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ABSTRACT

This thesis is concerned with kinetic characterisation of the insertion compound
LiMn2O4, which is used as positive electrode material in rechargeable lithium batteries.
Three different types of electrode configurations have been investigated, namely single
particles, thin films and composite electrodes. Different electrochemical techniques, i.e.
linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS),
potential step, and galvanostatic experiments were applied under various experimental
conditions. The majority of the experimental data were analysed by relevant
mathematical models used for describing the reaction steps of insertion compounds.

It was concluded that a model based on interfacial charge-transfer, solid-phase diffusion
and an external iR-drop could be fairly well fitted to LSV data measured on a single
electrode system over a narrow range of sweep rates. However, it was also found that
the fitted parameter values vary greatly with the characteristic length and the sweep rate.
This indicates that the physical description used is too simple for explaining the
electrochemical responses measured over a large range of charge and discharge rates.

EIS was found to be a well-suited technique for separating time constants for different
physical processes in the insertion and extraction reaction. It was demonstrated that the
impedance response is strongly dependent on the current collector used. According to
the literature, reasonable values of the exchange-current density and solid-phase
diffusion coefficient were determined for various states-of-discharge, temperatures and
electrolyte compositions. Experiments were carried out in both liquid and gel
electrolytes. A method which improves the distinction between the time constants
related to the material’s intrinsic properties and possible porous effects is presented. The
method was applied to composite electrodes. This method utilises, in addition to the
impedance response measured in front of the electrode, also the impedance measured at
the backside of the electrode.

Finally, the kinetics of a composite electrode was also investigated by in situ X-ray
diffraction (in situ XRD) in combination with galvanostatic and potentiostatic
experiments. No evidence of lithium concentration gradients could be observed from
XRD data, even at the highest rate applied (i.e. ~6C), thus excluding solid-phase
diffusion and also phase-boundary movement, as described by Fick’s law, as the rate-
limiting step.

Key words: linear sweep voltammetry, electrochemical impedance spectroscopy,
potential step, in situ X-ray diffraction, microelectrodes, electrode kinetics, LiMn2O4

cathode, rechargeable lithium batteries
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SAMMANFATTNING

Avhandlingen behandlar kinetisk karakterisering av interkalationsmaterialet LiMn2O4,
som används som positivt elektrodmaterial i laddningsbara litiumbatterier. Tre olika
elektrodkonfigurationer studerades, nämligen enskilda partiklar, tunna filmer och
kompositelektroder.  L i n j ä r  svepvoltammetri (LSV), elektrokemisk
impedansspektroskopi (EIS), samt potentialsteg och galvanostatiska experiment
användes under ett flertal olika experimentella betingleser. De flesta experimentella data
analyserades med hjälp av relevanta matematiska modeller som används för att beskriva
reaktionsstegen i interkalationsföreningar.

Resultaten visar att en modell som tar hänsyn till en ytorienterad laddningsöverföring,
fastfasdiffusion och ett yttre ohmsk motstånd (iR-fall) kan relativt väl anpassas till LSV
data som uppmätts med en enskild elektrod inom ett smalt svephastighetsintervall.
Anpassningsparametrarna, fastfasdiffusionskoefficienten och iR-fallet, visade sig dock
vara starkt beroende av den karakteristiska diffusionslängden och svephastigheten.
Detta resultat visar att den fysikaliska beskrivningen som användes är alltför förenklad
för att beskriva den elektrokemiska responsen som uppmättes över ett stort upp- och
urladdningshastighetsintervall.

EIS visade sig vara en god metod för att separera tidskonstanter för olika fysikaliska
processer i interkalations- och deintekalationsreaktionen. Resultaten visar att
impedansresponsen är starkt beroende av vilken typ av strömtilledare som används.
Rimliga värden, i jämförelse med litteraturen, på utbytesströmtäthet och
fastfasdiffusionskoefficient bestämdes för olika laddningstillstånd, temperaturer och
elektrolytsammansättningar. Experiment utfördes i både vätske- och gelelektrolyter. En
metod som förenklar separationen mellan tidskonstanter relaterade till elektrodens
materialegenskaper och eventuella porösa effekter presenteras. Denna metod
tillämpades på kompositelektroder. Metoden utnyttjar, förutom impedansresponsen mätt
på elektrodens framsida, även impedansresponsen mätt på baksidan av elektroden.

Kinetiken hos kompositelektroden studerades även med in situ röntgen diffraktion (in
situ XRD) i kombination med galvanostatiska och potentiostatiska mätningar. Inga
bevis för existerande litiumkoncentrationsgradienter kan observeras i XRD data, inte
ens vid den högsta använda hastigheten, omkring 6C. Detta resultat utesluter
fastfasdiffusion samt fasgränstransport, beskriven med hjälp av Ficks lag, som det
hastighetsbestämmande steget.

Nyckelord: linjär svepvoltammetri, elektrokemisk impedansspektroskopi, potentialsteg,
in situ röntgendiffraktion, mikroelektroder, elektrodkinetik, LiMn2O4-katod,
laddningsbara litiumbatterier
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1. INTRODUCTION

In the 20th century, electricity has become the key energy carrier and the engine
for large industrial and technology growth in developed countries. Batteries, in
particular rechargeable ones, have become an essential part of this age and there
is no doubt that the battery consumption will continue to increase substantially
during the 21st century. For instance, small and highly efficient rechargeable
batteries are needed to power popular devices such as cellular phones,
camcorders and portable computers. Large-scale, high-energy density and high-
power rechargeable batteries are also urgently required for the development of
long-range hybrid and electric vehicles in order to improve the quality of the air
in large urban areas. All these technical demands have prompted the research and
development of advanced battery designs, involving optimisation of different
battery concepts with respect to their cost and capability of storing more energy
per weight and volume. Also, for environmental reasons, the battery components
are requested to be based on more environmentally friendly materials than the
conventional batteries, e.g. the nickel-cadmium battery (Ni-Cd).

The rechargeable lithium-ion battery (Li-ion battery) fulfils many of the crucial
demands of the modern society and its market has been in a period of dynamic
growth ever since Sony introduced the first commercial cell in 1991[1]. This type
of battery is presently produced at a rate of several millions units per months and
is rapidly replacing the bulkier and less-energetic Ni-Cd and nickel-metal-
hydride (Ni-MH) batteries in portable electronic devices [2]. Additionally, Li-ion
battery usage is also gradually spreading to large-scale battery applications in
electric and hybrid vehicles [3-5]. The superiority of the battery lies mainly in the
high cell voltage, i.e. 3.7 V, which is about three times the operating voltage of
Ni-Cd and Ni-MH, and the high gravimetric energy density, i.e. 190 Wh kg-1

(Sony’s Li-ion Polymer cells, from 2001) [6] compared to about 45-55 Wh kg-1

for Ni-Cd [7] and 80 Wh kg-1 for Ni-MH [4], respectively.

In this chapter, the most common components and the working principle of the
Li-ion battery are described, the type of battery to which this thesis is devoted.
This is followed by a presentation of the background and purposes of this work.

1.1. Principles of the lithium-ion battery

In a typical rechargeable Li-ion battery, the positive electrode consists of an
active lithiated transition metal compound, e.g. LiCoO2 or LiMn2O4, which is
mounted on aluminium foil. The anode is an active carbonaceous material, e.g.
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graphite or coke, applied on a copper foil. Besides the active material, the
electrode normally contains a binder material, e.g. PVDF, and a good electronic
conductor, e.g. carbon black; all together this concept is referred to as a
composite electrode. The two electrodes are separated by a porous plastic film
soaked in a non-aqueous lithium ion conductive electrolyte, most commonly a
mixture of organic solvents, e.g. ethylene carbonate and dimethyl carbonate in
which a lithium salt is dissolved, e.g. LiPF6 [1]. Originally, lithium metal was
used as the anode material. Batteries based on this are referred to as lithium metal
batteries. Having lithium metal as negative electrode is motivated by the fact that
it has a higher specific capacity than any other practical negative electrode (i.e
theoretical capacity is 3862 mAh g-1 compared to 372 mAh g-1 for graphite).
However, the reactivity of lithium is notorious and may cause serious safety
problems such as corrosion with the electrolyte and dendrite formation resulting
in short-circuiting of the battery with thermal runaway as a consequence. To
overcome these drawbacks, the carbonaceous anodes were suggested. Another
approach to increase the safety, which also provides great design advantages, has
been to substitute the highly corrosive liquid electrolyte with a less reactive ion-
conducting polymer electrolyte, today known as lithium polymer batteries or
when a carbonaceous material is being used as the anode, as Li-ion polymer
batteries [8-10].

The working principle of the Li-ion cell is illustrated in Fig. 1-1. Basically, the
discharge process of Li-ion cells involves extraction of lithium ions from the
carbonaceous negative electrode, Host A, and their transport across the
electrolyte and then finally the insertion of lithium ions into the structure of the
positive electrode, Host B. Meanwhile, electrons travel in the external circuit to
compensate for the lithium ion charges. The overall discharge reaction is thus
given by

LixHostA+HostB → HostA+LixHostB (1.1)

The charging process is the reverse. During discharge, the negative electrode is
thereby acting as the anode, whereas the positive electrode is acting as the
cathode. It should hereby be noted that the “cathode” is used throughout this
work in referring to the positive electrode which is the cathode on discharge in a
lithium battery. Likewise, the term “anode” is used for the negative electrode.
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Fig. 1-1. Schematic illustration of the discharge process in a Li-ion battery.

Furthermore, the principle of a lithium metal battery is the same except for the
negative electrode reaction, which in this case involves stripping and plating of
lithium metal during discharging and charging, respectively.

1.2. Background and aims of this thesis

In battery development, extensive efforts are put into identifying and minimising
the undesired processes that result in reduction of the battery cell capacity, and
its power density. The battery cell capacity and the power density can be
correlated to the thermodynamic and kinetic properties, respectively, of the
battery cell components. Valuable information about the kinetics can be obtained
through electrochemical characterisation in combination with mathematical
simulation.

This work was aimed at investigating the kinetics, and hence the rate-limiting
reaction steps during charging and discharging of LiMn2O4. This compound is
used as a positive electrode material in rechargeable lithium batteries. During the
last ten years, much work has been devoted to examine the physical processes
that occur during charge and discharge in electrodes based on LiMn2O4, and
other similar insertion compounds. Mathematical models, describing the different
reaction steps, of varying degrees of complexity have been proposed and
different results, sometimes contradictory, have been reported. This indicates that
there is still a need for further investigations in the field.

In order to validate models, simulations are usually compared and fitted to
experimental data. This often enables determination of kinetic parameters that
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represent the suggested reaction steps. From the ability of the models to simulate
the experimental data and from the viability of the obtained parameter values, the
validity of the model may then be judged.  Furthermore, the electrodes of a Li-
ion battery are usually porous [1]. Consequently, it is of outmost importance in
battery development to understand and to distinguish between the rate-limiting
processes that depend on the intrinsic properties of the materials, i.e. local kinetic
parameters such as solid-phase diffusion coefficient, and the processes that are
related to the preparation of the battery electrode, i.e. electrode parameters.
Examples of the former are the physical distribution of the additives (i.e. binder
and conducting agent), particle size of the active electrode material, electrode
porosity, the effective conductivity in the solid and the electrolyte phases within
the electrode matrix.

A valuable approach for acquiring a deep knowledge of the rate-limiting steps in
e.g. LiMn2O4 is to first analyse various electrode configurations by using several
techniques under many different experimental conditions, and then fitting an
appropriate model to the results. A fruitful way is to compare the electrochemical
response of porous electrodes with the response measured using microelectrodes
which are prepared without additives such as thin film and single particle
electrodes. Microelectrode techniques also provide advantages such as well-
defined geometry which greatly simplify the analysis of experimental data and
minimise data distortion by uncorrected ohmic drop and capacitance effects [11].
By comparing the “apparent kinetic parameters” obtained by the data fitting, a
critical examination of the model can be performed. In a wider perspective, it is
hoped that this approach will help to point out the most significant weaknesses of
the existing model description(s) and to improve the understanding of the
electrochemical behaviour of the materials. This in turn can lead to a better
development and design of the electrodes.

In this work, three different types of electrode configurations of LiMn2O4 were
investigated. These are porous composite electrodes (i.e. a mixture of active
electrode material, binder and conducting agent), thin film electrodes and single
particle electrodes. Different electrochemical techniques, i.e. electrochemical
impedance spectroscopy (Papers III-V), galvanostatic and potentiostatic
experiments (Papers I-II, IV, VI) were applied under various experimental
conditions, e.g. state-of-charge, temperature and electrolyte composition. The
experimental data were analysed by mathematical models that are based on
relevant equations found in the literature for describing the reaction steps in
insertion compounds. As a complement to the electrochemical techniques, the
dynamic behaviour of a LiMn2O4 electrode was also analysed by in situ X-ray
diffractometry (Paper VI).



Introduction
______________________________________________________________________

5

This thesis work is a part of the Jungner Centre research programme “Batteries
and Fuel cells for a Better Environment”, which is financed by the Swedish
Foundation for Strategic Environmental Reseach (MISTRA) and the industry.
The programme started in the beginning of 1998, and is aimed at educating PhD
students in the field. A specific aim for the battery part of this programme is to
develop a prototype of a lithium-ion polymer battery cell for use in a cellular
phone. Efforts have thus been made in co-operation with a number of research
groups working in different disciplines including material synthesis and various
types of characterisation of the different battery components. As a consequence
of this programme network, the choice of concepts and components, in my case
the choice of cathode material and electrolyte, was influenced by specifications
given by industry, as well as the research directions of the other collaborating
groups.
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2. CATHODE MATERIALS

In this chapter, several aspects of cathode materials related to this thesis are presented
and discussed. First, some general information about insertion compounds for use as
cathode is given, followed by a short presentation of the most promising materials.
Finally, a review of the kinetic reaction steps during charge and discharge is presented,
aimed to give the reader the background for the different studies of this thesis.

2.1. General aspects

Several insertion compound materials have been investigated during the last two
decades with a focus on their incorporation as cathode active materials in the Li-ion
battery. A lithium insertion compound is generally an open-structure compound
capable of accepting and releasing lithium ions into, and out of, its crystal lattice, thus
enabling variations in the lithium concentration within its structure [12].

A number of factors have to be considered when choosing the insertion compound for
use as cathode in a lithium battery cell [13]. To provide a high energy density (Wh kg-1

or Wh l-1), the material should have a high electrode potential vs. the anode, a
capability to accommodate large quantities of lithium per formula unit, a low formula
mass and a low formula volume. Furthermore, to provide a high power density (W kg-1

or W l-1 ), i.e. an ability to sustain high charge and discharge rates, the material must
also have fast kinetics. It is also of great importance that the insertion reaction is
highly reversible in order to sustain many charge-discharge cycles. Other examples of
key factors that are desired for these electrode materials are a high degree of stability
in contact with the electrolyte over a large range of temperatures, a very low degree of
co-intercalation of solvent, a low cost, an ease of preparation and an absence of
environmentally harmful effects.

The first experimental investigation of a lithium insertion compound was made on
LiTiS2 [14]. It has later been concluded that transition metal oxides, such as LiCoO2,
LiNiO2 and LiMn2O4, are more attractive cathode candidates. This is mainly due to
advantages such as high voltage, about 4 V vs. Li/Li+, and excellent reversibility for
the lithium insertion reaction [15]. LiCoO2 was most commonly used in the initial Li-
ion technology and was also the first commercialised compound [8]. It has been found
to be easily prepared and to have a long cycle life. The major drawbacks of LiCoO2 are
its high cost and the scarcity of cobolt resources in the world [2]. LiNiO2 is a less
expensive choice and, in addition, it has a higher practical capacity than LiCoO2,
around 170-190 mAh g-1 compared to about 140-150 mAh g-1 obtained for LiCoO2

[16]. However, LiNiO2 is complex to prepare and its thermal and structural stability is
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not as good as for LiCoO2, which in turn induces inferior cycleability. The drawbacks
of LiNiO2 may be controlled by a partial substitution of Ni by other metals, e.g. Mg,
Mn , Al and/or Co [17,18]. Especially Co-substituted LiNiO2 has been established as a
good alternative to both LiNiO2 and LiCoO2, showing significantly better stability
compared to LiNiO2 in combination with a potentially lower cost than for LiCoO2 [18-
20]. The possibility of lithium insertion/extraction in LiMn2O4 has been extensively
investigated since the early 1980s [21]. Even though its practical capacity, i.e. limited
to around 120 mAh g-1, is significantly less than for LiNiO2 and LiCoO2, LiMn2O4 is
considered to be a very attractive cathode material, mainly due its ease of
manufacturing, low cost and environmental compatibility [22]. Indeed, a few battery
manufacturing companies have announced the use of lithium manganese oxide as
cathodes in the production of Li-ion batteries [2]. However, LiMn2O4 suffers from
significant capacity fading upon cycling due to irreversible structure modifications and
storage losses, especially at high temperatures (ca. > 55°C). Large research efforts
have been devoted to solving this problem and promising results have been obtained
by partially substituting Mn with other metals, such as Ni or Co [23,24].

2.2. Kinetics

In Fig. 2-1, a typical constant current discharge profile of a LiMn2O4 electrode is
shown.
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Fig. 2-1. A typical discharge behaviour of a LiMn2O4 electrode.

In theory this discharge reaction corresponds to a one-electron transfer described by
the electrochemical reaction

2 λ-MnO2 + Li+ +e-→LiMn2O4 (2.1)
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The general view is that the electron is not transferred to the incoming lithium ion.
Instead, it enters the host lattice [25]. Further, it has been reported that the Li content,
x, in λ-MnO2 is x(Li)=0.10-0.28 [24,26-28] and it would therefore in practice be more
correct to consider the reaction

Li1-xMn2O4 +xLi+ +xe-→LiMn2O4 (2.2)

In this thesis work, the occupancy of lithium was not determined. The variation of
lithium concentration during charge/discharge will therefore instead be described by
state-of-charge (SOC) (Papers I-II) or state-of-discharge (SOD) (Papers III-VI). SOC
and SOD are defined as

SOC
Qavailable

Qtot
= [1.1]

SOD SOC= −1 [1.2]

where Qavailable is the actual capacity left in the electrode at a certain cut-off potential
and Qtot is the total available capacity of the electrode at a cut-off potential of 3.3 V vs.
Li/Li+.

In the discharge profile, two potential quasi-plateaus can be discerned: one fairly
distinct at 4.11 V and one more sloping, having an average potential value of
approximately 4.0 V vs. Li/Li+, see Fig. 2-1. Rigorous studies have shown that the
material undergoes phase transitions during charge/discharge. However, the exact
nature of the different regimes of the potential profile has for long been a subject of
debate and the results reported by different research groups do to some extent diverge
(see the introduction in Paper VI). Still, most commonly the upper potential quasi-
plateau is suggested to be a two-phase region, i.e. approximately 0<SOD<0.5,
whereas, the lower quasi-plateau, i.e. approximately 0.5<SOD≤1, is considered to be a
single-phase region [27,29].

The principal kinetic steps involved in the lithium insertion reaction can be roughly
summarised as

1. Transport of lithium ions in the electrolyte toward the electrode surface.
2 .  Desolvation and entrance of lithium ions into the host lattice, i.e. an

electrochemical charge transfer reaction.
3. Transport of lithium ions and electrons in the solid phase of the active electrode

material.

These processes and hence the kinetics and the rate-limiting steps in LiMn2O4 and
other insertion compounds have during the latest ten years been investigated by many
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research groups. Different electrochemical methods have been applied and the results
related to the different techniques have been compared and discussed. In the following,
reported results obtained for insertion compounds used as cathodes are reviewed. Both
transient and steady-state electrochemical techniques have been used. The transient
techniques involve in this case mostly current steps and potential steps, but also cyclic
voltammetry (CV)/linear sweep voltammetry (LSV). When small steps in current and
voltage are applied, the techniques are called galvanostatic intermittent transient
technique (GITT) and potentiostatic intermittent transient technique (PITT),
respectively [30]. The fundamentals of transient techniques have been compiled by
Bard and Faulkner [31]. Further, electrochemical impedance spectroscopy (EIS) is a
steady-state technique frequently used and its fundamentals can be found in the
literature [32]. In contrast to the transient techniques, EIS provides kinetic information
that can be related to a specific SOD of the electrode, since the measurement is
conducted around an equilibrium state. Another advantage of EIS is that it may allow
the resolution of various physical processes described by different time constants,
since the signal can be varied over a large range of frequencies.

In most cases, transients have been analysed under the assumption that solid-phase
diffusion is the rate-determining step and hence, the majority of the work has been
solely focused on the determination of the solid-phase diffusion coefficient [33-42].
However, during the last few years, other kinetic steps have been considered. Zhang et
al. [43] used a model including, except for solid-phase diffusion, also interfacial
charge-transfer to predict the CV response measured at different scan rates with a
single particle of LiMn2O4. An interfacial charge transfer reaction was also considered
by Deiss et al. [44]. They concluded from simulations of potential step experiments,
obtained with an LiMn2O4 electrode in the lower quasi-plateau region shown in Fig.
2-1, that solid-phase diffusion and the electrochemical reaction at the interface at the
LiMn2O4 particles are both rate determining. The relative importance was established
to depend on the applied overvoltage. As mentioned previously in this paragraph, bulk
phase-transfer reactions are encountered as the concentration of lithium changes
during charging/discharge of the insertion electrode. Attempts to describe these
phase-transfer reactions have been made by Pyun et al. They have analysed the
behaviour of current transients measured with insertion compounds of various
structures in terms of phase-boundary movement where the new phase is growing into
the other and where solid-phase diffusion is assumed to be valid in the two phases
[45,46]. However, the same group have also recently reported on a behaviour which is
controlled by the cell impedance [47-51]. They hereby defined cell impedance as
being equal to the internal cell resistance, whose major sources may be the bulk
electrolyte, the electrolyte/electrode interface region, and the bulk electrode. Most
recently, they further investigated the transient behaviour of LiMn2O4 by also
considering interactions between lithium ions by using Monte Carlo simulations [52].
Furthermore, attempts to model the phase transitions have also been made by Aurbach
et al. using a Frumkin type isotherm [53-56]. It was found that the CV response
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measured with, for example, LiMn2O4 at a very slow sweep rate, i.e. far beyond any
solid-phase diffusion limitation, could be well described by the use of this isotherm
[56].

EIS data may be analysed by using a mathematical model based on a plausible
physical theory that predicts the theoretical impedance, or by empirical electrical
equivalent circuits [32]. In the literature, empirically based electrical equivalent
circuits have most commonly been used. Regardless of which of these two approaches
that is applied, it can be established that several, sometimes conflicting models, have
been presented and discussed. The measured EIS response is commonly represented in
a so-called Nyquist plot, i.e. the negative imaginary part of the impedance is plotted
versus the real part of the impedance. In such a plot, the EIS response of a composite
electrode based on insertion compounds most often results in one or two more or less
separated semicircles and a sloping line at low frequencies, see for example Fig. 5-5 in
Ch. 5.2.

The semicircle at high-to-medium frequencies has most often been described by a
resistance for Li+ ion migration through an ionically conducting, but electronically
insulating, surface layer coupled to a film capacitance. The semicircle at medium-to-
low frequencies has been attributed to an interfacial charge transfer resistance coupled
to the double-layer capacitance of the electrode material.  Then, the sloping line at low
frequencies has been considered to reflect the diffusion of lithium species in the solid
phase [20,57-65]. However, Bruce et al. explained the EIS response of LiTiS2 [66] and
LiNiO2 [67] by a so-called adion mechanism. They attributed the high-to-medium
frequency semicircle to adsorption of partially solvated lithium ions onto the electrode
surface. The medium-to-low frequency semicircle was related to the incorporation of
the ion into the oxide lattice, in which state it becomes fully desolvated, coupled to an
absorption pseudo-capacitance. Similar results were discussed by Li et al. [68] who
also studied the kinetics of LiNiO2. They found that the rate-determining step is either
the incorporation of lithium ions into the lattice, or lithium ion diffusion in the lattice
depending on the structure and charge-state of the electrode. Another interpretation
was given by Choi et al. who investigated LiNiO2 and LiCoO2 [69]. They suggested
that the high-frequency semicircle could be attributed to particle-particle contact
resistance and capacitance among the oxide particles, whereas the medium-frequency
semicircle could be related to the absorption into the oxide of the lithium ions that are
adsorbed on the oxide surface. Similar interpretation was also used by Park et al. who
studied LiMn2O4 [70]. The former analysis is in line with the interpretation given by
Liu et al. [71] who reported on the effect of carbon black in LiCoO2 and LiMn2O4. It
was shown that the magnitude of the high-frequency semicircle increased with
decreasing carbon content. In contrast, the magnitude of the middle-frequency
semicircle was shown to be almost independent of the carbon content.
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Finally, it should be noted that simulations have also been applied on the Sony Li-ion
cell [72,73] and the Bellcore PLION® Li-ion cell [72,74,75]. The mathematical
description used takes into account, besides the electrode kinetics of the anode and the
cathode, respectively, the transport, i.e. migration and diffusion, in the electrolyte
phase. It was concluded that the electrolyte-phase diffusion is the major limiting factor
during high-rate discharge [75]. The same model has also been adapted for simulation
of the corresponding impedance response [76].

In summary, it can be concluded that in the majority of the studies, the electrochemical
reaction, i.e. step (2), has been described by an interfacial charge transfer reaction.
Further, with the exception of a few studies, the transport in the solid phase, i.e. step
(3), has most often been described solely by a diffusion process without considering
encountered bulk transfer reactions. This step is also most commonly considered to be
the rate-limiting step of the insertion reaction. It should also be underlined that
migration has largely been neglected even though the transported specie is the charged
lithium ion. The validity of the latter assumption depends on the mobility and the
concentration of charge carriers in the solid phase host [12]. Step (1), i.e. the mass-
transport limitation of lithium ions in the electrolyte phase has mostly been assumed to
be insignificant and thereby neglected in the evaluation models. This is generally
motivated to be an appropriate approximation since the transport in the solid phase has
been determined to be significantly slower than the transport in the electrolyte phase.
The validity of this depends however on the conductivity of the particular electrolyte
utilised and the thickness of the electrode, which has been treated by Newman et al.
[77] and others.

Examples of kinetic parameters for LiMn2O4 found in the literature are listed in Table
2-1. The exchange-current density, i0, is a rate constant of the electrochemical reaction,
and the transport in the solid phase is given by the solid-phase diffusion coefficient, D.
The purpose of this table is firstly to provide the reader with a measure of the variation
of the reported kinetic parameters, and secondly, to enable a comparison between
literature data and the parameters values obtained in the present work.
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3. EXPERIMENTAL

Three types of LiMn2O4 electrodes have been studied in this work, i.e. composite
electrodes, thin film electrodes, and single particle electrodes. The following is a
summary of the various electrode preparations, descriptions of their cell
configurations and the experimental procedures. A more detailed description of
the specific experimental conditions can be found in the appended papers.

Several electrolyte compositions have been used for the different electrode
configurations and experiments. These are summarised in Table 3-1. The choice
of the electrolyte for the different studies was made in consultation with the
co-workers of the particular study.

Table 3-1. A summary of the electrolytes used in the different studies. If nothing else is
given, the solvents and the salts were supplied by Merck (Selectipur, <20 ppm water).

Electrode configuration Electrolyte composition

Composite electrode 1 M LiClO4/1:1 PC:EC (Mitsubshi Kagaku Co. < 20 ppm

water) (Papers II, III)

0.5, 1 and 2 M LiBF4/ 2:1 EC:DMC (Papers III, V)

1 M LiPF6/ 2:1 EC:DMC (Paper VI)

1 M LiBF4/1:1 EC:DEC  and 1 M LiBF4/24 wt% PMMA/1:1

EC:DEC (Paper IV)

Thin film electrode 1 M LiClO4/1:1 PC:EC (Mitsubshi Kagaku Co. < 20 ppm

water ) (Papers II and III)

0.5 M, 1 M and 2 M LiBF4/1:1 PC:EC (Mitsubshi Kagaku

Co. < 20 ppm water) (Papers III)

Single particle 1 M LiClO4/1:1 PC:EC (Paper II)

3.1. Composite electrode

Composite LiMn2O4 electrodes were prepared by extrusion of a slurry onto an
aluminium foil and left to dry. The slurry contained 80 wt% LiMn2O4

(Selectipur, Merck or Sedema), 15 wt% Shewinigan Black carbon powder and
5 wt% ethylene propylene diene terpolymer (EPDM) binder dissolved in
cyclohexane. A typical electrode load was 3-4 mg cm-2. Circular electrodes,
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approximately 2 cm in diameter, were punched out and placed in the
electrochemical cell.

To separate between the electrochemical response related to the working
electrode (we) and the counter electrode (ce), respectively, a reference electrode
(ref) was used for all the electrochemical measurements conducted with the
composite electrode. Lithium metal, i.e. the redox couple Li/Li+, was chosen as
reference, which is also by far the most common reference system in lithium-
based systems since it has been shown to be stable in organic solvents [79].

The electrochemical cell was made in PTFE. A circular lithium foil of identical
diameter as the composite electrode was punched out, pressed onto a nickel plate
and used as counter electrode. The reference electrode consisted of a nickel wire
in electrical contact with lithium metal; all together inserted into a capillary of
PTFE with an inner diameter equal to 0.7 mm. The cell dimensions varied
somewhat between the different studies. The cell set-up schematically shown in
Fig. 3-1 was used in combination with liquid electrolyte  (Papers II-IV). The
composite electrode was also investigated in combination with a poly(methyl
methacrylate) (PMMA, Mn=38.000 g mol-1) based gel electrolyte (Paper IV). In
the latter case, a cell with smaller dimensions was developed and utilised, Fig.
3-2. To avoid short-circuit in the former cell, a spacer made of PTFE was
inserted between the counter electrode and the working electrode.

Fig. 3-1. Schematic illustration of the experimental cell set-up used for measurements

on the composite electrode in liquid electrolyte. The numbers in the figure are given in

cm. we-working electrode, ce-counter electrode and ref-reference electrode.
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Fig. 3-2. Schematic illustration of the experimental cell set-up used for measurements
on the composite electrode in gel electrolyte. The numbers in the figure are given in cm.
we-working electrode, ce-counter electrode and ref-reference electrode.

In the study described in Paper V, a method for facilitating the investigation of
the porous character of the composite electrode was developed. In this method,
the EIS response was measured in front of and behind the electrode
simultaneously. The cell set-up shown in Fig. 3-1 was for these measurements
slightly modified in order to enable the position of an additional reference
electrode, see Fig.1 in Paper V. To obtain electrolytic contact at the back of the
electrode, the aluminium foil was perforated with an array of small holes (~100
µm in diameter, 10 holes/ cm2).

The cell assembly was always assembled in an argon-filled glove box
(MECAPLEX, dew point around T=-91°C), where also the different
electrochemical measurements were conducted. Prior to all series of
measurements, the electrodes were precycled galvanostatically between 3.3 and
4.3 V vs. Li/Li+. A series of LSV was carried out with the composite electrode at
various sweep rates in the region 0.5≤SOD≤1. The measurements were sampled
using a 263 EG &  G potentiostat, controlled by the PC-based software
Headstart®, version 1.70. EIS measurements were carried out at OCP at different
SOD and in the temperature range -3<T<56° C. The experiments were conducted
by using a Solartron 1287 Electrochemical Interface and a Solartron 1255
Frequency Response Analyzer, both controlled by Corrware® and Z-plot®
(Scribner Associates) from a PC. To measure the front and back side impedance
response of an electrode simultaneously, two Solatron 1287 and two Solatron
1255 Frequency Response Analyzers, were used. These experiments were
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controlled by a Labview® program written at the Laboratory of Applied
Electrochemistry, KTH.

3.2. Thin film electrode

The thin film of LiMn2O4 was prepared by the Electrostatic Spray Deposition
Method (ESD), which was first developed by Schoonman et al. [80,81] and
which has been used during the last decade by, among others, Uchida et al. [82-
84] A schematic drawing of the set-up is shown in Fig. 3-3. A DC voltage of 12
kV was applied between a metal capillary nozzle and an electrically conductive
substrate, in this study consisting of a circular shape gold flag with a geometric
surface area equal to 0.2 cm2. A precursor solution, 25 mM LiNO3 and 50 mM
Mn(NO3)2 in ethanol, was pumped through the metal capillary nozzle at a rate of
2 ml h-1. Due to electrostatic forces, the precursor solution was atomised at the
orifice of the nozzle and consequently, a spray was generated and deposited as a
thin layer (thickness: 0.2 µm or 1 µm) on the substrate. The substrate was placed
2.5 cm below the orifice of the capillary nozzle on a hot plate heated to 400 °C.
After complete deposition, the substrate with the film was left on the heated
hotplate to anneal for one hour. The thickness of the thin films were determined
from Scanning Electron Microscopy micrographs (SEM).

Fig. 3-3. Schematic illustration of the Electrostatic Spray Deposition set-up.

The electrochemical measurements were carried out using an airtight
three-compartment glass cell, with the electrode substrate placed at the bottom of
the cell. In order to minimise the background current, the back of the substrate
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was covered with a layer of silicone. Lithium foils (1 cm2) pressed onto nickel
net served as both reference and counter electrodes. The whole cell assembly was
put together in an argon-filled glove-box (dew point = -110 °C). The series of
measurements are briefly described in section 3.3.

3.3. Single particle electrode

To allow the investigation of a single particle of LiMn2O4, a technique first
developed by Bursell and Björnbom [85] for characterising single carbon
particles in alkaline solution, and later on expanded by Uchida et al. [86-89] for
characterisation of solid materials for Li-ion cells, was used. A schematic picture
of the set-up for the single particle measurements can be seen in Fig. 3-4. A
commercial powder of LiMn2O4 particles (Niki Chemicals Co.) was spread on a
separator sheet, which was soaked with the electrolyte solution. This commercial
powder was chosen for its spherical shape particles, which is desirable for further
mathematical evaluation of data (see Ch. 4). A teflon-coated Pt-Rh filament
microelectrode (diameter: 25 µm), serving as current collector, was mounted on
an X-Y-Z micropositioner. The thin layer of teflon coating was used to minimise
the background current. Electrical contact between the single particle and the
filament was obtained by using a manipulator run under microscope observation
(Nikon SMZ-U). In contrast to the cell used with the composite and the thin film
electrodes, the cell used in this study was a two-electrode cell, where the counter
electrode consisted of a lithium foil (1 cm2). Since the surface area of the counter
electrode was very large compared to the surface areas of the single-particles, the
potential of the counter electrode could be assumed to be constant throughout the
series of measurements. Consequently, the counter electrode could herein also
assist as a reference electrode and the measured electrochemical response, i.e.
LSV data (see below), could be attributed to the single particle without any
significant influence from the kinetics of the Li foil. The cell assembly was put
together in the same glove box as the thin film electrode cell described above.
The cell assembly was then placed together with the X-Y-Z-micropositioner, in
an airtight container filled with dry air (dew point=-70 °C) in which the
electrochemical measurements were conducted. The particle size was determined
by optical microscopy using a micrometer scale.
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Fig. 3-4. Schematic illustration of the set-up used for the single-particle measurements.
WE-working electrode and CE-counter electrode.

Prior to the measurements, the thin film electrodes and the single particles were
precycled potentiostatically between 3.3 and 4.3 V vs. Li/Li+. Similar to the
composite electrode, voltammograms of the thin film electrodes and the single
particles were recorded at different sweep rates in the region 0.5≤SOD≤1. The
experiments were sampled by using a potentiostat manufactured by
Hokuto Denko Ltd. Registration of data was either done manually using an X-Y-
recorder followed by digitisation using the software Wacom®, or by using a
home-made software on a PC. EIS measurements were conducted with thin film
electrodes, at fixed potentials, at different SOD using a Solatron 1286
Electrochemical Interface and a Solatron 1260 Frequency Response Analyzer.
The experiments were controlled by Corrware® and Z-plot® PC-software.

3.4. Electrochemical measurements in combination with in situ X-ray
diffraction

To obtain information about concentration changes in LiMn2O4 as the ion
insertion/extraction proceeds, electrochemical measurements were combined
with in situ X-ray diffraction (in situ XRD) measurements. In order to optimise
the statistics of the XRD data collected, it is preferable to have an experimental
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set-up where the entire bulk material is probed simultaneously. The use of flat
Li-ion cells in transmission mode has proved to be particularly convenient [90-
93]. For this reason, the cells applied in this study were flat and flexible laminate
cells consisting of the composite electrode (see electrode preparation procedure
described in Ch. 3.1) prepared on perforated aluminium foil, a Solupor (DMS
Solutech) separator soaked in electrolyte, and a lithium foil as counter electrode.
Another separator soaked in electrolyte was placed on the reverse side of the
perforated current collector, together with a small piece of lithium pressed onto a
nickel strip as reference electrode. This position of the reference electrode allows
the ohmic contribution to the electrochemical response to be minimised. The
stack was vacuum-sealed into a polymer-coated aluminium envelope. Preparation
and assembly were carried out under argon atmosphere in a glove-box (<2ppm
O2/H2O).

Galvanostatic measurements at different current rates were run by using a
MacPileIITM while XRD diffractograms were measured. Additionally, a series of
potential steps were made while diffractograms were obtained. The potential
steps were sampled by an Autolab PGSTAT 30 potentiostat (with Autolab GPES
software version 4.8). A STOE & CIE GmbH STADI position-sensitive detector
(PSD) X-ray powder diffractometer was used for the XRD measurements
(CuKα1 radiation). To optimise the intensity and to achieve acceptable statistics
in the diffractograms during the short exposures (every 1 or 2 minutes;
depending on the discharge rate), all the electrochemical cell components, i.e.
electrode thickness, separator, electrolyte components, and package material,
were tuned. For the same reason, the electrode was in this case, compared to the
other investigations using the composite electrode, relatively thick, i.e. about 70
µm (electrode load ∼7 mg cm-2). The LiMn2O4 (111) peak was monitored in all
experiments due to the need for high intensity. The peaks at higher 2θ angles,
which give a better resolution, could not be used since they are overlapped by the
peaks of the aluminium current collector.
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4. DESCRIPTION OF EVALUATION MODELS

In this thesis, the majority of the experimental data were analysed by
mathematical models. Computer simulations were compared and fitted to data
measured under different experiment conditions. In retrospect, computer
simulations were also a valuable help in the design of new experiments,
including both experimental set-ups and experimental conditions. The models
used are based on relevant equations found in the literature for describing the
kinetic steps involved in the charging and discharging reaction in insertion
compounds, see Ch. 2.2. As can be seen in Ch.5, the models applied in the
different investigations differ somewhat in complexity. The reasons for and the
consequences of this are discussed in Ch.5 and Ch.6, respectively. However, in
the following, all the equations and definitions used for describing the different
physical processes considered are presented. A more detailed description of the
different models can be found in the appended papers.

The electrode reaction considered is identical to the reaction scheme 2.1. The
electrochemical reaction is assumed to be an interfacial charge-transfer reaction
(see Fig. 4-1), where the faradaic current density is described by the
Butler-Volmer expression:
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where i0 is the exchange-current density, which is a kinetic constant determining
the rate of reaction, and αa and αc are the anodic and the cathodic transfer
coefficients, respectively. The reaction is assumed to be symmetrical, and hence
αa=αc=0.5. The parameter η is the overpotential at the electrode surface and is
defined according to

η = −E E0 [4.2]

where E0 refers to the equilibrium potential. θ  denotes the surface fraction of
adsorbed lithium ions and θref its reference state, which is the surface fraction at
equilibrium state. Further, it follows from eq. 4.1 that (1-θ) denotes the vacant
fraction of reaction sites on the surface. In this work, θ is a function of the actual
SOD. The definition of SOD vs. θ is however not the same in the different
papers. In Papers I-II, θ varies between 0 and 1 corresponding to 0.5 and 1 in
SOD, respectively. In Papers III-V, θ is assumed to be equal to SOD. Further, the
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influence from potential phase-transfer reaction, e.g. transformation of lithium
ion from adsorbed to absorbed state [66,67], is thus in this work assumed to be
included in the total interfacial resistance which is wholly confined to the charge-
transfer expressed by eq. 4.1.

The exchange-current density, i0, can be expressed as a function of SOD and
electrolyte concentration according to:
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where k0 denotes the rate constant and ce,max is the lithium concentration in the
electrolyte. In this study, k0 is defined at θ=0.5 in 1 M Li+ electrolyte
concentration.

If a high time-resolution technique, such as for example EIS, is used or if the
potential is swept at very high scan rates with electrodes of a high surface area,
one needs to take into account a significant contribution to the total current from
the electrochemical double layer charging. The double layer current is considered
to behave as a capacitor, defined as:

i C
dE

dtdl dl= [4.4]

and it can therefore be treated separately from the faradaic current. However, the
local resulting current consists of the sum of the faradaic and the double layer
current, expressed as

i i itot f dl= + [4.5]

In this work, the double layer capacitance, Cd l, corresponds to the total
capacitance of the electrode material. This means that the double layer
capacitance of the composite electrode consists of contributions of double layer
capacitance from the active material itself and from the Shewinigan black.

The transport of the lithium ions in the solid phase is described by a diffusion
process which is assumed to obey Fick’s law, formulated as:

∂
∂
C

t
D C= ∇2 [4.6]
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The composite electrode used in this work was found to be highly porous, see
Fig. 5-10a in Ch. 5.2, and consequently, a potential distribution within the
structure leading to a distribution of reaction rate along the depth of the electrode
had to be considered. In the present work, the effects due to the porosity are
assumed to be limited to those which are caused by ohmic effects in the solid (1)
and/or the liquid (2) phase of the electrode expressed as:

i
d

dxi i
i= −κ
φ

 i=1,2 [4.7]

where φ and κ are the potential and the effective conductivity in the respective
phase. Limitations in mass transport of lithium ions in the electrolyte phase, i.e.
migration and diffusion, have thus been assumed to be insignificant. This was
motivated by the combination of using rather thin electrodes (see the different
appended papers) with the fact that the transport in the solid phase has generally
been reported to be significant slower than the transport in the pore electrolyte.
Further, the effective conductivity in the electrolyte phase can be related to the
conductivity in the free electrolyte by the Bruggeman relation [77], eq. 4.8,
where ε is the porosity:

κ κ ε2 2
1 5= ,
.

free  [4.8]

As is shown in Ch. 5.2, the current collector seems to significantly contribute to
the EIS response measured with a composite electrode. This contribution has in
this work been described by a resistance, Rcc, related to the contact between the
current collector and the electrode material, see Fig. 4-1. The parameter Rcc is
then coupled to a double-layer capacitance, Cdlcc. It should be noted that Cdlcc is
separated from Cdl in eq. 4.4. For a detailed description of the full impedance
models, see Appendices B and C in Paper III.



Description of evaluation models
______________________________________________________________________

26

Fig. 4-1. A schematic picture of the potential gradients in the porous electrode and an
illustration of the different reaction steps related to each single electrode particle
described in this chapter.
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5. RESULTS

In this chapter, a summary of the results from Papers I-VI is presented. The text
is divided into sections, where each section presents results related to a specific
technique, i.e. LSV, EIS and galvanostatic and potentiostatic experiments in
combination with in situ XRD, respectively.

5.1. Linear sweep voltammetry

As stated in Ch. 2.2, most researchers have in their analysis of transients
measured with insertion compounds focused on diffusion of lithium ions within
the oxide, assuming that solid-phase diffusion is the rate-controlling process. In
the case of LSV, the analysis has under this assumption very often been limited
to the peak current and/or peak potential, thus utilising only a very small fraction
of available data [37,38,43,86]. As has been reported during the recent years, the
prevailing rate limiting step(s) of LiMn2O4 seems however to be more complex
than a diffusion process and therefore, a more thorough analysis of the whole
voltammogram was called for.

Ch. 5.1 is focused on the results presented in Paper II. The purpose was to
examine if the rate-limiting steps of LiMn2O4 could be identified by LSV.
Measurements were carried out over a large range of sweep rates using thin
films, single particles and a composite electrode. To evaluate the data,
mathematical models based on solid-phase diffusion (eq. 4.6), interfacial charge-
transfer (eq. 4.1) and an external iR-drop were used, see Paper I. Double-layer
charging (eq. 4.4) was neglected in this study. This was motivated by the
relatively poor time resolution of the LSV technique compared to EIS.
Furthermore, in contrast to the model used in Papers III-V, no effects related to
the porosity (eq. 4.7) within the composite electrode were included. The
consequence of this simplification will be discussed in Ch. 6.

5.1.1. Analysis of peak potential and peak current

The kinetic study was entirely focused on the potential region 4.05 - 3.3 V. The
reason for this was to limit the investigation to what has been established to be a
single-phase region, since the model description used does not consider any two-
phase transport behaviour, see Ch. 2.2. Typical cathodic scans collected at
different sweep rates in the single-phase region together with simulated fitted
curves, which will be discussed later, are shown in Fig. 5-1 and 5-2 for the
different electrode systems. The bell-shaped curves at low sweep rates indicate a
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close-to-equilibrium system. At higher sweep rates, a very large peak potential
shift is evident.
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Fig. 5-1. Linear sweep voltammograms collected at various sweep rates, ν, measured

(thin line) in the potential region ≈4.05-3.3 V vs. Li/Li+, with thin film electrodes  (a)

0.2 µm film (b) 1 µm film, at (1) 0.20 mV s-1, (2) 10 mV s-1, (3) 224 mV s-1. Included in

the figure are the corresponding fitted data (thick line).
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Fig. 5-2. Linear sweep voltammograms collected at various sweep rates, ν, measured
(thin line) in the potential region ≈4.05-3.3 V vs. Li/Li+, with (a) single particle
(diameter= 27 µm), at (1) 0.050 mV s-1, (2) 0.20 mV s-1, (3) 3 mV s-1, (b) composite
electrode  (1) 0.025 mV s-1, (2) 0.050 mV s-1, (3) 0.25 mV s-1. . Included in the figure are
the corresponding fitted data (thick line).
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As a first approach to elucidate the rate-determining processes taking place in the
electrode material, the peak potential, Ep, and the peak current, Ip, were plotted as
a function of sweep rate in Fig. 5-3a and b, respectively. One of the purposes of
this work was to study the influence of the characteristic diffusion length. The
characteristic diffusion length is herein assumed to be equal to the particle radius
and the film thickness for the single particles and thin film electrodes,
respectively. The composite electrode is assumed to be built up by homogenous
particles and the characteristic length is in this case approximated to be equal to
the average particle radius. Now, the influence of characteristic length is evident
in Fig. 5-3a. The larger the characteristic length, the larger the potential peak
shift obtained at a given sweep rate. Furthermore, in Fig. 5-3b, two lines have
been inserted, with a slope of 1 and 1/2. These slopes are expected for finite and
semi-infinite diffusion, respectively, neglecting all other possible rate-limiting
processes. Comparing the experimental data with these lines, the composite and
the single particles seem to be limited by semi-infinite diffusion even at the
lowest sweep rates. For the thin film electrodes, a transition from finite towards
semi-infinite mass transfer is indicated. These results are in line with the
differences in characteristic length.

Before any conclusions can be drawn, it is important to simultaneously compare
Fig. 5-3a and b with the theoretically predicted behaviour. In this study, this was
accomplished by comparison with simulated data (see Paper I). Although Fig.
5-3b may indicate a pure mass-transfer limitation, this conclusion is not
sufficient as the only explanation, in view of the observed peak potential shifts in
Fig. 5-3a. Such a model would namely result in a potential plateau of Ep at higher
sweep rates. Likewise, a model based on solid-phase diffusion and interfacial
charge transfer limitation alone cannot explain the response when comparing all
electrode systems. In this case, the curves of Ep vs. ν should coincide at higher
sweep rates, where all mass transfer is confined to the outermost part of the
particles or films, i.e. a semi-infinite diffusion behaviour. This is not observed in
Fig. 5-3a. From these observations, it can thus be concluded that at least one
additional process is of kinetic significance in the insertion reaction of LiMn2O4.
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Fig. 5-3. (a) Peak potential, Ep, as a function of sweep rate, ν, measured with the studied
electrode systems. (b) Peak current/total amount of charge, Ip/Qmax as a function of
sweep rate, ν, for the studied electrode systems. � 0.2 µm thin film no. 1, � 0.2 µm
thin film no. 2, � 1 µm thin film, � single particle (diam=27 µm), � single particle
(diam=33 µm), ∆ composite electrode.
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5.1.2. Fitting of data

The possibility that the large shift in Ep could be caused by a large iR-drop was
also examined by fitting a model based on not only solid-phase diffusion and
interfacial charge transfer, but also on an external iR-drop, to the LSV data, see
Figs. 5-1 and 5-2. In contrary to the indications of the well-developed
semi-infinite diffusion behaviour for the single particles and the composite
electrode seen in Fig. 5-3b, the concentration profiles of the respective simulated
data clearly indicate that semi-infinite diffusion was not reached for the particle
and the composite electrode at the lowest sweep rates. However, the observed
slope close to 1/2 in Fig. 5-3b may be explained by the influence of either charge
transfer or iR-drop. Such influences may change the slope so that it becomes
between 1 and 1/2, even if finite diffusion is still valid. However, from the fitted
value of the exchange-current density (i0>500 A m2), it was established that the
limitation in interfacial charge-transfer is insignificant, thereby indicating that the
iR-drop may play a significant role.

The fittings enabled determination of the solid-phase diffusion coefficient and
the iR-drop, Fig. 5-4a and b. Although the values of D are reasonable in relation
to those found in the literature (see Table 2-1), the distribution is large for the
different electrode systems. The values seem to be very dependent on the
characteristic length and sweep rate. This behaviour was also found for the fitted
iR-drop.
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Fig. 5-4. (a) Solid-phase diffusion coefficient, D, and (b) iR-drop, Ru, as a function of
sweep rate, ν, for the studied electrode systems determined from fitting of LSV data
collected in the potential region ≈4.05-3.3 V vs. Li/Li+, � 0.2 µm thin film no. 1, � 0.2
µm thin film no. 2, �  1 µm thin film, � single particle (diam=27 µm), ∆ composite
electrode.

Possible contributions (i.e. electrolyte resistance, contact resistance, resistance in
the microelectrode) to the iR-drop for the different electrode systems were
estimated by calculations and/or EIS. It was concluded that the fitted iR-drop for
the thin films could at least partly be attributed to electrolyte resistance, whereas
for the composite and the single particles, the observed contributions to the iR-
drop would only result in a minor contribution to the total fitted iR-drop.
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A systematic change of the fitted diffusion coefficient and iR-drop with electrode
thickness/particle size might be explained by differences in structure. These
differences may be due to different electrode preparation methods, see Table 2-1,
and/or, when comparing the thin films of various diffusion lengths, a structure
that is even dependent on the thickness. Furthermore, a falling diffusion
coefficient with decreasing diffusion length has also been found by Choi et al.
[94], who explained this behaviour in terms of a raised impeding
insertion-induced stress gradient across a smaller diffusion length. Another
suggestion for explaining this trend of D could be that the LiMn2O4 particles are
actually soaked with electrolyte and consequently, the characteristic diffusion
length should in this case be equal to the radius of the primary particles of the
particle agglomerate instead of, as is assumed in this work, the radius of the
particle agglomerate [44]. However, the observed pronounced dependence on
sweep rate cannot be rationalised, even though a similar trend has previously
been reported in the literature [75]. This result indicates that the use of this model
is an oversimplification when describing the reaction mechanism. However, it
should be noted that this model can still fairly well describe the behaviour for
one type of electrode over a narrow range of sweep rates. In all, this study clearly
shows the importance of varying the sweep rate over a large range in
combination with the use of electrode systems with large differences in
characteristic diffusion length. In addition, the value of analysing the whole
voltammogram with a mathematical model, instead of using only the peak
current and/or the peak potential, is well illustrated.
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5.2. Electrochemical impedance spectroscopy

As can be seen in Ch. 2.2, various models have been proposed in order to explain
the EIS behaviour for an insertion compound. However, it seems to be generally
agreed that the medium-to-low frequency semicircle generally observed for a
composite electrode is caused by lithium insertion (or absorption) into the
electrode, or charge transfer at the electrode surface, while the origin of the high-
to-medium frequency semicircle has not been clarified. To gain more insight into
this matter, EIS measurements were run with a large number of LiMn2O4

electrodes under different experimental conditions, i.e. SOD, temperature,
electrolyte composition, type of current collector, characteristic diffusion length
and electrode geometry. For analysis, a mathematical EIS model, briefly
described in the following, was derived and fitted to the experimental data. Ch.
5.2 is a summary of the results from Papers III-V.

5.2.1. Identification of time-constants

Fig. 5-5 and Fig. 5-6 show the variation with SOD and electrolyte concentration
for typical impedance spectra measured with a composite electrode prepared on
an aluminium (Al) current collector. In these figures, simulated results are also
included which will be discussed later on in this chapter. As seen, the high-to-
medium frequency semicircle shows small variations with SOD, and no
significant dependence on electrolyte concentration, whereas, the medium-to-low
frequency semicircle shows a pronounced dependence on both SOD and
electrolyte concentration. Another important feature of the latter semicircle, in
contrast to the high-to-medium frequency semicircle, is that it has an angle of
about 45° to the real axis, which in general is attributed to potential distribution
due to porous electrode behaviour [95].
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Fig. 5-5. Simulated vs. experimental Nyquist plots obtained at various SOD with a
composite electrode of LiMn2O4 prepared on a non-carbonised Al current collector in
LiBF4/2:1 EC:DMC. � experimental data � simulated data, SOD=0.3, � experimental
data � simulated data, SOD=0.7.
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Fig. 5-6. Simulated vs. experimental Nyquist plots obtained with a composite electrode
of LiMn2O4 prepared on a non-carbonised Al current collector at around SOD=0.3 at
different electrolyte concentrations of LiBF4/2:1 EC:DMC. �  experimental data �
simulated data in 0.5 M, � experimental data � simulated data in 1 M, ▲ experimental
data ∆ simulated data in 2 M.
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Furthermore, Figs. 5-7 and 5-8 present equivalent simulated data plotted together
with experimental data measured with a thin film electrode put on a gold current
collector. In contrast to the composite electrode, only a single high-to-medium
frequency semicircle can be observed. The semicircle shows a significant
dependence on potential and electrolyte concentration.
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Fig. 5-7. Simulated vs. experimental Nyquist plots obtained at various SOD in 1 M
LiBF4/1:1 PC:EC with a thin film electrode (thickness:0.2 µm). � experimental data �
simulated data, SOD=0.3, � experimental data � simulated data, SOD=0.9.
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Fig. 5-8. Simulated vs. experimental Nyquist plots obtained at SOD=0.3 in various
electrolyte concentrations of LiBF4/1:1 PC:EC with a thin film electrode (thickness:0.2
µm). � experimental data � simulated data in 0.5 M, � experimental data � simulated
data in 1 M, � experimental data ∆ simulated data in 2 M.

Figs. 5-9a and b show examples of Nyquist plots and Bode plots (i.e. the phase
angle is plotted against the logarithm of the frequency), respectively, measured
with a composite electrode prepared on two different current collectors, a
carbonised and a non-carbonised aluminium current collector. From these
figures, it was established that the high-to-medium frequency semicircle is
related to the current collector and that the medium-to-low frequency semicircle
is attributable to the active electrode material. A similar conclusion has been
reported by Arora et al. [75], but as previously stated, there are other
interpretations. It should however be underlined that the results reported herein
do not exclude that suggested EIS contributions, from e.g. SEI and/or particle-
particle contact (Ch. 2.2), do exist, but these cannot according to our work be
distinguished from the resistance related to the current collector. Anyhow, in the
literature it can be seen that two semicircles, similar to the ones observed in this
study, are obtained most commonly for an electrode applied on aluminium
[58,64,71], on stainless steel [62,67,69] or nickel [68]. In contrast, when gold is
used, only one semicircle is seen [61,96]. As is well-known, all these metals,
except for gold, are rather poor conductors at around 4 V vs. Li/Li+ due to a
surface oxide layer, which contributes with a significant resistance. Treating the
aluminium with carbon, however, seems to improve the contact between the
active electrode material and the current collector and consequently, as stated
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above, no significant contribution of the current collector to the impedance
response is seen within the frequency range applied.
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Fig. 5-9. a) Nyquist plots and b) Bode plots obtained with a composite electrode
prepared on � a non-carbonised and � a carbonised Al-current collector, respectively,
at SOD=0.7 in 1 M LiBF4/2:1 EC:DMC.

5.2.2. Analysis by mathematical model

As a consequence of the results displayed in Figs. 5-5—5-9, a mathematical
model, taking into account, besides the kinetics of the electrode material (eq. 4.1-
4.6), possible impedance contribution from the current collector, was developed
and fitted to the experimental data. In the case of the composite electrode,
potential distribution due to finite conductivity in the pore electrolyte (κ2) (eq.
4.7) was considered, since this electrode was observed, by Scanning Electron
Microscopy (SEM), to have a highly porous structure, Fig. 5-10a. In contrast, the
thin film electrode was analysed under the assumption that the electrode behaves
as a planar electrode. The latter was motivated by the small thickness of these
electrodes (0.2 and 1µm) and compactness as seen by SEM, see Fig. 5-10b.
Further, the conductivity in the solid phase was assumed to be infinite for both
the composite electrode (due to added carbon black) and the thin film electrode
(due to the compactness). All the details concerning the derivation of the
mathematical model are described in Appendices B and C in Paper III.
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(a)

(b)

Fig. 5-10. A SEM micrograph of a typical cross-section of (a) a composite electrode (b)
thin film electrode (0.2 µm). In order to fit the cell-holder, the thin film electrode was,
in contrast for the electrochemically investigated thin film electrodes, prepared on a
platinum sputtered silicon wafer.
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According to the model, the high-to-medium semicircle, observed in Figs. 5-5
and 5-6, is attributable to the contact resistance between the current collector and
the electrode material, while the medium-to-low frequency semicircle, measured
using both the composite and the thin film electrodes, reflects the interfacial
electrode kinetics. Finally, the sloping line at low frequencies, is related to the
solid-phase diffusion.

Examples of fitting results are displayed in Figs. 5-11 and 5-12 where the fitted i0

and D-values, respectively, are plotted as a function of SOD for different
electrolyte compositions. Since the model is derived for a single-phase region,
the kinetic parameter values obtained in the two-phase region can be considered
as apparent parameters, thus representing average values in this region, whereas
the parameter values are the real values in the single-phase region. For the
composite electrode, i0 was found to be in the range of 0.4-1.6 A m-2, exhibiting
for the majority of data an almost constant value in the two-phase region and
then, a monotonously decreasing value with increasing SOD in the single-phase
region, Fig. 5-11. Furthermore, it can also be concluded that the larger the
electrolyte concentration, the larger the fitted value of i0. The latter observation is
in good agreement with the model predictions, eq. 4.3. In addition, the model’s
parabolic dependence on SOD with a maximum in i0 at SOD=0.5 seems to agree
fairly well with the fitted data in the single-phase region.
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Fig. 5-11. The exchange current density, i0, as a function of SOD determined for the
composite electrode (prepared on a non-carbonised Al-current collector) in various
electrolyte compositions. � 0.5 M ■ 1 M ▲ 2 M LiBF4/2:1 EC:DMC (same sample of
electrode was used for the three Li+-concentrations in LiBF4/2:1 EC:DMC), � 1 M
LiClO4/1:1 PC:EC. Enclosed in the figure are also simulated predictions of i0 as a
function of SOD (eq. 4.3) for (a) 0.5 M, (b) 1 M and (c) 2 M Li+ electrolyte solutions. k0

used in the simulations, was calculated using the corresponding average values of i0

determined at SOD=0.4 and 0.6 in 1 M LiBF4/2:1 EC:DMC.
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For the thin film electrode, i0 was found to vary between 4 and 22 A m-2,
depending on the electrode sample and electrolyte composition used. Further, it
was seen that the variation with SOD is quite similar to that observed for the
composite electrode, whereas the variation with electrolyte concentration is less
evident. The largest fitted i0-value was found for 1 M LiBF4 and the lowest for
0.5 M LiBF4.
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Fig. 5-12. The solid-phase diffusion coefficient, D, as a function of SOD determined for
the studied electrode systems in various electrolyte compositions. Composite electrode
(prepared on a non-carbonised Al current collector) in � 0.5 M LiBF4/2:1 EC:DMC, �
1 M LiBF4/2:1 EC:DMC, ◊ 2 M LiBF4/2:1 EC:DMC, + 1 M LiClO4/1:1 PC:EC, thin
film electrode (electrode thickness given in parentheses) in � 1 M LiClO4/1:1 PC:EC (1
µm), � 1 M LiClO4/1:1 PC:EC (0.2 µm), � 0.5 M LiBF4/1:1 PC:EC (0.2 µm), ◆ 1 M
LiBF4/1:1 PC:EC, (0.2 µm) ▼ 2 M LiBF4/1:1 PC:EC (0.2 µm).

Moreover, the fitted values of D vary within a rather broad range (6·10-15-1·10-17

m2 s-1). This parameter indicates a significant decline with increasing SOD in the
two-phase region, with a minimum found at around SOD=0.5 and then a
monotonously increasing value in the single-phase region, Fig. 5-12. This
behaviour connected with SOD could however partially be a consequence of the
mathematical model used. No significant variation with electrolyte composition
can be seen, indicating that the fitted value of D mainly can be attributed to the
solid phase. Furthermore, the significant variations in D between the samples
could partly be explained by difficulties in determining the particle size and the
electrode thickness.

EIS measurements were also run with a composite electrode in combination with
a PMMA-based gel electrolyte (Paper IV). No significant differences between
the kinetic parameter values obtained in the gel and the corresponding liquid
electrolyte could be observed, see Table 5-1.  This suggests that the presence of
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24 wt% PMMA does not have a significant impact on the kinetic properties of
LiMn2O4.

Table 5-1. Fitted parameter values obtained with a composite electrode of LiMn2O4 at
ambient temperature in 1 M LiBF4/1:1 EC:DEC and 1 M LiBF4/24 wt% PMMA/1:1
EC:DEC.

Fitted parameter 1 M LiBF4

/1:1 EC:DEC

1 M LiBF4

/24 wt% PMMA/1:1 EC:DEC1

Rcc/ ohm m2 0.0095 0.020

Cdlcc/ F m-2 0.014 0.019

i0/ A m-2 1.3 1.5

Cdl / F m-2 8.3 8.4

D / m2 s-1 9.8 *10-16 1.5*10-15

κ2 0.008 0.005

1the average value of results fitted to 3 EIS measurements conducted at ambient

temperature.

Fig. 5-13 shows experimental and fitted simulated Nyqvist plots, respectively,
obtained with the composite electrode in the gel electrolyte at various
temperatures. The model was found to fit fairly well to the data obtained at all
temperatures. The high-to-medium frequency semicircle is rather constant with
temperature, thus indicating, according to the model, that the contact resistance at
the interface current collector/electrode material is independent of the
temperature. On the contrary, the medium-to-low frequency semicircle shows a
strong dependence on the temperature, i.e. the higher the temperature, the smaller
the semicircle, which is in accordance with eq. 4.1.
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Fig. 5-13. Simulated (O) vs. experimental (x) Nyquist plots obtained with a composite
electrode of LiMn2O4 prepared on a non-carbonised Al-current collector in 1 M LiBF4

/24wt% PMMA/1:1 EC:DEC at SOD=0.7 at various temperatures.

The fitted exchange-current density indicated an Arrhenius behaviour and the
apparent activation energy was estimated to be 65 kJ mol-1, Fig. 5-14a. An
approximate Arrhenius behaviour was also found for the solid-phase diffusion
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coefficient, indicating an apparent activation energy of about 45 kJ mol-1, Fig.
5-14b, which is in line with what is considered to be a typical value for diffusion
in similar insertion electrodes [97].
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Fig. 5-14. (a) The exchange-current density, i0 and (b) the solid-phase diffusion
coefficient, D, as a function of T-1 determined for a composite electrode of LiMn2O4 in 1
M LiBF4 /24 wt% PMMA/1:1 EC:DEC at SOD=0.7. The arrows indicate the variation
of parameter value due to time-evolution during the time of the series of
measurement≈120 h. (�) the average value of results fitted to 3 EIS measurements
conducted at T=28°C.
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According to the model, the effective conductivity κ2 can be evaluated from the
slope of the high-frequency intercept of the medium-to-low frequency semicircle,
observed in Figs. 5-5,5-6 and 5-13. Thus, to enable a determination of κ2, a
pronounced separation of the two semicircles is needed. This was achieved for
the measurements conducted in liquid electrolyte (Paper III), and for the
experiments where the gel electrolyte was used at 10≤T≤28°C (Paper IV). The
value of κ2 was determined to be of the same order in the two electrolytes:
0.002≤κ2≤0.008 S m-1. It was concluded that this value of κ2, judging from the
estimated porosity by using eq. 4.8 as well as the determined activation energy
(34 kJ mol-1), is reasonable in gel electrolyte. In liquid electrolyte, on the other
hand, this value cannot be rationalised since this would correspond to a very low
electrode porosity because the conductivity in the free liquid is about a decade
higher than in the gel. This difference in results is not reasonable since similar
electrodes were used in both liquid and gel electrolyte.  Thus, the relevance of κ2

and hence, the original of the “~45º slope” observed at high frequencies for the
medium-to-low frequency semicircle in Figs. 5-5, 5-6 and 5-13 was found to be
difficult to resolve from this type of investigation.

5.2.3. Differential impedance

To clarify the accuracy of the determined value of κ2 and hence, the separation
between the time constants related to the local kinetics and the effect of a
possible potential distribution in the composite electrode, an EIS method,
utilising an additional reference electrode positioned behind the electrode, was
applied. This allowed a second impedance response to be measured, i.e. the EIS
response between the composite and the reference electrode at the back. All the
details about the theoretical background of this method are described in Paper V.
To vary the potential distribution in the electrode, measurements were conducted
at various temperatures. The results obtained with a composite electrode prepared
on the carbonised aluminium foil in liquid electrolyte are displayed in Fig. 5-15.
In the diagrams, a third impedance is also inserted, which is the calculated
difference between the impedance measured at the front and the backside of the
electrode, i.e. the differential impedance (Zdiff). By comparing the magnitude of
∆Zdiff, i.e. the difference between the low and high frequency limits of Zdiff, with
the equivalent magnitude of the impedance measured at the front and at the
backside, respectively, important conclusions about the electrode’s behaviour can
be drawn. At 3≤T≤28°C, the electrode seems to behave close to planar since
∆Zdiff is only a few percent, i.e. about 10 %, of the measured front and backside
impedance. In this respect, it should be underlined that a small value of ∆Zdiff

does not necessarily mean that κ2 is non-limiting. Simulated results (Paper V)
have shown that a small value of ∆Zdiff may also be an indication of that the
quotient κ1/κ2 approaching unity (see the following discussion). However, at T=
55 °C, a potential distribution becomes significant, i.e. ∆Zdiff is of the same order
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as the front and backside data. This is a consequence of faster local kinetics at
higher temperatures.
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Fig. 5-15. The EIS response measured at the front (�) and at the back (�) together
with the calculated differential impedance (◊) obtained with a LiMn2O4 composite
electrode prepared on a carbonised Al current collector at various temperatures.
Included in the figure are also simulated fitted curves (thick line).

The model was also fitted to the data. It was established that the model could fit
fairly well to the front and the backside impedance for 3≤T≤28°C, both
simultaneously and when each data was treated separately. At T=55 °C, the fit
was somewhat poorer. The fitted local kinetic parameters were found to agree
very well with the previous EIS investigations, including both the results
obtained in gel and liquid electrolyte. An interesting feature is that κ2 was
determined to be in the range of a couple of mS m-1 (when the front and backside
EIS responses were fitted simultaneously), thus, similar to previously reported.
However, the fact that ∆Zdiff is relatively small at T≤28°C, strongly indicates that
the determined local kinetic parameters are actually representing the real local
kinetics, without significant influence from the potential distribution.
Consequently, it can be concluded that the obtained value of κ2 is of minor
significance for this type of electrode. Furthermore, this result illustrates how the
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inclusion of a second set of data strengthen the interpretation of a measured
impedance response.

Moreover, the model was found not to be sufficiently detailed to enable fitting to
Zdiff (Fig. 5-15). These poor fits may partially be a consequence of ∆Zdiff being
relatively small and therefore, any experimentally related errors become very
influential. However, Zdiff shows some interesting features from a qualitative
view-point, see Fig. 5-16. The imaginary part of the differential impedance shifts
from negative to positive as the temperature increases in most of the frequency
range. According to simulations (Paper V), this could indicate an increasing
impact from the solid-phase conductivity since the liquid-phase conductivity
decreases with temperature whereas the solid one remains virtually constant. To
further investigate this, the conductivity of the free electrolyte was measured as a
function of temperature, Fig. 5-17. As seen, there is a transition to a significantly
lower conductivity at 11-14 °C. This temperature region corresponds well to the
temperature where the differential impedance shifts from negative to positive for
the imaginary part. Thus, this would mean that the conductivity in the liquid and
the solid phases are of the same order. The latter was supported by an ex-situ
estimation of κ1, i.e. in the range of 0.5 S m-1. Another feature of the differential
impedance is that the imaginary part at low frequencies is negative at all
temperatures applied. It is believed that this effect is caused by mass transfer
within the pore electrolyte; a process not included in the model. However, to
ascertain the indications given by the differential impedance behaviour described
in this paragraph, thicker electrodes and, in the case of a limiting κ1, electrodes of
various solid-phase conductivities, need to be studied.
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Fig. 5-16. Enlargement of the differential impedance, Zdiff, obtained at different
temperatures displayed in Fig. 5-15. (a) T=3 °C (b) T=13 °C (c) T=28 °C (d) T=55°C.
The filled circle indicates the response obtained at the lowest frequency applied.
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Fig. 5-17. Conductivity of the free electrolyte (1 M LiBF4/ 2:1 EC:DMC) as a function
of temperature.
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5.3. In situ XRD in combination with electrochemical measurements

The study of ion-insertion processes in electrode materials has been shown to be
particularly amenable to in situ X-ray diffraction (XRD) methods [90,98]. The
advantage lies in its ability to monitor structural changes in the active electrode
material as ion insertion or extraction proceeds. This, combined with
simultaneous electrochemical measurements, provides valuable information
inaccessible in ex situ studies on the relationship between structure and the
electrochemical properties. It is thus believed that such an investigation would be
a good complement to the previous works of this thesis for investigating the
factors limiting the kinetics of LiMn2O4 (Paper VI). This was done by comparing
galvanostatic discharge experiments measured at various rates (i.e. C/10, C/3 and
2C) and potential step experiments, while monitoring the behaviour of the
LiMn2O4 (111) peak. All the details concerning the analysis of the in situ XRD
results are described in paper VI. The variation of the LiMn2O4 (111) peak
measured in the C/10 experiment was assumed to represent a close-to-
equilibrium state with which the data observed at faster charge/discharge rates
were compared.

The amount of capacity obtained for C/10 (Q=2.52 mAh), C/3 (Q=2.50 mAh)
and 2C (2.47 mAh) decreased slightly with increasing discharge rate.  It was
concluded from the XRD analysis that the variation of the (111) diffraction peak
at C/3 and 2C is similar to that observed at C/10 and that no significant
difference in the full-with-half-maximum (FWHM) values could be
distinguished. It is well-known that, in a single phase, FWMH is determined by
(1) instrumental broadening, (2) particle-size broadening, i.e. particles smaller
than ~100 nm result in peak broadening, and (3) time resolution; an average over
a longer time gives a broader peak in dynamic electrochemical systems [99]. In
addition, a significant peak broadening is expected if any lithium concentration
gradients exists within the electrode material due to an existing distribution in
cell parameter. These gradients may exist (4) inside the particles as a
consequence of fast charge/discharge rates, and/or (5) perpendicular to the
electrode surface along the thickness of the electrode. In this work, the factors
(1)-(3) were constant in the different measurements, while the latter two could
vary. The fact that FWMH was found to be rather constant for the measurements
indicates however that gradients in the electrode were small, even at the highest
rate applied. This is in contrast to what was reported by Yang et al. [100], who
observed peak broadening already at C/6, with an active cathode loading of the
same size as in our experiments. This may be partially explained by differences
in cell configuration and/or electrode structure (e.g. particle size, particle-size
distribution and porosity) as a result of different electrode preparation methods.
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Fig. 5-18. Current transients followed potential steps obtained with a composite
electrode. (A) 3.6-4.3 V, (B) 4.22-3.6 V, (C) 4.3-4.05 V, (D) 4.05-3.6 V vs. Li/Li+.
Dotted lines are simulating curves fitting experimental data to a model based eq. 4.6.
Arrows indicate the point after which no further structural changes could be observed
from the (111) peak.

Assuming an insignificant resistance at the electrode/electrolyte interface, an
applied potential step forces the potential at the surface of a particle of the active
electrode material to become equal to the final potential, contrary to the situation
in a galvanostatic experiment. Consequently, the surface concentration should
become the same as the corresponding final SOD instantly, or at a very short
time after the step has been taken (t<<1 min). Thereafter, the electrode material
relaxes continuously while the concentration of the entire electrode material
becomes the same as the final SOD. It was thus expected that a potential step
would result in the development of a range of cell parameters during the
relaxation. This was not observed for any of the applied potential steps, however.
On the contrary, the variation of the diffraction peak was shown to be similar to
that observed in galvanostatic cycling experiments; the position of the LiMn2O4

(111) peak moves continuously from SOD 0% to SOD 100%, even though the
potential steps correspond to fast charge/discharge rates. Nevertheless, the charge
passing through the cell corresponds well with that obtained at a slower constant-
current cycling rate. The finding that no trace of the structure corresponding to
the final potential of the step (LiMn2O4 or λ-MnO2) is observed prior to total
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relaxation points to that the rate-limiting step cannot be the movement of a
phase-boundary [45,46] nor solid phase diffusion, as described by Fick’s law.
The latter was further supported by the fact, as observed by others [47,52], that a
model based on eq. 4.6 did not fit to the experimental current transients, see Figs.
5-18.a-d. Attempts were also made to fit a model including interfacial charge
transfer (eq. 4.1) to the transients, but this provided no improvement. Further, the
influence of an external iR-drop can be assumed to be negligeable since the
reference electrode was positioned at the reverse side of the electrode (see Ch.
3.4.).
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6. DISCUSSION

Various electrode configurations of LiMn2O4 have been investigated with several
techniques with large differences in inherent properties. Parameters reflecting
local kinetics, as well as electrode preparation have been considered. In this
chapter, the results of the different studies are compared and discussed. The
combination of all results (Papers I-VI) serves as a critical examination of the
most commonly used description(s) in the literature. All together this leads to
valuable insights into the rate-limiting steps in the charging and discharging
process in an electrode based on LiMn2O4 and similar insertion compounds.

6.1. Validity of model assumptions and results

6.1.1. Electrode parameters

In order to understand the origin of the rate-limiting step(s) in any porous
electrode, it is, as stated in Ch. 1.2, of outmost importance to extract the effects
related to the local kinetics from the effects that are attributable to the electrode
preparation. In this respect, it may be confusing to find that different model
assumptions concerning the influence of different electrode parameters have been
used in the EIS and LSV analyses, respectively. The reasons and the
consequences of these different model assumptions are discussed in the
following.

In the case of the LSV analysis, in contrast to the EIS analysis, no effects related
to the porous nature of the composite electrode (i.e. limiting effective
conductivity) were included in the model. In general, an electrode of porous
nature may lead to a distortion and a broadening of the current response, just as
any other distributive effect such as a particle size distribution, etc. The reason
for excluding this effect in the analysis in this case was to simplify the relatively
complex numerical calculations needed for the simulation of an LSV response.
Judging from the conclusions drawn from the analysis of the differential
impedance at ambient temperature (Paper V) together with the results obtained
by in situ XRD (Paper VI), this simplification seems to be reasonable. In the case
of the in situ XRD investigation, one should remember that no evidence of a
limiting conductivity in the liquid phase of the porous electrode was detected,
even though the electrode was about twice as thick as the composite electrode
used in the other works of this thesis (Papers II-V).
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Another simplification of the LSV model, compared to the one used for the EIS
analysis, is the absence of the contact resistance between the electrode material
and the current collector. Even if this effect has not been investigated, it is most
likely that such a resistance would have been difficult to distinguish from any
other iR-drop due to the relatively poor resolution of the LSV technique. It is
thus believed that any existing Rcc is merged into the total fitted iR-drop
presented in Fig. 5-4b. Thus, the conclusions given in Ch. 5.1 are believed, in
spite of this model simplification, still to be valid.

An effect not included in any of the used analysis models is the mass transport in
the pore electrolyte. As shown by Doyle et al. [76], this process may have an
impact on the EIS response at low frequencies and hence, it may have had an
influence on the determination of the solid-phase diffusion coefficients which are
presented in Ch. 5.2. As was said in Ch. 4, the motivation for excluding this
effect was the usage of thin electrodes in combination with the fact that the
transport in the solid phase has been reported to be significantly slower than the
transport in the pore electrolyte. This assumption seems to be appropriate
considering that no significant variation with electrolyte conductivity was found
for D. The latter was primarily indicated by the result that almost the same values
of D were obtained in liquid and in gel electrolytes, even though the conductivity
in the gel was determined to be about a decade lower than the conductivity in the
corresponding liquid electrolyte. However, the effect of mass transport, as the
effect of any other distributive process due to a porous electrode structure needs
to be further examined by investigating the electrochemical response of thicker
electrodes in combination with electrodes of various solid-phase conductivities.
In this respect, the impedance method in which one measures the impedance at
the front and backside of the electrode simultaneously may become valuable.

To summarise this paragraph, the composite electrodes used in this work seem to
behave almost as planar electrodes, indicating that the local kinetic parameters
determined in the different studies are comparable, even though the model
assumptions differed somewhat with respect to possible influences from the
electrode parameters.

6.2.2. Local kinetic parameters

As stated in Ch. 2.2, the local kinetics of LiMn2O4 is determined by the rate of
the electrochemical reaction and the solid-phase transport. Judging from the
results presented in Ch. 5.3 (Paper VI), it seems as these reaction steps are
relatively fast, since a very good utilisation of the LiMn2O4 electrode was
achieved at high rate charging and discharging. Thus, LiMn2O4 seems to be a
very promising electrode material for high-power batteries.
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But which is/are the rate-limiting step(s) in the charging and discharging of
LiMn2O4? Which processes do we have to consider in order to simulate the
dynamic behaviour of an LiMn2O4 electrode? The relative importance of the
different reaction steps in a kinetic model of LiMn2O4 seems to depend strongly
on the technique used and the experimental conditions. As long as the deviation
from equilibrium is small, one needs to take into account both a significant
influence from the electrochemical reaction and the solid-phase transport. This
was evidenced by the EIS spectra obtained with the composite and thin film
electrodes, where the charge transfer resistance and the impedance related to the
solid-phase transport were shown to be of approximately the same magnitude.
However, it should be noted that parameters such as the particle size or the film
thickness of the electrode, and the temperature influence the relative impact of
these processes. If the particle size or the film thickness increases, the impedance
due to the solid-phase transport is expected to increase and hence, should play a
more important role in the total electrode impedance. The influence of the
temperature is indicated by the apparent activation energy of the different
processes. Judging from the results obtained in this work, it seems as the charge
transfer becomes more favoured by an increase in temperature than the
solid-phase transport. Likewise, a decrease in temperature leads to the opposite.

From the text given above, it is thus concluded that the electrochemical reaction
and the solid-phase transport both need to be considered around a steady-state,
but how should they be described in a mathematical model? And, are the model
equations also appropriate for simulating the electrode behaviour when a large
step is taken from equilibrium? Thus, the question is whether the following
approximations are appropriate or not:

-assuming that the electrochemical reaction can be described with an interfacial
reaction, as described by the Butler-Volmer equation (eq. 4.1).
-assuming that the solid-phase transport can be described by a diffusion process,
as described by Fick’s law (eq. 4.6).

No significant improvement in the fittings could be obtained by introducing the
Butler-Volmer equation into the model used in the analysis of the current
transients. Furthermore, in the LSV case, the large fitted values of the
exchange-current density even indicated that any limitation in charge transfer is
insignificant. Since the separation of the different time constants was found to be
relatively poor for the transient techniques, it is herein difficult to resolve
whether these results are pointing to the Butler-Volmer equation being a
non-appropriate description for the electrochemical reaction and/or if the
description of the solid-phase transport is too poor. The EIS analysis was
however found to give more information on this matter, provided that the
deviation from equilibrium is small. With respect to the variation with electrolyte
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concentration, SOD and temperature, respectively, found for the determined
value of the exchange-current density it seems that the Butler-Volmer equation is
a reasonable approximation for describing the electrochemical reaction, around a
steady-state. Furthermore, compared to the literature, see Table 2-1, the fitted
values of i0 obtained for both the composite and the thin film electrodes, by the
EIS investigation, seem to be plausible. The observed differences in magnitude
between the values reported in this work compared to those found in the
literature may be explained by differences in the estimation of the real electrode
surface area.

According to the literature (see Table 2-1), it seems as the magnitudes of the
solid-phase diffusion coefficients determined in this work by fitting to the EIS
data are fairly reasonable. These low values of D (i.e. 10-15-10-17 m2/s) do not
however seem to be plausible considering the relatively short relaxation times of
the measured current transients in combination with the estimated characteristic
diffusion length of the composite electrode (i.e. l=4 µm) (Ch. 5.3). Much larger
values of D are thus to be expected for this material, i.e. at the lowest in the range
of 10-14 m2/s (estimated from the characteristic diffusion time-constant τ=l2/D). In
this respect, it is also important to consider the conclusion drawn from the XRD
analysis. The fact that no concentration gradients could be observed by XRD
during any of the transients suggests that the solid-phase diffusion, as described
by Fick’s law, is not even rate-determining. Still, it should be noted that the
sloping line observed at low frequencies in every measured EIS spectrum is a
separated time constant and it behaves as expected for a typical diffusion process
(Ch. 5.2). The low values found for D could thus be a consequence of the used
model assumptions. Another characteristic feature of LiMn2O4 is that its transient
behaviour (Ch. 5.3) seems to be strongly dependent on the applied potential,
which cannot be predicted by eq. 4.6. For example, the cathodic and anodic
transients measured over the potential region 3.6-4.3 V vs. Li/Li+ were seen to
differ significantly both with respect to shape and the total relaxation time.
Another example is the fact that the total relaxation time to reach SOD=0.5 was
found to be more than twice as long as the total relaxation time to reach SOD=1
from a fully charged state (λ-MnO2), thus, indicating that the magnitude of the
potential step plays a significant role in the rate-limiting step(s). The importance
of the magnitude of the potential step was also indicated by the finding that the
value of D, determined by the fittings to the LSV data, was seen to increase
significantly with increasing sweep rate (Ch. 5.1).

In all, it can from these results be concluded that Fick’s law, as described in eq.
4.6, is an oversimplification for describing the solid-phase transport in LiMn2O4.
A possible reason that may partially explain the failure of using eq. 4.6 is that
this relation requires that the activity can be substituted with concentration and
thereby, any Li-Li interaction or Li-host interaction is assumed to be non-
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significant. A consequence of this is often that a concentration-dependent
diffusion coefficient is found. Indeed, as has been shown in this work (see Ch.
5.2), so also by others (see Table 2-1), D seems to vary significantly with SOD in
LiMn2O4. The influence from interactions between the inserted lithium ions in
LiMn2O4 was most recently, as mentioned in Ch. 2.2, considered by Kim et al.
[52] by the use of Monte Carlo simulations. They found however, resembling the
findings of this work, that the lithium transport is not simply controlled by
solid-phase diffusion of lithium ions. Instead, cell-resistance was suggested to
govern the transient behaviour. Another possible explanation to the dynamic
behaviour of LiMn2O4 is migration limitations, since the results of the present
work indicate that the potential drop in the solid material plays an important role
[12].

6.2. Final remarks

So what can we learn from this thesis? The answer to this question depends of
course on the perspective from which you read this work. For someone working
in the field of synthesis of new battery materials, this work may hopefully help in
the choice of a first approach for investigating the kinetics of a material. Among
the techniques that have been applied in this work, EIS seems to be the best
suited technique to use in order to separate time constants of different physical
processes involved in the charging and discharging of LiMn2O4. For the same
reason, EIS also seems to be of great value for battery manufacturers. For
example, only by EIS was it possible to distinguish between different kinetic
reaction steps and a resistance related to the current collector. Last, for someone
working with whole-cell modelling, this thesis illustrates the value of validating
the different model assumptions by experimental data. In this respect, it is very
important to investigate the kinetics of each battery component separately and
also, for each component, to work at different levels of detail.

In summary, the results of this thesis work illustrate the importance of analysing
a large number of electrodes by various techniques, with significantly different
inherent properties, over a wide range of different experimental conditions. It has
been shown that erroneous conclusions can easily be drawn if the investigation is
limited to solely one technique or if the variation of experimental conditions, e.g.
discharge rate, is too narrow.
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7. CONCLUSIONS

The kinetics of single particles, thin films and composite electrodes of LiMn2O4

have been investigated. Various electrochemical techniques with very different
properties have been applied. In addition, the electrochemical response of the
composite electrode was studied in combination with in situ X-ray diffraction.
The combination of all results allowed several important conclusions on the
rate-limiting steps in the charging and discharging of LiMn2O4 to be drawn. This
work also serves as a critical examination of the generally used analysis model(s)
for interpretation of the dynamic behaviour of this and similar insertion
compounds.

The results can be summarised as follows.

• A good utilisation of a composite electrode was obtained at high rate charging
and discharging, indicating that the kinetics of LiMn2O4 is fast and
consequently, that LiMn2O4 is a promising electrode material for high-power
batteries.

•  A model based on solid-phase diffusion, interfacial charge-transfer and an
external iR-drop was found to be too simple for describing the
insertion/extraction reaction over a large range of sweep rates/discharge rates.
However, it was seen that the model can still fairly well describe the
behaviour for a single type of electrode over a narrow range of sweep rates.

•  No evidence of lithium concentration gradients in the solid material of a
composite electrode could be detected by in situ XRD during high rate
charging/discharging. This result excludes solid-phase diffusion and also
phase-boundary movement, as described by Fick’s law, as the rate-limiting
step.

• Electrochemical impedance spectroscopy (EIS) was found to be a well-suited
technique for separating different physical processes involved in the
insertion/extraction reaction of LiMn2O4. From the analysis of the EIS data, it
was concluded that

• the EIS response is strongly dependent on the current collector used
and thus, that a contact resistance between the current collector and
the active electrode material needs to be taken into account for in the
evaluation of experimental data.

• according to the literature, reasonable values of the exchange-current
density and solid-phase diffusion coefficient were determined for
various states-of-discharge, electrolyte concentrations and
temperatures.
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• the presence of 24 wt% PMMA does not have a significant impact 
on the local kinetic properties of LiMn2O4.

•  the separation between time constants of processes related to the
material’s intrinsic kinetic properties and porous electrode effects
can be greatly improved by including a second reference electrode,
positioned behind the electrode, in the electrochemical cell.

This work shows the great value of analysing a large number of data measured
under different experimental conditions with several techniques using a
mathematical model, even if a simplified one. The results show however that
better understanding of the prevailing rate-determining steps is still needed
before a good model, capable of predicting all types of charge and discharge
cycles, can be developed.
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LIST OF SYMBOLS

C dimensionless concentration of lithium
c concentration of lithium, mol m-3

Cdl double-layer capacitanceI, F m-2

Cdlcc double-layer capacitance related to the current collectorII, F m-2

D diffusion coefficient in the solid-phase, m2 s-1

E potential, V
E0 equilibrium potential, V
F Faraday’s number, As mol-1

i0 exchange current densityI, A m-2

idl double layer current densityI, A m-2 I

if faradaic current densityI, A m-2

itot total current densityI, A m-2

K effective conductivity, S m-1

k0 rate constant, mol0.5 m-0.5 s-1

R gas constant, J mol-1 K-1

Rcc resistance related to the current collector II, ohm m2

t time, s
T temperature, K
Z’ real part of the impedanceII, ohm m2

Z’’ imaginary part of the impedanceII, ohm m2

Zloc local impedanceI, ohm m2

Greek
αa, αc anodic and cathodic transfer coefficient
θ surface fraction of lithium

Subscript
1 solid phase
2 liquid phase
f faradaic
geom geometric surface
max maximal
ref reference state

I In this work, the value is based on the real electrode surface area, estimated from the
average particle size, the mass and the density of the active electrode material.
II In this work, the value is based on the geometric surface area.



64



65

REFERENCES

[1] R. Moshtev, B. Johnson, J. Power Sources, 91, (2000) 86.
[2] B. Scrosati, Electrochim. Acta, 45 (2000) 2461.
[3] T. Kodama, H. Sakaebe, J. Power Sources, 81-82 (1999) 144.
[4] U. Köhler, J. Kümpers, M. Ullrich, J. Power Sources, 105 (2002) 139.
[5] A.M. Lackner, E. Sherman, P. O. Braatz, J.D. Margerum, J. Power Sources,

104 (2002) 1.
[6] Y. Nishi, J. Power Sources, 100 (2001) 101.
[7] M.S. Vreeke, D.T. Mah, C.M. Doyle, J. Electrochem. Soc., 145

(1998) 3668.
[8] S. Hossain (Ch. 36 ), in D. Linden (Ed.) “Handbook of Batteries”, 

University Press (Belfast) Ltd., 1995.
[9] J.M. Tarascon, M. Armand, Nature, 414 (2001) 359.
[10] P.G. Bruce, Phil. Trans. R. Soc. Lond. A, 354 (1996) 1577.
[11] D. Pletcher (Ch.1), in “Microelectrodes: Theory and Applications”, M.I. 

Montenegro, M. A. Queirós, J.L. Daschbach (Eds), Kluwer Academic 
Publishers, Netherlands, 1991.

[12] W. Weppner (Ch.8), in P.G. Bruce (Ed.) “ Solid State Electrochemistry”, 
Cambridge University Press, Cambridge, 1995.

[13] P.G. Bruce, Chem. Commun., 19 (1997) 1817.
[14] M.S. Whittingham, J. Electrochem. Soc., 123 (1976) 315.
[15] T. Ohzuku, A. Ueda, Solid State Ionics, 69 (1994) 210.
[16] G.X. Wang, J. Horvat, D.H. Bradhurst, H.K. Liu, S.X. Dou, J. Power 

Sources, 85 (2000) 279.
[17] T. Ohzuku, T. Yanagawa, M. Kouguchi, J. Electrochem. Soc., 142 

(1995) 4033.
[18] K.K. Lee, W.S. Yoon, K.B. Kim, J. Electrochem. Soc., 148 (2001) A1164.
[19] J. Cho, G. Kim, H. Lim, J. Electrochem. Soc., 146 (1999) 3571.
[20] G.T.K. Fey, W.H. Yo, Y.C. Chang, J. Power Sources, 105 (2002) 82.
[21] M.M Thackery, W.I.F. David, P.G. Bruce, J.B. Goodenough, Mater. Res. 

Bull., 18 (1983) 461.
[22] M.M. Thackery, J. Electrochem. Soc., 142 (1995) 2558.
[23] J.H. Lee, J.K. Hong, D.H. Jang, Y.K. Sun, S.M. Oh, J. Power Sources, 89

(2000) 7.
[24] J.M. Tarascon, E. Wang, F.K. Shokoohi, W.R. McKinnon, S. Colson,

J. Electrochem. Soc, 138 (1991) 2859.
[25] P.G. Bruce, M.Y. Saidi, J. Electroanal. Chem., 322 (1992) 93.
[26] M.M. Thackery, Prog. Solid State Chem., 25 (1997) 1.
[27] T. Ohzuku, M. Kitagawa, T. Hirai, J. Electrochem. Soc., 137 (1996) 769.



66

[28] H. Berg, J.O. Thomas, Solid State Ionics, 126 (1999) 227.
[29] W. Liu, K. Kowal, G.C. Farrington, J. Electrochem. Soc., 145 (1998) 459.
[30] S.I. Pyun, J. Corros.Sci.Soc. of Korea, 28 (1999) 1.
[31] A.J. Bard, L.R. Faulkner, “Electrochemical methods: fundamentals and 

applications” 2nd ed., John Wiley &Sons, N.Y. (2000).
[32] J.R. Macdonald, in “Impedance Spectroscopy, Emphasizing Solid 

Materials and Systems”, John Wilney & Sons, N.Y. (1987).
[33] J. Barker, R. Pynenburg, R. Koksbang, J. Power Sources, 52 (1994) 185.
[34] J. Barker, K. West, Y. Saidi, R. Pynenburg, B. Zachau-Christiansen, R.

Koksbang, J. Power Sources, 54 (1995) 475.
[35] S. Waki, K. Dokko, T. Itoh, M. Nishizawa, T. Abe, I. Uchida, Solid State 

Ionics, 4 (2000) 205.
[36] K.A. Striebel, C.Z. Deng, S.J. Wen, E.J. Cairns, J. Electrochem. Soc., 143 

(1996) 1821.
[37] A. Rougier, K.A. Striebel, S.J.Wen, E.J. Cairns, J.Electrochem. Soc. , 145 

(1998) 2975.
[38] D. Guyomard, J.M. Tarascon, J. Electrochem. Soc., 139 (1992) 937.
[39] K. Dokko, M. Nishizawa, M. Mohamedi, M. Umeda, I. Uchida, J. Akimoto,

Y. Takahashi, Y. Gotoh, S. Mizuta, Electrochem. and Solid-State Lett., 4 
(2001) A151.

[40] L. Chen, X. Huang, E. Kelder, J. Schoonman, Solid State Ionics, 76 

(1995) 91.

[41]  M. Wakihara, L. Guohua, H. Ikuta, T. Uchida, Solid State Ionics, 86-88 

 (1996) 907.
[42] D.A. Totir, B.D. Cahan, D.A. Scherson, Electrochim. Acta, 45 (1999) 161.
[43] D. Zhang, B.N. Popov, R.E. White, J. Electrochem. Soc., 147 (2000) 831.
[44] E. Deiss, D. Häringer, P. Novák, O. Haas, Electrochim. Acta, 46 (2001) 

4185.
[45] Y.M. Choi, S.I. Pyun, J.M. Paulsen, Electrochim. Acta, 44 (1998) 623.
[46] S.I. Pyun, Y.M. Choi, J. Power Sources, 68 (1997) 524.
[47] S.I. Pyun, S.W. Kim, J. Power Sources, 97-98 (1998) 371.
[48] H.C. Shin, S.I. Pyun, Electrochim. Acta, 45 (1999) 489.
[49] M.H. Lee, S.I. Pyun, H.C. Shin, Solid State Ionics, 140 (2001) 35.
[50] H.C. Shin, S.I. Pyun, S.W. Kim, M.H. Lee, Electrochim. Acta, 46 (2001) 

897.
[51] H.C. Shin, S.I. Pyun, Electrochim. Acta, 46 (2001) 2477.

[52] S.W. Kim, S-I. Pyun, Electrochim. Acta, 47 (2002) 2843.

[53] M.D. Levi, E. Levi, D. Aurbach, M. Schmidt, R. Oesten, U. Heider, J. 

Power Sources, 97-98 (2001) 525.
[54] M.D. Levi, D. Aurbach, Electrochim. Acta., 45 (1999) 167.
[55] M.D. Levi, G. Salitra, B. Markovsky, H. Teller, D. Aurbach, U. Heider, L. 

Heider, J. Electrochem. Soc., 146 (1999) 1279.



67

[56] M.D. Levi, K. Gamolsky, D. Aurbach, U. Heider, R. Oesten,
J. Electrochem. Soc. 147 (2000) 25.

[57] A. Antonini, C. Bellitto, M. Pasquali, G. Pistoia, J. Electrochem. Soc., 145 
(1998) 2726.

[58] D. Aurbach, M.D. Levi, E. Levi, H. Teller, B. Markovsky, G. Salitra, U. 
Heider, L. Heider, J. Electrochem. Soc., 145 (1998) 3024.

[59] P. Arora, B.N. Popov, R.E. White, J. Electrochem. Soc., 145 (1998) 807.
[60] G. Pistoia, A. Antonini, R. Rosati, D. Zane, Electrochim. Acta, 41

(1996) 2683.
[61] M. Mohamedi, D. Takahashi, T. Uchiyama, T. Itoh, M. Nishizawa, I. 

Uchida, J. Power Sources, 93 (2001) 93.
[62]  M.G.S.R. Thomas, P.G. Bruce, J.B. Goodenough, J. Electrochem. Soc., 

132 (1985) 1521.
[63]  J.P. Meyers, M. Doyle, R.M. Darling, J. Newman, J. Electrochem. Soc., 

147 (2000) 2930.
[64] F. Cao, J. Prakash, Electrochim. Acta, 47 (2002) 1607.
[65] F. Nobili, R. Tossici, F. Croce, B. Scrosati, R. Marassi, J.Power Sources, 

94 (2001) 238.
[66] P.G. Bruce (p.87), in B. Scrosati et al. (Ed.) “Fast Ion Transport Solids”

Kluwer Academic Publishers, Netherlands (1993).
[67] P.G. Bruce, A. Lisowska-Oleksiak, M.Y. Saidi, C.A. Vincent, Solid State 

Ionics, 57 (1992) 353.
[68] H. Li, Z. Lu, H. Huang, X. Huang, L. Chen, Ionics, 2 (1996) 259.
[69] Y.M. Choi, S.I. Pyun, J.S. Bae, S.I. Moon, J. Power Sources, 56 (1995) 25.
[70] Y.J. Park, J.G. Kim, M.K. Kim, H.G. Kim, H.T. Chung, Y. Park, J. Power 

Sources, 87 (2000) 69.
[71] Z. Liu, J.Y. Lee, H.J. Lindner, J. Power Sources, 97-98 (2001) 361.
[72] T.F. Fuller, M. Doyle, J. Newman, J. Electrochem. Soc., 141 (1994) 1.
[73] T.F. Fuller, M. Doyle, J. Newman, J. Electrochem. Soc., 141 (1994) 982.
[74] M. Doyle, J. Newman, A.S. Gozdz, C.N. Schmutz, J.M. Tarascon, 

J.Electrochem. Soc., 143 (1996) 1890.
[75] P. Arora, M. Doyle, A.S. Gozdz, R.E. White, J. Newman, J. Power 

Sources, 88 (2000) 219.
[76] M. Doyle, J.P. Meyers, J. Newman, J. Electrochem. Soc., 147 (2000) 99.
[77]  J. Newman, “Electrochemical systems”, 2nd ed. Prentice hall, Englewood 

Cliffs, NJ (1991).
[78] O. Yamada, M. Ishikawa, M. Monta, Electrochim. Acta, 45 (2000) 2197.
[79] M. Dollé, F. Orsini, A.S. Gozdz, J.M. Tarascon, J. Electrochem. Soc., 148 

(2001) A851.
[80] C.H. Schen, E.M. Kelder, M.J.G. Jak, J. Schoonman, Solid State Ionics, 86-

88 (1996) 1301.
[81] C. Chen, E.M. Kelder, J. Schoonman, J.Electrochem.Soc.,144 (1997) L289.



68

[82] M. Nishizawa, T. Uchiyama, K. Dokko, K. Yamada, T. Matsue, I. 
Uchida, Bull. Chem. Soc. Jpn, 71 (1998) 2011.

[83] T. Uchiyama, M. Nishizawa, T. Itoh, I. Uchida, J. Electrochem. Soc., 
147 (2000) 2057.

[84] M. Nishizawa, T. Uchiyama, T. Itoh, T. Abe, I. Uchida, Langmuir, 15 
(1999) 4949.

[85] M. Bursell, P. Björnbom, J. Electrochem. Soc., 137 (1990) 363.
[86] K. Dokko, M. Nishizawa, I. Uchida, Denki Kagaku, 12 (1998) 1188.
[87]  I. Uchida, H. Fujiyoshi, S. Waki, J. Power Sources, 68 (1997) 139.
[88] K. Dokko, S. Horikoshi, T. Itoh, M. Nishizawa, M. Mohamedi, I. Uchida, J.

Power Sources, 90 (2000) 109.
[89] M. Nishizawa, I. Uchida, Electrochim. Acta, 44 (1999) 3629.
[90]  S. Mukerjee, T.R. Thurston, N.M. Jisrawi, X.Q. Yang, J. McBreen, J. 

Electrochem. Soc., 145 (1998) 466.
[91] A.H. Whitehead, K. Edström, N. Rao, J.R. Owen, J. Power Sources, 63 

(1996) 41.
[92] T. Gustavsson, J.O. Thomas, R. Koksbang, G.C. Farrington, Electrochim. 

Acta, 37 (1992) 1639.
[93] Ö. Bergström, T. Gustavsson, J.O. Thomas, J. Appl. Cryst., 31 (1998) 103.
[94] Y.M. Choi, S.I. Pyun, Solid State Ionics, 99 (1997) 173.
[95] R. De Levie, Electrochim. Acta, 9 (1964) 1231.
[96] Y. Iriyama, M. Inaba, T. Abe, Z. Ogumi, J. Power Sources, 94 (2001) 175.
[97] N. Kumagai, K. Satodate, K. Tanno, Denki Kagaku, 62 (1994) 56.
[98] P. Strobel, M. Anne, Y. Chabre, M.R. Palacin, L. Seguin, G. Vaughan, G

Amatucci, J.M. Tarascon, J. Power Sources, 81-82 (1999) 458.
[99] B.D. Cullity, “Elements of X-ray Diffraction”, 2nd ed, Addison-Wesley 

Publ. Company, INC (1978).
[100] X.Q. Yang, X. Sun, S.J. Lee, J. McBreen, S. Mukarjee, M.L. Daroux, X.K. 

Xing, Electrochem. Solid-State Lett., 2 (1999) 1157.


	ABSTRACT
	ABSTRACT
	LIST OF PAPERS
	SUMMARY
	TABLE OF CONTENTS
	1. INTRODUCTION
	2. CATHODE MATERIALS
	3. EXPERIMENTAL
	4. DESCRIPTION OF EVALUATION MODELS
	5. RESULTS
	6. DISCUSSION
	7. CONCLUSIONS
	ACKNOWLEDGEMENT
	LIST OF SYMBOLS
	REFERENCES




