qcharge) and discharge (Qdischarge). Comparison of Qcharge and
Qdischarge yields information about cell efficiency. The cell efficiency is an indication of
energetic loss for the system during a cycle, as more energy is used to charge the cell, than
what is received during discharge. Cell efficiency is given as either coulometric efficiency
(qah) and energy efficiency (qwh)

qah =
Qdischarge
Qcharge

· 100% (2.25)

qwh = qah
V̄oc,discharge
V̄oc,charge

· 100% (2.26)

Where V̄oc,discharge is the average terminal voltage during discharge and V̄oc,charge is
the average terminal voltage during charge. As qah <1, there is a difference in cell
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capacity during charge and discharge, due to incomplete and irreversible electrochemical
reactions and insertion/extraction of Li+. This value is however rather high for LIBs,
often approaching 100 %. qwh is the difference in available work during each charge and
discharge. As qwh is dependent on cell voltage, internal resistance present during both
charge and discharge will lower the overall efficiency.

The capacity a cell can deliver is not only dependent on active material and cycle
number, rate of charge and discharge will also affect the system. This is given as the C rate

C =
Discharge current

Nominal capacity (In ampere hours)
(2.27)

A higher C rate indicates a higher current passing through the cell, which will lead to higher
internal resistance and polarisation. As cells are usually cycled between an upper and lower
voltage value, the higher electrical resistance will lower the available cell capacity. Thus
the capacity for an electrochemical active material is given at a defined C-rate, often C/20
[19, 25, 105].

The measurements and possible results and plots presented so far does not give any
information about the chemical reactions which occurs during cell cycling. One way to do
this is plotting the differential capacity (dQ/dV ) as a function of voltage, in a technique
termed differential capacity analysis. The corresponding plot yields a fingerprint for the
materials tested, and cell with similar composition should yield similar plots. As the entire
cycle, both charge and discharge are plotted, the plot yields a cyclic voltagram. The analysis
yields information about at which voltages the reactions occur at, with the presence of
characteristic peaks. LiMn2O4 when cycled against Li/Li+ have a characteristic differential
capacity plot. Two plateaus around 3.8 V and 4.1 V is common as the this is the region
where most of the electrochemical reactions occur around these voltages. An poor LiMn2O4
sample will have additional peaks around 3.3 V and 4.5V, the peak around 3.3 V indicates
oxygen deficiency present while the peak around 4.5 V indicates the replacement of Li+

sites with Mn4+ ions. Further uses for differential capacity analysis is to compare different
cycles, by plotting dQ/dV as a function of both V and cycle number (n). Through this
changes between in the electrochemical reaction between different cycles can be monitored
[25, 106–108].
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Chapter 3

Experimental

All pure chemicals, solvent used for synthesis, milling and as a dispersion medium is shown
in Table 3.1.

Table 3.1

Name Formula Purity Producer
Lithium Nitrate LiNO3 99 % Alfa Aesar
Manganese nitrate tetrahydrate LiNO3 · 4H2O 97. 5 % ACROS Organics ™
Citric Acid C6H8O7 99 % Sigma-Aldrich
Ethylene glycol C2H6O2 99.8 % Sigma-Aldrich
Ammonia (25 %) NH3 > 99.9 % Sigma-Aldrich
Nitric acid (65 %) HNO3 > 99.9 % Sigma-Aldrich
Manganese acetate tetrahydrate Mn(CH3CO2)2 ≥ 99.0 % Merck Group
Ammonium bicarbonate NH4HCO3 ≥ 99.5 % Sigma-Aldrich
Ethanol (96%) C2H5OH < 1 ppm VWR International
Isopropanol C3H8O < 5 ppm VWR International
1-Ethyl-2-pyrrolidone (NVP) C5H9NO 98 % Sigma-Aldrich
Polyvinylidene fluoride (PVDF) -(C2H2F2)n- 100 % Solvay S.A.
Carbon black C > 95 % Imerys Graphite & Carbon
Diethyl carbonate (C2H5O)2CO ≥ 99 % Sigma-Aldrich

3.1 Synthesis of active material

3.1.1 Standarisation of Mn(NO3)2

To accurately monitor the stochiometry of Mn(NO3)2 · 4H2O, a standardised solution was
made according to [109].

Mn(NO3)2 · 4H2O was dissolved in deionised water. 5 porcelain crucibles was heated
to 600 ◦C for 6 hours. The crucibles was cooled to 400 ◦C, removed from the furnace and
cooled in a desiccator and weighted. 5 - 10 mL of the Mn(NO3)2 · 4H2O solution was

27
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transferred to each crucible. The crucibles was weighted with the added Mn(NO3)2 · 4H2O
- solution and transferred to a furnace. The samples was heated to 600 ◦C to ensure removal
of all traces of water and organics and ensuring complete decomposition of Mn(NO3)2 to
Mn2O3. The samples and crucibles was cooled to 400 ◦C, transferred to a desiccator, cooled
to room temperature and weighted. Concentration of Mn(NO3)2 was determined from the
average of the measurements, with standard deviation of a order of 10−7.

3.1.2 Sol-gel synthesis

The general procedure behind synthesis of LiMn2O4 through sol-gel synthesis were dissolv-
ing metal ions, complexion agent (citric acid) and optionally ethylene glycol, HNO3 and
NH3 in deionised water. Followed by ageing of gel, drying/combustion, calcination and
milling. The process is based in work from Zhang et al. [74], Yang et al. [76] and Bulut et
al. [110].

LiNO3 was dried at 95 ◦C overnight under vacuum, while a standardised Mn(NO3)2-
solution was prepared as described in Section 3.1.1. Other chemical used was used without
further treatment. LiNO3 and Mn(NO3)2 were mixed in stochiometric proportions, either
1:2 or 1.05:2 ratio. Citric acid was added in stochiometric proportions to total number of
metal ions in a 1:1 or 1:2 ratio. Optionally, ethylene glycol was added in stochiometric
proportions to citric acid in a 1:2 ratio. In some samples the pH was modified through the
addition of NH3 or HNO3. NH3 or HNO3 was added dropwise after all other components,
to the solution under stirring, until desired pH was obtained. The gel was left to age under
stirring on a hot plate at 85 ◦C overnight.

Depending on ratio of metal ions to citric acid the gel was either combusted or dried.
Samples were the metal ion:citric acid ratio was 1:1 experienced a sudden and violent
combustion around 205 ◦C, attributed to the decomposition of nitrates [78, 83]. To control
this reaction, a long combustion tube was used. The gel was added to the tube, which was
put on a hotplate on 250 ◦C. The sample was heated until a sudden combustion reaction
occurred, as shown in Figure 3.1. The combustion yielded a fine black powder. Samples

Figure 3.1: Illustration of gel combustion

with a metal ion:citric acid ratio of 1:2, the combustion reaction was not observed, these
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samples were dried overnight at 150 ◦C. Dry gel was grinned into a fine powder by hand
with mortar and pestle.

All samples were calcined for 20 hours at different temperatures. Calcined powder was
wet milled overnight in isopropanol, in a 4.5 cm diameter plastic flask with Zirconia 5 mm
diameter (Nikkato Corporation, 95 % ZrO2, 5 % Y2O3) milling balls at 205 rpm overnight.
An complete overview of the synthesis process is shown in Figure 3.2

Information about different stochiometric ratios used, calcination temperature, com-
bustion or drying and corresponding sample id can be found on Table 3.2. In general the
synthesis aimed at producing 3 grams of LiMn2O4, with the exception of sol-gel CA2,
where 10 grams was produced, masses used can be found in Table 3.3.

Table 3.2: The different parameters used in the sol-gel synthesis, and the corresponding sample id.
Note, CA = citric acid, MI = Total amount of metal ions in solution, EG = ethylen glycol, UA = pH
was not activly modified in the sample.

Molar ratio
Li+ : Mn2+

Molar ratio
CA : MI

Ratio
CA : EG pH

Combustion
/Drying

Calc.
T [◦C] Sample id.

1:2 1:1 1:2 UA Combusted 400 Sol-gel 400
1:2 1:1 1:2 UA Combusted 500 Sol-gel 500
1:2 1:1 1:2 UA Combusted 600 Sol-gel 600

UA 1:2 1:1 1:2 UA Combusted 700 Sol-gel 700
1:2 1:1 1:2 UA Combusted 800 Sol-gel 800
1:2 1:1 1:2 1 Combusted 500 Sol-gel pH 1
1:2 1:1 1:2 1.25 Combusted 500 Sol-gel pH 1.25
1:2 1:1 1:2 1.5 Combusted 500 Sol-gel pH 1.5
1:2 1:1 1:2 3 Combusted 500 Sol-gel pH 3
1:2 1:1 1:2 4 Combusted 500 Sol-gel pH 4

1.05:2 1:2 1:0 UA Drying 500 Sol-gel CA2

Table 3.3: Masses of reagents used for sol-gel synthesis in this thesis. Note, the mass of Mn(NO3)2

has been omitted due it being added from standardised solutions, with different concentrations.

Mass
finished
sample [g]

Molar ratio
Li+ : Mn +

2

Molar ratio
MI CA [g]

Molar ratio
CA EG [g]

Mass
LiNO3 [g]

Mass
CA [g]

Mass
EG [g]

3 1:1 1:1 1:2 1.9051 9.5626 6.1786
3 1.05:2 1.05:2 1:0 2.0004 9.7219 0

10 1:05:2 1.05:2 1:0 4.0008 32.4065 0

XRD measurements was obtained for all samples, further SEM images was obtained
from sol-gel 800 (before milling) and sol-gel CA2. Sol-gel CA2 was selected for further
electrochemical testing and EDS surface analysis.
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Figure 3.2: Schematic illustration of the sol-gel procedure for synthesis of LiMn2O4, and the order
the of steps. The diverging line indicates difference in the treatment of different samples.
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3.1.3 Coprecipitation
Synthesis of LiMn2O4 through coprecipitation followed in general the following procedure.
Precipitation of MnCO3, filtration, drying/heat treatment, mixing with Li+ followed by
calcination. The molar ratios, mixing techniques was based on work done by Xiao et al.
[18], Zhou et al [61] and Robinson and Koening [16].

Coprecipitation of MnCO3 was done by mixing a solutions of Mn2+ salt and NH4HCO3.
Mn(CH3CO2)2 · 4H2O or Mn(NO3)2 ( standardised solution as described in Section 3.1.1)
was used as Mn2+ source, mainly dependent on availability. Both Mn2+ and NH4HCO3 was
completely dissolved before mixing. Precipitation started by rapid addition of NH4HCO3 to
the Mn2+ solution, the solution turned instantly form transparent pink to white. The solution
was left to precipitate for 20 minutes under stirring on a hot plate at 35 ◦C. Separation of
solid precipitate was done through vacuum filtration with a Whatman filter paper (589/2
grade, ashless / blue ribbon). Precipitate was washed once with deionised water and once
with 96 % ethanol.

Separated solid was turned into either MnO2 or MnCO3 intermediate. MnO2 was
obtained through heat treatment of sample at 400 ◦C for 4 hours. MnCO3 was obtained by
drying sample at 120 ◦C.

Both intermediate (MnCO3 or MnO2) and LiNO3, were dried overnight at 95 ◦C. All
mixing was done with an excess molar lithium ratio of 5 %. Three different mixing
techniques were attempted:

• Mixing intermediate with LiNO3 by hand with mortar and pestle for 5 minutes, in a
small amount of isopropanole.

• Wet ball milling at 205 rpm for 1 hour in isopropanol, with Zirconia 5 mm diameter
(Nikkato Corporation, 95 % ZrO2, 5 % Y2O3) milling balls. Followed by drying in a
rotavapor.

• Dissolving LiNO3 in 40mL deionised water, followed by dispersion of intermediate.
Sample left to dry under stirring on a hot plate for 24 hours at 40 ◦C. This was
followed by manual grounding by mortar and pestle for 5 minutes. Note this sample
was milled after calcination.

Mixture of intermediate and LiNO3 was calcined for 10 hours at either 700 ◦C or 600 ◦C.
An full overview over the process is shown in Figure 3.3.

A full overview of the different samples, synthesis parameters, mixing technique and
calcination temperature, can be found in Table 3.4. XRD measurements was done for all
samples. SEM images were obtained for sample precipitate MnCO3 mortar and pestle 75
mL was and precipitate MnO2¸ water dispersion. Precipitate MnO2¸ water dispersion were
selected for further EDS and electrochemical analysis.



32 CHAPTER 3. EXPERIMENTAL

Figure 3.3: Schematic illustration of synthesis of LiMn2O4 through coprecipitation. The lines show
the order of the steps. Diverging lines indicates difference in sample handling.
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Table 3.4: Different parameters used for the synthesis of LiMn2O4 through coprecipitation and
corresponding sample id.

Mn2+

precursor
and mass of
precursor (g)

Mass
NH4HCO3

VH20
(mL)

MnO2/
MnCO3

Mixing
technique

Calc.
T (C) Sample id.

Mn(CH2CO2)2
6.7070 g 2.7520 75 MnO2

Mortar and
pestle 700

Precipitate
MnO2
mortar and
pestle

Mn(CH2CO2)2
6.7070 g 2.7520 75 MnCO3

Mortar and
pestle 700

Precipitate
MnCO3
mortar and
pestle, 75 mL

Mn(CH2CO2)2
6.7070 g 2.7520 500 MnCO3

Mortar and
pestle 700

Precipitate
MnCO3
mortar and
pestle, 500 mL

Mn(CH2CO2)2
6.7081 g 2.7618 75 MnCO3

Ball
milling 700

Precipitate
MnCO3
ball milling,
75 mL

Mn(CH2CO2)2
6.7097 g 2.7590 500 MnCO3

Ball
milling 700

Precipitate
MnCO3
ball milling
500 mL

Mn(NO3)2
16. 7980 g 16.6627 800 MnO2

Water
dispersion
with dissolved
LiNO3,
followed by
mortar and
pestle.

600

Precipitate
MnO2
water
dispersion



34 CHAPTER 3. EXPERIMENTAL

3.2 Characterisation

3.2.1 X-ray diffraction

X-ray diffraction was done with a Bruker D8 focus X-ray Diffractometer (D8 focus). The
instrument utilise a Cu Kα radiation source with a wavelength of 1.54 and a LynxEye ™
SuperSpeed Detector. All analysis in D8 focus used a constant slit of 1 mm, and was done
from 15 to 95 2θ with 0.04 2θ steps.

Analysis of LiMn2O4 and other powder was done in standard sample holders. Cathode
casts was analysed in a deep sample holder on top of a small amount of amorphous
modelling clay, to ensure correct height, this was done for current collector without cathode
cast, non-cycled cast and cathode cast after electrochemical measurements.

Phase analysis was done with comparing the peaks with reference samples for the
PDF+4 2019 database [111] in the EVA software [112].

3.2.2 Scanning electron microscopy and Energy-dispersive X-ray spec-
troscopy

All SEM images was taken in an Zeiss Supra 55VP apparatus with a thermal field emission
gun and a Everhart-Thornley Secondary Electron Detector. All images was taken with
an accelerating voltage of 10 kV and a working distance of 10 - 13 mm. EDX scanning
and mapping was done under high voltage conditions, with a EDAX, OCTANE PRO -A
detector. Analysis of LiMn2O4 particles and prepared cathodes both cycled and non-cycled
was done alongside analysis of the cross section of a cathode.

All samples was attached to conductive carbon tape, either on top or on the side of a
metallic pin, as shown in Figure 3.4. Analysis of following LiMn2O4 powder from, sol-gel
800 (before ball milling), sol-gel CA2, precipitate MnCO3 mortar and pestle 75 mL and
precipitate MnO2 water dispersion. With the exception of sol-gel 800, all LiMn2O4 powder
samples was dispersed in small amounts of 96 % ethanol in a ultrasonic bath, to crush soft
agglomerates. A single drop of the dispersion was added to the top of the carbon tape, and
allowed to dry. Powder from sol-gel 800 where applied directly to the top. Excess sample
were removed by blowing air onto the tape. Analysis of cathode casts was done by cutting
a small slice of it, and applying it to the carbon tape. Analysis of both top of cast and cross
section between the cast and current collector was done. To inspect the top of the cast, the
slice was applied to the top of the metallic pin. The cross section was inspected by applying
the cast to the side of the metallic pin, with the cross section pointing up. Prepared samples
was inserted into the analysis chamber which was evacuated.

3.2.3 Surface analysis

Surface analysis was done in a Tristar 3000 Surface Area and Porosity analyser. Samples
with a mass between 0.0939 grams and 0.1302 grams was degassed overnight at 120 ◦C.
N2 was used as adsorbing gas at 77 K. The overall surface area was found using the
BET-equation 2.20.
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Figure 3.4: Sample preparation for SEM-analysis

3.3 Half cell manufacture

Components used for half cell assembly is shown in Table 3.5.

Table 3.5: Components used for assembly of lithium half cells

Component Composition and additional information Producer

Current collector
Aluminum foil, 0.025 mm thick
99.45 % metal basis Alfa aesar

Electrolyte

1 M Lithum hexaflourphosphate (LiPF6)
on 50:50 by volume ethylene carbonate (EC)
and diethylcarbonate (DC).
Battery grade purity, < 15 ppm H20,
< 50 ppm HF.

Sigma-Aldrich

Separator
Celgard ™2320, 20 µm Micropourous
Trilayer Membrane (PP/PE/PP) Celgard R

Anode
Lithium foil 99 % metal basis,
0.75 mm thick Alfa aesar

Casing, spacer,
rubber ring CR2016 set Hoshen Corp.
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3.3.1 Preparation of working electrode
Working electrodes were made by tape casting a slurry onto a aluminium foil current
collector. Prepared LiMn2O4-samples was mixed with carbon black to increase conductivity,
PVDF was used as binder and NEP used as solvent. Carbon black and PVDF was both
dried overnight at 120 ◦C under vacuum. PVDF was dissolved in NEP, by mixing the
components in a 1:20 ratio by mass, and left to stir overnight. All components was mixed
in a steel jar, which was shacked in a Retsch Mixer Mill MM 400 (Shaker mill) for 30
minutes with a frequency of 30 Hz. A slice of the current collector was cleaned with 96 %
ethanol and spread evenly to ensure a homogeneous surface without any air bobbles present.
The mixed slurry was casted onto the current collector with a RK K-Control Coater model
101 (Tape caster) with a thickness of 200 µm. Prepared cast was dried overnight at 60 ◦C,
followed by 3 hours at 120 ◦C under vacuum.

Two different compositions was used to assemble the cathode casts, one with 5 % PVDF
by mass and one with 10 % PVDF by mass. Mass of material and % by weight composition
can be found in Table 3.6 an 3.7.

Table 3.6: Mass used to assemble cathode cast with 5 % weight PVDF by mass, alongside wt % of
components

Mass[g] wt. % wet sample wt. % solid sample
Active material 0.5 28.8 85
Carbon black 0.059 3.4 10
PVDF 0.029 1.7 5
PVDF in NEP 0.585 - -
Ekstra NEP 0.588 66.1 -

Table 3.7: Mass used to assemble cathode cast with 10 % weight PVDF by mass, alongside wt % of
components

Mass (g) wt. % wet sample wt. % solid sample
Active material 0.5 26.7 80
Carbon black 0.0625 3.3 10
PVDF 0.0625 3.3 10
PVDF in NEP 1.25 - -
Ekstra NEP 0.0625 66.7 -

3.3.2 Half cell assembly
Circular cathodes with a diameter of 1 6mm were cut from the cast, weighed and transferred
to a Mbraun glove box. Assembly of 2016 (diameter 20 mm, height 1.6 mm) coin cells was
done in an inert argon atmosphere with PH2O and PO2 < 0.1 PPM. The cells were assembled
according to the following set-up, also shown in Figure 3.5. The rubber ring was inserted
into the bottom casing followed by the cathode. 20 µL of 1 M LiPF6 in a 50:50 ethylene
carbonate and diethylcarbonate by volume electrolyte solution was added to the top of
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Figure 3.5: Schematic of the coin assembly process, in the order the components are added, from
bottom to top.

the cathode. 18mm diameter of separator circular sheets was put on top,followed by an
additional 20 µL of electrolyte. The counter electrode was prepared by cutting a 16 mm
diameter circular piece from the lithium foil. The spacer was added, followed by the top
casing. The cells were hermetically sealed in Hoshen Automatic Coin Cell Crimper.

3.3.3 Coin cell dissaembly
Some cycled cells was dissembled to study the effect cycling had on the active material and
cathode. Handling was done in an inert argon atmosphere with PH2O and PO2 <0.1 PPM,
in Mbraun glove box. A Hoshen Corp Coin Cell Disassembling Tool was used to open
the coin cells. Cycled cathodes was then washed in a diethylcarbonate solution to remove
traces of electrolyte.

3.3.4 Electrochemical measurements

Table 3.8: Cycling programmes used in this thesis.

Programe C - rate Number of cycles
Rate C/20 6

C/10 5
C/5 5

C/20 5
Life C/2 200

All measurements was done on a LAHNE CT2001A-Battery testing station with a
current density of 10 mAh. All cycling was done on a room with a controlled temperature
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of 20 ◦C. The half cells were allowed to relax for 12 hours before cycling started. Two
different cycling programs were used, shown in Table 3.8. However, no useful results were
obtained from the life assessment.



Chapter 4

Results

4.1 Phase Characterisation and surface area

This section covers the phase analysis of the phase pure samples, alongside X-ray diffrac-
tion obtained from MnCO3 and MnO2 intermediates. Reference samples used for phase
characterisation is shown in Table 4.1.

Table 4.1: Reference samples used in this thesis for phase analysis and Rietveld refinement, all from
the PDF-4 +2019 database [111].

Compound Number Symmetry Space group
LiMn2O4 00-035-0782 Cubic Fd-3m(227)
Mn2O3 00-041-1442 Cubic Ia-3(206)
MnCO3 00-044-1472 Rhombohedral R-3c(167)
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Figure 4.1: X-ray diffracotgram for sample sol-gel CA2, red lines are LiMn2O4 reference sample.
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The X-ray diffractogram of sample sol-gel CA2 is shown in Figure 4.1. The measure-
ments shown clear narrow peaks, characteristic for LiMn2O4. There is however a single
small peak around 33 2θ, which indicates the presence of a Mn2O3 secondary phase.
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Figure 4.2: XRD measurement of intermediates for coprecipitation. (a) is MnCO3 with red lines
representing MnCO3 reference sample. (b) is the diffractogram of MnO2

Figure 4.2 shows X-ray diffraction measurements of the intermediates for synthesis
of LiMn2O4 through coprecipitation. The diffractogram of MnCO3 (Figure 4.2a) shows
a crystalline phase, which fits well to the MnCO3-reference sample. The peaks in the
diffractogram of MnO2 (Figure 4.2b), have far less characteristic peaks and far more distinct
background. No fitting reference sample for MnO2 was found, attributed to the general
tendency of poor quality diffractograms with diffuse and broad peaks and high background
[113].

The diffractogram of precipitate MnO2 water dispersion is shown in Figure 4.3. All
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Figure 4.3: XRD measurement of sample precipitate MnO2 water dispersion. Red lines are LiMn2O4

reference sample.

characteristic peaks for LiMn2O4 can be found in the sample. The small peaks around 33
2θ, which indicates the presence of a small amount of a secondary Mn2O3 phase. The
surface area for sol-gel CA2 and precipitate MnO2 water dispersion found through the BET
isotherm is shown in Table 4.2. The measured surface area between the samples are around
the same. The measured surface area indicates an average particle size below 1 µm [95].

Table 4.2: Measured surface area of samples used for electrochemical cycling and Gaussian error in
measurement.

Sample Surface area
Sol-gel CA2 8.1063 ± 0.2186
Precipitate MnO2 water dispersion 7.8714 ± 0.1756

4.2 Particle morphology
This section presents the particle morphology of finished LiMn2O4 powder from procedure
sol-gel 800 (Figure 4.4a and 4.4c), precipitate MnCO3 mortar and pestle 75 mL (Figure 4.4b
and 4.4d), sol-gel CA2 (Figure 4.5a, 4.5c and 4.5e) and precipitate MnO2 water dispersion
(Figure 4.5b, 4.5d and 4.5f).

The SEM image of sol-gel 800 and precipitate MnCO3 mortar and pestle 75 mL shown
in figure 4.4 shows two distinctly different morphologies. Sol-gel 800 have a rough surface
in the overview image (Figure 4.4a) which makes the sample appear foam like. he larger
magnification of sol-gel 800 (Figure 4.4c) shows that the particle is composed of several
smaller defined particles with a variety of particle sizes. The particles from precipitate
MnCO3 mortar and pestle 75 mL (Figure 4.4a and Figure 4.4a) have a much more distinct
morphology with particles of similar size and shape. All particles here are highly porous
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(a) (b)

(c) (d)

Figure 4.4: SEM image of sol-gel 800 (a) and (c) and precipitated MnCO3 mortar and pestle 75 mL
(b) and (d). Note magnification differs between images and samples.

with an overall ellipsoid morphology. While some deviations does appear, it seems to be
the result of two or more ellipsoid particles which have grown together.

The morphology of sol-gel CA2 and precipitate MnO2 water dispersion appears quite
similar, as shown in Figure 4.5. Both samples result in irregularly shaped particles with a
wide size distribution. The SEM images of sol-gel CA2 (shown in Figure 4.5a, 4.5c and
4.5e) shows particles with a large surface area and highly irregular shapes. All particles
appear as assemblies of many smaller particles, grown together in a random pattern. There
is also a wide size distribution among the smaller particles, ranging from below 100 nm up
to around 500 nm The morphology of particles from precipitate MnO2 water dispersion
(shown in Figure 4.5b, 4.5d and 4.5e) appears as mixture of different types of morphologies.
Either as large compact shapes with clearly defined edges, a highly irregular open foam
like shape or a mixture if the two. The size among the observed particles also shown a wide
variety as some of the larges compact shapes have a length of several µm.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.5: SEM images of LiMn2O4 particles. Image (a), (c) and (e) is from sample sol-gel CA2,
while (b), (d) and (e) is from sample precipitate MnO2 water dispersion. Note, magnification is not
the same between the images.
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4.3 Electrochemical analysis, phase analysis and morphol-
ogy of cathode cast.
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Figure 4.6: Galvanostatic cycling of half-cell assembled from LiMn2O4 obtained from sol-gel CA2
procedure, with a 5 wt.% cathode cast.

This section covers obtained electrochemical data and changes in cathodes before
and after cycling. First the results obtained form cast with 5 wt. % PVDF is presented,
for LiMn2O4 obtained from both sol-gel CA2 and precipitate MnO2 water dispersion,
followed by analysis of the cathode casts before and after cycling. Then the electrochemical
properties of cast with 10 wt. % PVDF is presented. A full overview of cycling properties
of all cells presented can be found in Table A.2, in Appendix A.3.

The rate capability galvanostatic cycling sol-gel CA2 with 5 wt. % PVDF. Figure 4.6,
shows a low initial capacity of 71.1 mAh/g during the first discharge. There is a noticeable
loss of discharge capacity with each cycle. Between the different C-rates, switching from
C/20 to C/10 resulted in drop in available discharge capacity of around 33 %. At cycling
rate C/5 there is next to no available capacity in the cell. The charge-discharge curves for
the same cell shown in Figure 4.7 shows that there is a large polarization present between
corresponding charge and discharge cycles. Which results in a difference in terminal voltage
between charge and discharge, and a lower overall energy efficiency. The discharge curve
consist of two plateaus, characteristic for LiMn2O4 [5], which is present to a far lower
degree for the charge curves. The last five cycles at C/20 shows rather stable cycle capacity
around 63 mAh/g, close to the initial values. The differential capacity analysis of the first
and last cycle, Figure 4.8, shows two clear peaks around 4 and 4.15 V for charge and 4.1
and 3.95 V for discharge. During cycling the size of the peaks have been reduced and, and
a the dQ/dV for discharge have been moved to a lower voltage. No peaks indicating other
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Figure 4.7: Charge-discharge curves for chLiMn2O4 from sol-gel CA2 sample, with 5 wt. % PVDF.
(a) is cycle 1-16, (b) is cycle 1-6 and 17-21.
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Figure 4.8: Differential capacity analysis of first and last cycle of LiMn2O4 obtained from sol-gel
CA2 procedure, with cast containing 5 wt. % PVDF.
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Figure 4.9: Galvanostatic cycling of cathode assembled with product obtained from precipitate MnO2

water dispersion procedure and 5 wt % PVDF in cast.
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Figure 4.10: Charge-discharge curves for LiMn2O4 obtained from precipitate MnO2 water dispersion
procedure with 5 wt. % PVDF in cast. Cycle 1-16 is shown in (a), while cycle 1-6 and cycle (17-21)
is shown in (b). Note in figure (b), curve with lowest capacity is cycle 19, while cycle 21 have regions
with sudden changes in voltage.
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Figure 4.11: Differential capacity analysis of first and last cycle for half cell assembled with LiMn2O4

from precipitate MnO2 water dispersion procedure with 5 wt. % PVDF in cast.

reactions are present.
The galvanostatic cycling of half-cells obtained from precipitate MnO2 showed low but

stable initial capacity for the first 16 cycles. As shown in Figure 4.9, there is little change
in available discharge capacity when the C-rate changes from C/20 to C/10, and even a
small amount of discharge capacity is available at C/5. However, there is a large derviation
amoung the 5 last cycles. Cycle 17 is a rather sharp drop in available charge and discharge
capacity, while the capacity increased for the last two cycles. The charge-discharge curves
shown in Figure 4.10 shows fairly stable behaviour during the first 16 cycles. However as
shown in Figure 4.10b the charge discharge curves during the last five cycles have large
deviations from each other, with sudden voltage changes present in the last cycle. The
sudden changes in cell voltage is results in changes in the differential capacity analysis
(Figure 4.11), as there is sudden peaks present in the dQ/dV curve as an result.

To analyse if difference in the LiMn2O4 cathode cast could be observed before and
after cycling, dissembled cells were analysed through XRD and SEM, and compared with
non-cycled cast. The diffractograms of cathode casts made from sol-gel CA2 and precipitate
MnO2 water dispersion with 5 % wt. PVDF, shown in Figure 4.12, shows high peaks around
27, 44.5, 65 and 78.2 2θ, which is attributed to the current collector. All new peaks fit with
peaks intruduced by the current collector. Both samples shows an decrease in intensity
relatively to the current collector after cycling, but no shift or the appearance of new peaks
or disappearance of excising peaks. The change in relative heigth between cathode casts
can be attributed to a loss of mass in the cast during cycling and handling.

Sem images of cathode cast, both cycled and non-cycled, shown in Figure 4.13 shows
little difference in particle morphology before and after cycling. Both the cast made from
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Figure 4.12: XRD measurements of cathode casts both cycled and non-cycled alongside LiMn2O4
reference sample (red lines) and current collector without cast (blue line). (a) is cathodes made from
sample sol-gel CA2, while (b) is casts made from sample precipitate MnO2. Note, intensity of all
diffractograms have been normalised with regards to each other.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.13: SEM images of cathode casts from product made through sol-gel CA2 procedure ((a),
(c) and (e)) and from precipitate MnO2 water dispersion, both with 5 % wt. PVDF. (a) and (b) are
top of cast before cycling, while (c), (d), (e) and (f) is after the cathode have been electrochemically
cycled. Here (c) and (d) are the surface of the cast and (e) and (f) is form regions where the current
collector can be seen. Note, magnification is not the same between images.
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(a) (b)

(c) (d)

Figure 4.14: SEM image of cross section of cathode cast non-cycled made from LiMn2O4 obtained
from sol-gel CA2, with 5 % PVDF in cast. Note images are not of the same magnitude. (a) and (b)
gives and overview of a void present in the cross section, (c) shows a small part of the cathode cast
still present on the surface of the current collector, while (d) shows the underside of the cathode cast.
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(a) (b)

(c) (d)

Figure 4.15: EDS mapping of cross section of cathode cast made from product from sol-gel CA2
with 5 % wt. PVDF. Image (a) is image region of location where the current collector and cathode
cast is connected, while (b) is elemental mapping of said area. (c) is image region of location where a
void is present between current collector and cathode cast and (d) is elemental map of said area.

sol-gel CA2 and precipitate MnO2 water dispersion does not show any large difference in
general surface composition between non-cycled. Any difference in particle morphology or
size is hard to analyse due to the inhomogeneity of the initial material. The only observable
difference was the regions where the cathode cast had been removed (Figure 4.13e and
4.13f). The edge shown for precipitate MnO2 water dispersion (Figure 4.13f) have a far
smoother side than the overall surface of the cycled cathode cast. While the cast assembled
from sol-gel CA2, the region where the current collector could be seen, contained particles
with much the same size and shape as before.

The SEM images (Figure 4.14) of the cross section of a non-cycled cathode cast made
from the sol-gel CA2 procedure with 5 % wt. PVDF showed a void between the . current
collector and the cathode cast. The void is fairly large with a length of around 5 µm. Some
small amounts of the cathode cast is present on top of the current collector as shown in
Figure 4.14c. The underside of the cast appears fairly ordered, as shown in Figure 4.14d.
The EDS mapping done on two points at this cross section, shown in Figure 4.15, shows
some difference in the regions where the cast have loosened and not. Most notably the
EDS mapping in Figure 4.15d shown far more oxygen, on top of the current collector,
compared to the EDS mapping shown in Figure 4.15b. Further fluoride is only detected on
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the underside of the cathode cast and between the current collector and the cast.
To ensure better connection between LiMn2O4 cathode cast and current collector, the

fraction of PVDF was increased to 10 wt. %. This was done with LiMn2O4 from both
sol-gel CA2 and precipitate MnO2 water dispersion.
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Figure 4.16: Galvanostatic cycling of half-cell assembled with LiMn2O4 from the sol-gel CA2
procedure, with cast with 10 wt. % PVDF.

For the half-cells assembled from cathode casts with 10 wt. % PVDF with LiMn2O4
form sol-gel CA2 procedure, the galvonstatic cycling showed a similar low capacity. As
shown in Figure 4.16, there is a high initial discharge capacity present for the first cycle.
The cell does however experience rapid capacity during the first 6 cycles, which is not
present for the next 5 cycles with a C/10 C-rate. Next to no capacity is available during
cycling at C/5. The last five cycles experienced rapid capacity fading. The charge-discharge
curves shown in Figure 4.17, indicates that the characteristic shape for charge and discharge
of LiMn2O4 is present. The curve is present in the last five cycles (Figure 4.17b) as well.
This change is also shown in Figure 4.18 with the difference in the first and last cycle
indicates a loss of available capacity during the reactions, and no other side reactions can
be observed.

The half cells obtained from LiMn2O4 precipitate MnO2 water dispersion with 10 %
PVDF in the cathode cast showed the worst electrochemical properties. As shown in Figure
4.19 there is a constant loss in capacity as the cell is cycled, before the cell experienced
sudden collapse in cycle 17. The charge-discharge curves, shown in Figure 4.20 shows a
large difference in capacity between the first 6 cycles. Cycle 7 to 11 at C/10 C-rate have a
far smaller loss in capacity. For cycle 17, the charge curve have a rather similar shape as the
five first, as the charge capacity for this cycle is rather high. The discharge capacity on the
other hand is next to nothing. The differential capacity analysis of cycle 1 and 17 (Figure
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Figure 4.17: Charge-discharge curve of half-cell with LiMn2O4 from the sol-gel CA2 procedure and
10 wt. % PVDF. Cycle 1-16 is shown in (a) and cycle 1-6 and 17-21 is shown in (b).
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Figure 4.18: Differential capacity analysis of first and last cycle of half-cell assembled from LiMn2O4

obtained from sol-gel CA2 procedure, with 10 wt. % PVDF in cast.
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Figure 4.19: Galvanostatic cycling of half-cells assembled with LiMn2O4 from the precipitate MnO2

water dispersion procedure and 10 wt. % PVDF in cathode cast.
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Figure 4.20: Charge discharge curves of half-cells with LiMn2O4 from the precipitated MnO2 water
dispersion procedure with 10 wt. % PVDF in cathode cast. (a) showns cycle 1-16 while cycle 1-6 and
17 is shown in (b).
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Figure 4.21: Differential capacity analysis curves of cycle 1 and 17 for half-cell with LiMn2O4 from
the precipitate MnO2 water dispersion procedure with 10 % PVDF in cathode casts.

4.21), shows that the last cycle heavily differs from the usual fingerprint for LiMn2O4,
especially during discharge. As the characteristic peak around 4 V is lacking.
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Chapter 5

Discussion

5.1 Relation between synthesis technique and particle mor-
phology

The different particle morphologies obtained in this thesis shown that the influence to
synthesis procedure have a large impact on the size and shape of the synthesis particles.
This is especially the case for samples obtained from coprecipitation.

The SEM images of sample obtained through procedure precipitate MnCO3 mortar and
pestle, shows particles with an overall regular shape and homogenous particle distribution.
The porous structure of the finished product can be attributed to the porous shape of
MnCO3 intermediate, which it often exhibit when formed through coprecipitation [18, 114].
However as shown In the X-ray diffraction date (Figure A.3 in Appendix A.1), the phase
purity of LiMn2O4 obtained from precipitate MnCO3 mortar and pestle was far to low to
use in high voltage LIBs.

Comparing the size and shape of particles of precipitate MnCO3 mortar and pestle 75
mL to precipitate MnO2 water dispersion shows that the impact of the ratio of Mn2+ to
NH4HCO4 and the use of MnO2 as intermediate greatly altered the microstructure of the
finished sample. Precipitate MnO2 water dispersion showed far greater size inhomogeneity
and large deviation in particle morphology. The ratio and concentration of NH4HCO3 and
Mn2+-source can heavily impact final particle morphology as this will affect degree of
supersaturation. Robinson and Koenig [16] have shown that altering the solution chemistry
during precipitation will heavily impact the morphology of the finished product. The work
done in this thesis was not able to replicate those results due to among other different Mn2+

salt, different techniques used for mixing among others. The impact of switching between
Mn(CH3CO2)2 and Mn(NO3)2 as Mn2+ source cannot be ignored. The formation of chelates,
reaction with CH3CO –

2 and NO –
3 . And trapping of anions within the precipitating particles

can also affect overall particle morphology [84, 115, 116]. However no study on the effect
of Mn2+ precursor on particle morphology have been found.

In general little difference in the microstructure of LiMn2O4 obtained from sol-gel
synthesis was shown. A large sponge like structure is shown for LiMn2O4 obtained from
sol-gel 800, which is not present for sol-gel CA2. However, the SEM image of sol-gel
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800 was obtained before the sample was ball milled which explains the large open particle
shown in Figure 4.4a. Comparing single particles (Figure 4.4c and Figure 4.5e) shows that
both products obtained similar particle morphologies. The small crystals that are forming
the larger particle in sol-gel 800 is slightly larger than the ones shown in sol-gel CA2, which
can be attributed to the different calcination temperatures [17, 27, 110, 117]. The open
structure present for both sol-gel 800 and sol-gel CA2 comes from the rapid decomposition
of nitrates and the subsequent reaction with the organic gel components. Even as sol-gel
CA2 did not experience the rapid decomposition the overall impact on the microstructure of
the sample is not affected to any large extent. Thus, the combustion reaction can be omitted,
without any large impact on particle morphology. The sol-gel synthesis could also have
been done without with other easily soluble lithium and manganese salts. As sulphates,
carbonates and acetates will decompose at high temperatures, but a far slower rate leaving
a more compact overall structure [17, 57, 78].

5.2 Electrochemical performance
The electrochemical result from both sol-gel CA2 and MnO2 water dispersion was inade-
quate for use in high-voltage LIBs. Both procedures yielded samples which exhibited low
initial capacity, a large loss of initial capacity during cycling, large difference in terminal
voltage during cycling, horrendous properties at high C-rates combined with large variance
between samples. With regards to initial capacity precipitate MnO2 water dispersion pre-
formed marginally better than sol-gel CA2, but deteriorated far faster. A comparison of
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Figure 5.1: Comparision if the first charge discharge cycle, between the sol-gel CA2 (red) and
precipitate MnO2 water dispersion (blue), both from cast with 5 % PVDF.

the first charge discharge cycles for sol-gel CA2 and precipitate MnO2 water dispersion
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(both form cast with 5 % PVDF) (Figure 5.1), shows that behaviour during charge is
similar. However there the terminal voltage of sol-gel CA2 is lower during discharge, which
indicates larger polarisation and larger internal resistance during discharge [19].

The possible reasons for the poor performance of the half-cells may be attributed to

• Particle size

• Low degree of crystallinity

• Poor connection between active material and cathode cast

• Poor cast composition

• Particle strain

The average size of LiMn2O4 particles will have a huge impact on the electrochemical
properties of the system. If the overall size is to large, the internal diffusion of Li+ would
increase, resulting in poorer electrochemical properties. However chapter12pacity and rate
properties have been obtained for far larger and more compact particles, than those used
in this thesis [65, 90]. The issue may however be related to low particle size, especially
for half cells assembled from precipitate MnO2 water dispersion procedure. This will also
be an issue for sol-gel CA2, as even as the overall surface is more compact, compared to
precipitate MnO2 water dispersion. The overall particle size is still rather small compared
to other works. The large surface area of both samples obtained, indicates that the particle
size and shape can be an issue. As the large electrode-electrolyte interface present will
aggravate the dissolution of manganese, due to the presence of HF, resulting in a larger
capacity loss [65, 90].

The small particles present may lead to an overall reduction in particle performance, due
the added resistance of electron transfer between grain boundaries and different particles
[53, 65, 66].

A highly crystalline sample is essential to access the full capacity of LiMn2O4, as an
amorphous structure would inhibit the internal Li+.-diffusion as imperfections may block the
Li+ transition between 8a and 16c sites. The degree of crystallisation is heavily dependent
on synthesis structure. For the sol-gel procedure, the sample will be amorphous before
calcination and choice of calcination temperature is therefore essential [117] The X-ray
diffractogram for sol-gel CA2, shows a fairly high background compared to peak height,
compared to precipitate MnO2 as shown in Figure 5.2. As the noisy background present
indicated more presence of amorphous secondary phases in the sample [93, 118]. The
increase the degree of crystallinity within the sample, the calcination temperature should
have been higher [110, 117].

Some comparison was done of cathode cast before and after cycling, through both XRD
and SEM imaging, but only of cast with 5 % PVDF by weight. The results from X-ray
diffraction showed a difference in relative peak height, to the peaks present for the current
collector without applied cast. Further as shown in Figure 4.13e and 4.13f there is regions of
the cast present after cycling, where the cast have been removed from the current collector
which would indicate poor connection between current collector and cathode cast. This
compared with the void present in Figure 4.14 indicates poor cathode cast current adhesion.
The presence of fluoride on the current collector in Figure 4.15d indicated that there was
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Figure 5.2: Comparison of X-ray diffractogram obtained from sol-gel CA2 and precipitate MnO2

water dispersion procedure, alongside LiMn2O4 reference sample (red lines). Note, height of peaks
have been normalised.

not enough binder in the solution to keep the cast adhered to the current collector. Attempts
to remedy this was done by increasing the amount of PVDF to 10 % by mass. As both half
cells with 10 wt. % PVDF in the cathode cast did not show an increase in electrochemical
properties, this indicates that the connection between cathode cast and current collector
was more than adequate, or the amount of PVDF in the cast was not the issue. Further
LiMn2O4 cathode casts with 10 wt. % PVDF have been shown successfully to achieve
chapter12pacity results, for samples with far larger surface area [53]. This indicated that
the amount of PVDF in the cast was not the issue.

A poor and inhomogeneous cathode cast can result in poor and variable electrochemical
properties. If the mixing of components is inadequate, this will introduce variations in the
cast and measurements in the half cells. Thus, the effects longer mixing times and different
amount of NEP in cast should be analysed.

Research on the effect on ball milling on LiMn2O4 have shown that it quickly introduces
considerable strain in the individual particles [119]. As the strain will introduce distortions
within the lattice, this alters the Li+ diffusion path and may lead to higher polarisation
during galvanostatic cycling [97].

Even if some small difference was present between sol-gel CA2 and precipitate MnO2
water dispersion, the difference was not considerable. The challenge of obtaining phase
pure LiMn2O4 through coprecipitation, prevented the synthesis of a wide range of particles
as porous, compact spheres and cubes. Further the impact of calcination temperature on the
electrochemical properties on LiMn2O4 should have been analysed.

Both samples exhibited poor capabilities at high C-rates. This can be attributed to the
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large degree of polarisation which each sample showed. As the C-rate increases, so to does
the electrical resistance within the cell, which would reduce the materials properties at high
C-rates [19].

Assessment of the viability and changes in galvanostatic cycling at elevated temperatures
was not carried out. This due to the poor performance the cells exhibited at 20 ◦C. As the
capacity fading for LiMn2O4 is said to be far more severe at elevated temperatures [120].
Thus investigation into the effect of particle morphology on galvanostatic cycling remains
an interesting field of research.
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Chapter 6

Conclusion

Phase pure LiMn2O4 was synthesised through both sol-gel synthesis and coprecipitation, and
the later technique proved able to synthesise particles with wildly different morphologies.
This did not result in an material with the desired capacity or longevity. There is no lack
of literature supporting the both synthesis techniques as viable for the formation LiMn2O4
with the desired capacity and different morphologies than the ones presented in this work
[15–18, 57].

Both samples tested electrochemically was of similar morphology and, no large dif-
ference was observed between them. However due to slightly better performance after 16
cycles, sol-gel CA2 proved to be the marginally better synthesis technique. Synthesis of
LiMn2O4 through coprecipitation proved that the technique could be used design particles
with a with range of morphologies. But the mixing of intermediate with LiNO3 proved to be
crucial to obtain a phase pure material. The sol-gel synthesis with nitrate precursors proved
to be able to form an open morphology reliably. Both techniques have potential to produce
LiMn2O4 with a wide variety of morphologies, with synthesis through coprecipitation
providing the largest option of possible results.

Further, the poor properties exhibited can be attributed to samples with a morphology
which was not compatible for use in high voltage LIBs. A large number of samples with
a large amount of a Mn2O3 secondary phase was synthesised, showing the importance of
stochiometric control and proper mixing for to obtain a phase pure material.
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Chapter 7

Further work

The first step in further research, should be in the optimisation of both synthesis techniques,
as the electrochemical results was far from optimal. For sol-gel synthesis, the properties of
samples calcinated at different temperatures should be evaluated. Sol-gel synthesis should
also be done with different metal salt, as the less energetic decomposition of them would
result in a more compact structure. From coprecipitation a reliable way to synthesise phase
pure LiMn2O4 with the desired morphology should be found. This could yield particles
with cubic, spheric and microporous morphology. Full investigation into the effect of the
different morphologies should be done through galvanostatic cycling.

More information of the electrochemical behaviour of LiMn2O4 and the impact of
different morphologies should be done through electrochemical impedance spectroscopy.
As this technique offers a way to analyse rate kinetics within the system, and how it differs
for different morphologies of LiMn2O4.

The capacity fading of LiMn2O4 is known to be far more severe at elevated temperatures.
The influence of particle morphology on galvanostatic cycling at elevated temperatures
should be investigated.

Further, research into stable ways to reduce the impact om manganese dissolution and
Jahn-Teller distortion in LiMn2O4 should be done, such as surface doping, the addition of
nickel in the structure and synthesising LiMn2O4 in a core-shell structure.
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Appendix A

Supplementary data

A.1 Phase characterisation
This section covers phase analysis of samples not used for electrochemical analysis. Sol-gel
samples calcinated at different temperatures are shown in Figure A.1, sol-gel samples with
pH modification is shown in Figure A.2 and samples made through coprecipitation in Figure
A.3. All samples shows the characteristic peaks for LiMn2O4 around 19, 36, 44 and 64 2θ.
However peaks at 33 2θ is present in a large number of samples alongside peaks around 23
and 55 2θ, which have been attributed to the presence of a Mn2O3 secondary phase.

A secondary phase identified as Mn2O3 is present in many samples here, In general,
increase in calcination temperature results in more narrow peaks and less noise present in
the diffractograms as shown in Figure A.1. The presence of a secoundary phase of Mn2O3
is present in particular in sample sol-gel 500, sol-gel 600, sol-gel 700. A secondary phase
of Mn2O3 is present in all samples with pH modification as shown in Figure A.2, in general
the lower the pH the less the presence of Mn2O3. The of Mn2O3 od in particular present in
sol-gel pH 2.25 and sol-gel 4. The X-ray diffractogram for selected LiMn2O4 samples made
through coprecipitation is shown in Figure A.3. These samples all shows characteristic
peaks for Mn2O3, especially samples where intermediate and LiNO3 was mixed by hand
with mortar and pestle. Samples where mixing was done through ball milling shows a far
lower presence of the MnCO3 secondary phase, but its presence is still significant.
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Figure A.1: X-ray diffraction of sol-gel samples calcined at different temperatures. Red lines
represents LiMn2O4 reference sample, while ¤ marks characteristic peaks for a Mn2O3 secondary
phase. Note, height of all peaks have been normalised.
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Figure A.2: X-ray diffraction of sol-gel samples with active pH modification. Red lines are
LiMn2O4reference sample, while ¤ marks characteristic peaks for a Mn2O3 secondary phase. Note,
height of all peaks have been normalised.
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Figure A.3: XRD measurement of selected LiMn2O4 samples synthesised through coprecipitation.
Red lines are LiMn2O4 reference samples, while ¤ marks the presence of a Mn2O3 secondary phase.
Note, intensity if all heights are normalised.
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A.2 Energy dispersive X-ray spectroscopy

The energies of the elements detected in Figure 4.15b and 4.15d is shown in Table A.1.
Spectrum for cross section mapping of electrode with void present (Figure 4.15d) is shown
in Figure A.4. The spectrum for EDS mapping of cross section without void (Figure 4.15b)
is shown in Figure A.5.

Table A.1: Characteristic energies of the elements detected in this thesis with EDS.

Element Energy of characteristic X-ray [kV]
Li -

Mn
5.898
0.637

O 0.523
C 0.277
F 0.677

Al
1.486
0.073

Figure A.4: Spectrum for region mapped

Figure A.5: Spectrum for region mapped
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A.3 Electrochemical results
This section contains an overview of the electrochemical results presented in Section 4.3,
shown in Table A.2.
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Table A.2: Full overview over the cells presented in this thesis

Cycle
number Sample

Sol-gel
CA2
5 wt. %
PVDF

Sol-gel
CA2
10 wt. %
PVDF

Precipitate
MnO2
water
dispersion
5 wt. %
PVDF

Precipitate
MnO2
water
dispersion
10 wt. %
PVDF

1st Charge capacity (mAh/g) 109.0 90.0 86.9 89.3
Discharge capacity (mAh/g) 71.1 81.2 74.2 82.7
Coulometric efficiency (%) 65.23 87.51 85.42 92.58
Energy efficiency (%) 69.18 94.28 90.07 97.61

6th Charge capacity (mAh/g) 73.7 80.0 79.4 52.3
Discharge capacity (mAh/g) 64.0 58.9 68.2 22.9
Coulometric efficiency (%) 86.78 73.70 85.84 43.83
Energy efficiency (%) 82.91 70.69 83.71 41.18

7th Charge capacity (mAh/g) 51.6 55.5 70.0 20.5
Discharge capacity (mAh/g) 46.3 45.5 62.5 13.2
Coulometric efficiency (%) 89.76 81.92 89.28 64.35
Energy efficiency (%) 83.99 78.57 85.73 59.53

11th Charge capacity (mAh/g) 45.2 42.1 78.0 16.1
Discharge capacity (mAh/g) 42.7 40.1 57.5 8.8
Coulometric efficiency (%) 94.45 95.32 73.65 54.67
Energy efficiency (%) 88.22 89.20 70.40 50.14

12th Charge capacity (mAh/g) 1.0 1.9 7.7 0.8
Discharge capacity (mAh/g) 0.2 0.8 5.7 0.4
Coulometric efficiency (%) 23.42 40.88 73.44 55.27
Energy efficiency (%) 18.79 33.86 62.59 45.58

16th Charge capacity (mAh/g) 0.3 0.8 5.2 0.5
Discharge capacity (mAh/g) 0.3 0.8 4.9 0.5
Coulometric efficiency (%) 93.20 100 94.46 100
Energy efficiency (%) 73.55 0.8108 79.60 71.34

17th Charge capacity (mAh/g) 69.0 56.6 133.3 95.2
Discharge capacity (mAh/g) 63.7 50.2 53.4 7.4
Coulometric efficiency (%) 92.27 88.7 40.3 7.74
Energy efficiency (%) 87.91 84.15 38.49 6.96

21th Charge capacity (mAh/g) 68.4 34.6 86.7 -
Discharge capacity (mAh/g) 63.6 27.5 52.8 -
Coulometric efficiency (%) 92.31 79.41 60.85 -
Energy efficiency (%) 88.07 74.49 58.07 -



H
ans-O

lav M
eløy

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Fa

cu
lt

y 
of

 N
at

ur
al

 S
ci

en
ce

s
D

ep
ar

tm
en

t o
f M

at
er

ia
ls

 S
ci

en
ce

 a
nd

 E
ng

in
ee

ri
ng

M
as

te
r’

s 
th

es
is

Hans-Olav Meløy

Influence of synthesis techniques and
morphology on electrochemical
properties in manganese based
lithium ion batteries.

Master’s thesis in Chemistry
Supervisor: Hilde Lea Lein

May 2019


	Introduction
	Aim of work

	Theory
	Lithium ion batteries
	Important parameters and properties

	Electrodes
	Intercalation electrodes
	The lithium anode and the solid electrolyte interface.

	LiMn2O4
	Electrolyte and the formation of HF
	Particle morphology
	Sol-Gel synthesis
	Citrate sol-gel synthesis
	The Pechini method
	Metal nitrate precursors alongside the sol-gel synthesis

	Coprecipitation synthesis for inorganic oxides
	Synthesis of LiMn2O4 through coprecipitation

	X-ray diffraction
	The BET isotherm and surface analysis
	Scanning electron microscopy
	Electrochemical characterisation

	Experimental
	Synthesis of active material
	Standarisation of Mn(NO3)2
	Sol-gel synthesis
	Coprecipitation

	Characterisation
	X-ray diffraction
	Scanning electron microscopy
	Surface analysis

	Half cell manufacture
	Preparation of working electrode
	Half cell assembly
	Coin cell dissaembly
	Electrochemical measurements


	Results
	Phase Characterisation and surface area
	Particle morphology
	Electrochemical analysis

	Discussion
	Synthesis and morphology relation
	Electrochemical performance

	Conclusion
	Further work
	Supplementary data
	Phase characterisation
	Energy dispersive X-ray spectroscopy
	Electrochemical results


