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ABSTRACT

In this work LiFePO, lithium ion battery cathode material and its thin
films have been studied. The possibilities of improving electrochemical
properties and rate capability of LiFePO, were analysed by optimizing the
synthesis conditions and experimenting with reduced graphene oxide electron-
conducting additive. LiFePO, thin films were obtained, their composition,
structure, morphology and electrochemical properties were analysed. The
model of sequential LiFePO, particle charge and discharge was analysed
and improved in context of LiFePO, bulk material and thin films. The results
give extensive understanding of lithium insertion and de-insertion processes
taking place in LiFePO, cathode and demonstrates pre-requisites necessary for
improving the rate capability of LiFePO,.

Keywords: Lithium ion batteries; LiFePO,; cathode; thin films
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1. INTRODUCTION

1.1. Overview

Lithium ion battery is one of the most popular rechargeable battery types.
LiFePO, is a lithium jon battery cathode material which was initially forecast
to be a good candidate for low power lithium ion batteries [1]. However, due to
several advances in LiFePO, preparation, mostly involving the use of electron-
conducting additives [2] and grain size reduction [3], LiFePO, has become
one of the most promising high power lithium ion battery electrode materials.
LiFePO, has high charge capacity, excellent stability [4] and outstanding
cyclability [5], which is ensured by the small volume changes that LiFePO,
undergoes during lithium insertion and extraction [1, 6]. Although LiFePO,
is one of the most researched lithium ion battery cathode materials, there are
still several uncertainties about its fundamental working principles [7]. The
possibilities of improving its physico-chemical properties are also still being
actively studied [7-11].

Further improvement of LiFePO, rate capability (the ability of a LiFePO,
cathode to rapidly insert and extract lithium) can be a determining factor for
the use of LiFePO, in mass-produced lithium ion batteries. One of the most
simple ways of improving LiFePO, rate capability is improving its low electronic
conductivity (10° S/cm [12-14]) by using electron conducting additives. For
this purpose carbon additives are often used [15-22]. Due to recent progress
[23], graphene is becoming more researched and more readily available.
Graphene has one of the largest room temperature electronic conductivities
[24]. Although it has previously been shown that graphene can be used as an
electron-conducting additive for lithium ijon battery materials with good
results [9, 25-44], it is still not completely understood what grain structure of
LiFePO, — graphene or reduced graphene oxide (rGO) composites is more
desirable [45]. Some studies suggest that the most effective structure in terms
of improved electrochemical properties is a homogenous mix of LiFePO,
particles and rGO sheets [26-28, 33-35, 46]. However, other researchers
consider the structure with rGO sheets wrapping LiFePO, grains to be the most
optimal one [9, 29, 31]. Some studies claim that LiFePO, particles anchored
on rGO sheets and possibly chemically bonded to the rGO sheets is the best
LiFePO, - rGO composite in terms of rate capability and other electrochemical
properties [30]. Due to different GO and LiFePO, preparation methods used,
a direct comparison between the individual studies is not possible. In this
work LiFePO, - rGO nanocomposites with various grain structures have been
obtained. The connection between the grain structure and physico-chemical
properties of the composite has been studied.



In a broader sense, a precise understanding of lithium insertion and
extraction in LiFePO, can provide a significant contribution in improving its
rate capability and other electrochemical properties [47]. During charge and
discharge lithium rich and lithium poor phase can exist in a Li,FePO, grain
simultaneously [48-51], and there are several models that describe how the
two phases can be distributed within the single LiFePO, grain [1, 52-56]. There
can also be lithium rich and lithium poor grains in a Li,FePO, electrode at an
equilibrium state [53, 54, 57]. However, until now it has not been convincingly
demonstrated how the lithium is distributed in Li FePO, electrode during the
charge and discharge. This work attempts to demonstrate it by using in-situ
X-ray absorption spectroscopy imaging.

Several papers that are studying sequential LiFePO, particle charge and
discharge by conducting electrochemical measurements have recently been
published [58-61]. Sequential lithiation and de-lithiation of LiFePO, grains
is made possible by the non-monotonic lithium chemical potential - lithium
content x in LiFePO, dependence [47, 59], LiFePO, standard electrode
potentials varying with grain sizes [62, 63] and due to the fact that there is not
equally good electronic contact between all LiFePO, grains and the current
collector [59]. LiFePO, thin film is a unique system for use in fundamental
electrochemical experiments. However, it has not been done before. In a
thin film it is not necessary to use electron-conducting additives or binders,
therefore creating a homogenous system in which a significant number of grains
are in direct contact with both the current collector and electrolyte. The analysis
of a material with this unique grain structure can provide a deep understanding
of various electrochemical phenomena, especially about the non-vanishing
voltage hysteresis that has been based on the assumption of sequential LiFePO,
particle charge and discharge [59, 60].

While providing a unique grain structure, LiFePO, thin films also have
advantages connected with practical applications. Thin film electrodes can easily
be obtained on substrates of various shapes. Additionally the energy density
of thin film battery electrodes is higher than many conventional lithium ion
battery electrodes [64]. There are several studies that demonstrate the possibility
of creating a thin film lithium ion battery [65-67]. Due to the small volume
changes during lithiation and de-lithiation (approximately 5 % [6]), LiFePO, is
an excellent candidate for use in all-solid thin film lithium ion batteries. In this
work LiFePO, thin film deposition with pulsed laser deposition and magnetron
sputtering has been studied by analysing physico-chemical properties of the
obtained thin films and the possible optimization of the deposition techniques.



1.2. Scientific Novelty of the Work

In this work LiFePO, lithium ion battery cathode and its physico-
chemical properties have been extensively studied. The little studied influence
of preparation technique and grain structure on physico-chemical properties
of LiFePO, - rGO has been researched. LiFePO,/C/rGO material that is an
excellent candidate for high power and high capacity lithium ion batteries has
been prepared. Thin films with one of the largest charge capacities reported
in literature have been deposited. For the first time several electrochemical
phenomena characteristic to the sequential grain-by-grain charging and
discharging have been studied in the unique grain structure of LiFePO,
thin films. Sequential charging and discharging of LiFePO, bulk electrode
particles has been demonstrated. The unique combination of the experimental
methods used in this work provides experimentally based knowledge that
can significantly contribute to further LiFePO, and other lithium ion battery
material development and their physico-chemical property optimization.

1.3. Aim and Objectives of the Work

The aim of this work is to expand the understanding of working principles
of LiFePO, lithium ion battery cathode material. The obtained knowledge would
provide a potential to increase the rate of lithium insertion and extraction
of LiFePO, and potentially other two phase lithium insertion and extraction
cathodes.

In order to achieve the aim of this work, following objectives have been put
forward:

« Obtain LiFePO,/C/reduced graphene oxide composites and analyse their
physico-chemical properties in connection with their preparation technique

 Deposit LiFePO, thin films and analyse their physico-chemical properties

o Experimentally analyse sequential grain charging and discharging in
LiFePO, bulk material

 Verify the conformity of sequential charging and discharging model for

LiFePO, thin films with the help of low and very low current galvanostatic

experiments



2. LITERATURE REVIEW

2.1. Lithium Ion Battery

A Lithium Ion Battery is a device that can convert the chemical
energy stored in its active materials directly into electric energy by using
electrochemical oxidation - reduction reactions [68]. It is composed of one or
more electrochemical cells that are connected in parallel, series or in a mixed
circuit. Electrochemical cell is a basic unit of a battery, it is composed of an
anode or a negative electrode, a cathode or a positive electrode and electrolyte —
an ionic conductor and electronic insulator located between the two electrodes.
Lithium ion battery is based on the transport of lithium ions between the
cathode and the anode.

Mostly owing to the previous research of lithium ion conducting electrodes
[69-71], in 1991 the first mass produced lithium ion battery was introduced
to the market by Sony [72]. Due to several improvements, the capacity of the
advanced lithium ion batteries has almost tripled [73]. Currently lithium
ion batteries are being used in portable electronics, power tools and hybrid
and electric vehicles [74, 75]. Although lithium ion battery is one of the most
popular battery types in the world, serious advancements in the technology
itself is still required. Most of the progress made in the field of lithium ion
batteries is based on material research [76, 77].

2.2.LiFePO, Lithium Ion Battery Cathode Material

Phosphate compounds, such as LiFePO,, are a relatively new class of
lithium jon battery cathode materials. LiFePO, was first reported in 1997 [1].
These compounds have orthorhombic crystal lattice — the structure is shown in
Fig. 2.1. In mineralogy this structure is
called triphylite. Lithium ions in LiFePO,
are located in a one dimensional chains
or one dimensional channels in [010]
crystallographic direction.

Experiments have proven that in
comparison with other transition metals
which are used in LIMPO, (M - transition
metal), best electrochemical properties
are shown by M = Fe [11]. LiFePO, is
also the cheapest to produce from the
viewpoint of the cost of raw materials.

Fig 2.1. LIMPO, structure, transition
LiFePO, is the least toxic when compared  metal M ions are blue, P ions are

with other LiMPO, materials [79]. In yellow, Li ions are red [78]
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addition to that, LIMPO, is also a chemically stable class of materials — the risk
of thermal runaway for batteries with LiMPO, cathodes is very low. Due to
the small volume changes during cycling the cyclability is very good. This has
promoted the use of LiFePO, in transportation applications — electric and hybrid
vehicles [80, 81]. The electronic conductivity of LiFePO, is 10° S/cm [12-14],
and it is several orders of magnitude lower than the electronic conductivities of
most other popular cathode materials. The experimentally determined effective
chemical diffusion coefficient of lithium in LiFePO, is 10° — 108 cm?*/s, although
it depends on the lithium stoichiometry (state of charge) of LiFePO, [12, 82-84].

One of the most important parameters characterizing LiFePO, is its rate
capability or the ability to rapidly insert and extract lithium from the material.
Often carbon electron-conducting additives are used in order to improve the rate
capability of LiFePO, [15-22]. They not only improve the rate capability but also
allow to avoid impurity phases and to decrease the LiFePO, grain size [11]. Other
ways of improving the rate capability is decreasing the grain size by modifying the
synthesis [85], coating with lithium ion conducting additives [86] and preparing
LiFePO, composites with other lithium insertion and extraction materials [87, 88].

Due to recent research advances [23], graphene is becoming more researched
and more readily available. Graphene has one of the highest room temperature
electronic conductivities [24]. Usually because of the relatively simple preparation
and its hydrophilicity graphene oxide (GO) is used in the preparation of graphene
composites. GO is usually reduced to form reduced graphene oxide (rGO) after
the initial mixing step. Although it has previously been shown that graphene can
successfully be used as an electron-conducting additive in lithium ion battery
materials [9, 25-44], it is still not completely understood what grain structure
of LiFePO, - graphene or reduced graphene oxide (rGO) composites is more
desirable [45]. Some studies suggest that the most effective structure in terms of
improved electrochemical properties is a homogenous mix of LiFePO, particles
and rGO sheets [26-28, 33-35, 46]. However, other researchers consider the
structure with rGO sheets wrapping LiFePO, grains to be the most optimal one
[9,29,31]. Some studies claim that LiFePO, particles anchored on rGO sheets
and possibly chemically bonded to the rGO sheets is the best LiFePO, - rGO
composite in terms of rate capability and other electrochemical properties [30].
Due to different GO and LiFePO, preparation methods used, a direct comparison
between the individual studies is not possible.

According to the Gibbs™ phase rule and the LiFePO, galvanostatic charge
and discharge curves, at low lithium concentrations in LiFePO, electrode
a solid solution LigFePO, (B - positive, close to 0) is formed. Similarly at high
lithium concentrations Li, ,FePO, (a - positive, close to 0) is formed. However,
at intermediate lithium concentrations (f < x < 1 - a) a mixture of both phases
can be observed - a two-phase system is formed [49-51]. The boundary at which
Li,FePO, transforms from solid solution to a two-phase system or from the two-
phase system to solid solution depends not only on the temperature but also on
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the particle size, as reducing particle size leads to an increased surface area—mass
ratio and therefore increases the relative amount of energy necessary for the
creation of a two phase interface [62, 89]. Additionally the equilibrium potential
of LiFePO, also depends on the particle size [62, 89-91].

A chemical potential of lithium for a single particle is shown in Fig. 2.2.
Chemical potential 4 and Gibbs’ free energy G can be related via x — the amount
of lithium in Li,FePO, (0 < x < 1):

o6 _

Ox
The chemical potential of lithium y in LiFePO, is connected with the electric
potential E of LiFePO,;:

u, (2.1)

E=-*+E, (2.2.)

e
where the constant e — elementary charge, E, — standard electrode potential.
It is assumed that during a galvanostatic low current experiment Li chemical
potential follows the red curve seen in Fig. 2.2., as the lithium content in Li;FePO,
solid solution increases. At some point the separation of lithium rich Li, ;FePO,
phase and lithium poor LizFePO, phase occurs, and therefore a rapid decrease
of the lithium chemical potential takes place. By inserting additional lithium in
the two phase Li;FePO,/Li, ,FePO, material the amount of both phases changes
but lithium concentration within these phases remains constant, therefore the
chemical potential remains constant until the moment when the electrode has
reached overall stoichiometry Li, ,FePO,. At this point the Li;FePO, phase is not
present any more, and further insertion of lithium changes the stoichiometry
of Li, FePO, Therefore according to Gibbs phase rule the chemical potential
increases again. In non-equilibrium conditions chemical potential — concentration
curve can be different from the one

shown in Fig. 2.2. [47]. =

In a typical LiFePO4 bulk Galvanostatic No phase
material electrode there are around curve transformation
10" LiFePO, grains. Recent ex- peolved
situ studies show that lithium is < oF = eSS,

not being inserted simultaneously
in all LiFePO, grains therefore
leading to sequential particle-by-
particle charging and discharging
behaviour [53, 54, 57]. There are 05 0.5 10
several electrochemical phenomena )

associated with sequential LiFePO,
lithiation and de-lithiation [58, 59,

A
Equilibrium curve

Fig. 2.2. Chemical potential of lithium versus
the amount of lithium in Li FePO, for a
single particle [59]
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61, 92, 93]. One of such phenomena with the most far-reaching consequences is
the non-vanishing voltage hysteresis of LiFePO, [59].

In the study of non-vanishing voltage hysteresis M. Gaberscek et al.
demonstrate that even by performing charge and discharge experiments at an
extremely slow C/1000 rate (C = 170 mA/g), there is still a 20 mV difference
between the charge and discharge voltage plateaus for a LiFePO, powder
electrode [59]. Such hysteresis has a thermodynamic and not kinetic origin.
It can be explained with the help of the non-monotonic shape of lithium
chemical potential — concentration curve (Fig. 2.2.). By discharging the LiFePO,
electrode, LiFePO, grains sequentially proceed through the maximum of the red
(galvanostatic discharge) curve in Fig. 2.2. As the number of LiFePO, grains in
the electrode is extremely large and the individual grains proceed through the
chemical potential peak sequentially, instead of a plateau at the equilibrium
position a plateau at the local single particle chemical potential maximum is
observed. A symmetrical process takes place during the de-lithiation of LiFePO,
therefore leading to the non-vanishing voltage hysteresis of around 20 mV.

2.3.Thin Film Technology

A thin film is a thin layer of material which has been obtained by depositing
single atoms, molecules or ions [94]. A thin film is different from a thick film,
which is obtained by reducing the size of a thick material or depositing readily-
made grains or big clusters of atoms, molecules and ions.

There are chemical and physical thin film deposition techniques. Physical
techniques include mechanical, electromechanical or thermodynamic processes,
while chemical thin film deposition techniques usually involve a liquid
precursor that forms a thin solid film as a result of a chemical reaction. The most
popular physical thin film deposition techniques are physical vapour deposition
(resistive, inductive, electron beam, pulsed laser, arc-discharge, etc.), sputtering
techniques (cathode, magnetron, direct current, alternating current, impulse,
etc.) and electrodynamic deposition.

Pulsed laser deposition (PLD) is based on a target located in a vacuum
chamber being irradiated with a high energy pulsed laser. As a result of it the
target atoms are being excited. Target ablation, surface exfoliation and plasma
formation take place [95]. The products of pulsed laser - target interaction
form a directed flow of particles towards the substrate. Part of the particles are
deposited on the substrate and form a thin film. This technique is relatively easy
to optimize and therefore is very popular for scientific purposes.

Magnetron sputtering is another popular physical vapour deposition
technique. Contrary to PLD, magnetron sputtering can easily be used to coat
large surfaces. The technique is based on collisions between an inert gas and a
target, which is made either from a pressed powder or a monolithic metal or alloy.

11



3. EXPERIMENTAL

3.1. LiFePO, Preparation

LiFePO,/C was prepared via solution synthesis from LiH,PO, and
FeC,0,-2H,0. The reactants were used in molar ratio 1:1. Citric acid (C,HO,)
was added as a source of additional carbon. Citric acid constituted 16 % of the
total weight of the reactants. The reactants were stirred in a deionized water,
the water was slowly evaporated, as the temperature of the magnetic stirrer’s
hotplate was 100 °C. After drying the reactants were grinded and heated at
350 °C in argon - hydrogen gas flow, the amount of hydrogen in the gas was
5 vol.%. The obtained precursor was then milled and sintered for 5 h at 700 °C
in Ar/ 5 vol.% H, flow.

LiFePO,/C/rGO composite was obtained in three different ways. 3 wt.%
graphene oxide (GO, Bluestone, sheet size 1-20 pm) was added at various
steps of the aforementioned LiFePO,/C synthesis. The samples are numbered
accordingly:

o LFP/C/rGO (1) - GO added during the preparation of precursor,

o LFP/C/rGO (2) - GO added to the precursor before sintering,

o« LFP/C/rGO (3) - GO added to LiFePO,/C, the thermal reduction of GO
took place afterwards with the sample being heated at 700 °C for 3.5 h in

Ar /5 vol.% H, flow.

The addition of GO always took place by stirring GO with the rest of the
reactants in 40 ml deionized water followed by evaporation of the water as
described before.

The LiFePO, target for PLD was prepared in a way similar to the solution
synthesis described above. LiH,PO, and Fe(NO,);-9H,0O were used in a molar
ratio 1:1. The reactants were stirred in 60 ml deionized water while slowly
evaporating the water. The temperature of the magnetic stirrer's hot-plate was
150 °C. When enough water was evaporated to form a gel, the temperature of
the hot-plate was reduced to 100 °C. The obtained powder was then grinded and
heated in Ar / 5 vol.% H, flow for 4 h at 300 °C. After cooling down the LiFePO,
precursor was grinded and isostatically pressed into tablets with 400 kN force.
The diameter of the tablet was 15 mm, height - 3 mm. The tablets were then
sintered at 500 °C for 10 h in Ar / 5 vol.% H, flow. After synthesis the obtained
LiFePO, was grinded again. PLD target was prepared by isostatically pressing
the grinded LiFePO, powder into a tablet with a 15 mm diameter and 3 mm
height by using 800 kN force. In order to avoid the splitting of the target during
deposition, the prepared tablet was heat-treated at 600 °C for 2 h in Ar / 5 vol.%
H, flow. The heating rate was always 5 °C/min. The surface of the prepared target
was polished with a fine sandpaper before the deposition.

12



3.2. Structure, Composition and Morphology Characterization
of the Prepared Materials

The synthesized powders were analysed by using X-ray diffraction (XRD,
Cu K, radiation) and Raman spectroscopy. LiFePO, intended for use as a PLD
target was additionally characterized by inductively coupled plasma optical
emission spectroscopy (ICP-OES). LiFePO,/C and LiFePO,/C/rGO were
additionally characterized by scanning electron microscopy (SEM), and carbon
content was determined via thermogravimetric analysis (TGA). Specific surface
area was studied with nitrogen adsorption measurements followed by Brunauer,
Emett and Teller (BET) analysis.

3.3. Thin Film Deposition

ArF excimer laser with a wavelength of 248 nm was used for LiFePO, thin
film deposition by PLD. The energy of the laser beam in front of the lens of the
vacuum chamber was 70 — 90 mJ, the area of the target irradiated by the laser -
4.5 mm?. Laser frequency - 5 Hz, pulse length — 25 ns. The target material was
LiFePO, tablet that was prepared as described before. The initial vacuum in the
vacuum chamber was 3-10° mBar. The chamber was then filled with argon to a
pressure of 0.2 mBar, gas flow — 3 sccm/s. During the thin film deposition the
target rotation speed was 0.5 Hz. Before the thin film deposition the target was
pre-ablated with 600 laser pulses. During the thin film deposition the substrate
temperature was 500 — 530 °C. Thin films were deposited on Nb doped SrTiO,
(Nb:STO) monocrystals, Nb content - 0.5 wt.%, polished from one side,
crystallographic orientation (100), size: 5 x 5 mm.

In order to obtain LiFePO, thin films by magnetron sputtering a magnetron
sputtering device made by Sidrabe Inc. was used in radio frequency mode.
Frequency: 13.56 MHz, power: 300 W. Target was prepared by pressing LiFePO,
powder (Linyi Gelon New Battery Materials Co.) with 7 t weight (3.9 MPa
pressure). The diameter of the target — 15 cm, distance between the target and
substrate — 15 cm. Before deposition a pressure of 5-10° mBar was obtained in
the vacuum chamber. Argon was used as a sputtering gas, the target was pre-
sputtered for at least 10 min. At some cases substrate was heated to 500 °C. Thin
films were deposited on stainless steel, silicon monocrystals and glass substrates.
In some cases thin film recrystallization for 1 h at 600 °C in Ar was performed.

3.4. Analysis of Thin Film Composition, Structure and
Morphology

The structure of LiFePO, thin films obtained by magnetron sputtering
was analysed by XRD (Cu K, radiation). Morphology was studied by SEM.

13



Thickness was determined by a profilometer, thin films deposited on a silicon
monocrystal were used for this purpose.

The structure of LiFePO, thin films deposited by PLD was studied by using
XRD and grazing incidence XRD (Cu K, radiation). The composition was
analysed by ICP-OES. Thin film stoichiometry on the surface and in the bulk
of the thin film was analysed by secondary ion mass spectroscopy (SIMS) by
using 15 keV Ga* ion gun. Thin film surface was studied by X-ray photoelectron
spectroscopy (XPS), the spectra were obtained in a vacuum chamber with a
pressure under 2 - 10"'° Torr by using Al K, X-rays with 1486.6 eV energy. Thin
film surface was analysed by SEM and atomic force microscopy (AFM). AFM
was used in a contact mode, silicon needle with a radius smaller than 10 nm
was used. Thin film thickness was determined by breaking the thin film and
analysing the cross-section by SEM or by a focused ion beam (FIB) - gallium
ions were used to etch a part of the thin film, the cross-section was then studied
by SEM.

3.5. FElectrochemical Measurements

LiFePO,/C, LiFePO,/C/rGO and LiFePO, thin films deposited by
magnetron sputtering were measured in a Swagelok-type two electrode
electrochemical cells with a metallic lithium counter electrode that was at the
same time also used as a reference electrode. Bulk material electrodes were
prepared by mixing the active cathode material with acetylene black and
polivinylidene fluoride (PVDF) in n-methyl-2-pyrrolidone in a mass ratio
75 : 15 : 10. The obtained slurry was ball-milled for 20 min and then coated on
an aluminium foil. The diameter of the electrodes used - 10 mm. 1 M LiPF in
ethylene carbonate (EC) and dimethyl carbonate (DMC) in volume ratio 1:1
was used as an electrolyte. Whatman GF/F glass microfiber separator was used.
Electrochemical impedance spectroscopy was carried out in a cell containing
1 M LiClO, in propylene carbonate as an electrolyte. Electrochemical cells
were assembled in an argon-filled glove box. Electrochemical measurements
were carried out with potentiostat Voltalab PGZ-301 and Solartron 1287A in
combination with frequency analyser Solartron 1255.

LiFePO, thin films deposited by PLD were measured in Swagelok-type
two electrode electrochemical cells. Metallic lithium was used both as a
counter and reference electrode. The electrolyte was 1 M LiPF, in EC and
diethylene carbonate (DEC) in volume ratio 1:1. Celgard 2500 polypropylene
(PP) separator was used. Electrochemical cells were assembled in an argon-
filled glove box with O, and H,O content lower than 1 ppm. Electrochemical
measurements were performed by using potentiostats Voltalab PGZ-301,
Voltalab PGZ-402, Autolab PGSTAT10I and Solartron 1287A in combination
with frequency analyser Solartron 1255.
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3.6. The Study of Sequential LiFePO, Grain Charge and
Discharge by X-Ray Absorption Spectroscopy

The LiFePO, electrodes for X-ray absorption measurements were prepared
by mixing LiFePO, (M.T.I. Corp.), Super P and PVDF in n-methyl-2-pyrroli-
done in mass ratio 75 : 15: 10. The obtained slurry was coated on a 15 um thick
aluminium foil, electrode diameter was 10 mm. Before assembling the cell the
electrodes were dried for 20 h in vacuum furnace at 100 °C. Electrochemical
measurements were done in a two electrode configuration with metallic
lithium foil being used as the counter electrode and at the same time also as a
reference electrode. 1 M LiPF in EC and DEC in volume ratio 1:1 was used as
an electrolyte. Celgard 2500 PP separator with a thickness of 25 um was used.
Electrochemical cells were assembled in an argon-filled glove box with O, and
H,O content lower than 1 ppm. A custom made electrochemical cell was used.
Beryllium monocrystals were used as X-ray transparent windows.

X-ray absorption experiments were performed at BAMline beam line at
BESSY II synchrotron in Berlin, Germany. X-ray absorption near edge structure
(XANES) of LiFePO, was studied in an imaging mode in the Fe K-edge
(7112 eV) energy region before, during and after charge and discharge of
LiFePO,. The energies used were 7080 — 7150 eV. Fe foil was used as a reference.
Fe oxidation state was determined based on the shift of the Fe K-edge. Lithium
rich Li,FePO, contains mostly Fe** and lithium poor LiFePO, contains
mostly Fe’*, therefore it is possible to evaluate lithium content in Li FePO, by
determining the Fe oxidation state.

In order to obtain a monochromatic beam, double multilayer
monochromator (DMM) and Si (111) double crystal monochromator (DCM)
were used in series. Behind the electrochemical cell an X-ray luminescent screen
was placed turning X-rays into visible light. The light from the luminescent
screen was focused on a CCD (charge-coupled device) camera. A more detailed
information on BESSY II BAMline beamline can be obtained in references [96]
and [97].
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4. RESULTS AND DISCUSSION

4.1. LiFePO, Bulk Material and LiFePO,/C/rGO
Nanocomposite

X-ray diffraction (XRD) analysis displays all peaks characteristic to the
orthorhombic LiFePO, crystal lattice and Pnma space group, no impurities
have been observed. Raman spectroscopy shows carbon D and G bands located
at 1350 cm and 1600 cm™ respectively. No significant differences in Raman
spectra can be observed between samples with and without rGO, therefore it
can be concluded that carbon coating of LiFePO, creates a stronger signal than
rGO. This is in agreement with the notion of very thin rGO sheets — because
of the small thickness of one or few rGO layers the signal from rGO is very
weak. TGA shows that LiFePO,/C consists of 1.1 % carbon and confirms that
LiFePO,/C/rGO additionally contains almost 3 % rGO.

SEM images of LiFePO,/C and LiFePO,/C/rGO are shown in fig. 4.1. The
grain size is approximately 100 — 700 nm, the obtained powders are noticeably
porous (see fig. 4.1. a and b). The BET surface area is not sensitive to rGO,
therefore it is similar to all prepared composites — approximately 30 m?/g. The
average pore volume is 56 mm?/g.

The observation of single and few layer graphene in SEM is complicated,
and often advanced SEM equipment is necessary, as one or few layer graphene
can be nearly transparent for high energy electron beams [98,99]. Nevertheless,
rGO sheets have been observed in all prepared LiFePO,/C/rGO samples. In
LiFePO,/C/rGO (1) where GO was added at the first step of the synthesis rGO
layers that have wrapped LiFePO, particles can be observed (see fig. 4.1. c).
There are also LiFePO, particles that appear to be anchored on rGO sheets.
The grain structure of LiFePO,/C/rGO (2) and LiFePO,/C/rGO (3) is
significantly different than that of the sample LiFePO,/C/rGO (1). Samples
LiFePO,/C/rGO (2) and LiFePO,/C/rGO (3) have been obtained by adding GO
in the second synthesis step and after LiFePO,/C synthesis respectively. rGO
sheets are mixed with LiFePO,/C agglomerations (fig. 4.1. d). If wrapping of
LiFePO,/C has been observed, the rGO layers have wrapped parts of LiFePO,
grain agglomerations and not individual LiFePO, grains. The grain structure
where small LiFePO,/C particles have been anchored on rGO sheets were not
observed in composites LiFePO,/C/rGO (2) and LiFePO,/C/rGO (3).

The presence of rGO in LiFePO,/C/rGO composite has caused an increase
of the already high rate capability of LiFePO,/C (see fig. 4.2.). The capacity of
LiFePO,/C/rGO (1) composite at 0.1 C current is up to 163.5 mAh/g. The
rGO-wrapped LiFePO,/C grains in sample LiFePO,/C/rGO (1) have also
provided significant rate capability improvements. The galvanostatic discharge
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Fig. 4.1. SEM images: (a) and (b) LiFePO,/C and its pores;
(c) LiFePO,/C/rGO (1) image with LiFePO,/C grain wrapped in rGO;

(d) LiFePO,/C/rGO (2)

capacity at 20 C rate (3400 mA/g) is 55 mAh/g — more than 2 times higher than
the capacity obtained for LiFePO,/C composite.

Although a composite where LiFePO,/C is uniformly mixed with
rGO sheets but does not display any wrapping or anchoring of LiFePO,/C
particles (samples LiFePO,/C/rGO (2) and (3)) brings slight rate capability
improvements, the rGO electron conducting network with this particular grain
structure is obviously not efficient enough to lead to significant rate capability

improvements.
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Fig. 4.2. Galvanostatic charge and discharge curves of (a) LiFePO,/C,
(b) LiFePO,/C/rGO (1), (c) LiFePO,/C/rGO (2), (d) LiFePO,/C/rGO (3) and
(e) rate capabilities of the obtained composites; 1 C = 170 mA/g

The increase of the galvanostatically measured charge capacities above
5 C rate for rGO containing cathodes is seen due to the electron - conducting
network created by rGO in LiFePO,/C improving the electron transport
in the cathode. However, the capacity seems to have increased not only
at the higher charge and discharge rates, but also lower rates. For sample
LiFePO,/C/rGO (1) the additional discharge capacity at 0.1 C rate is around
21 mAh/g. Smaller increases can also be observed for other rGO-containing
samples.

In order to determine the charge capacity of pure rGO, galvanostatic charge
and discharge experiments were also performed on rGO electrodes. rGO charge
and discharge curves show that only a small part of the 1050 - 1200 mAh/g
charge capacity is obtained between 2.7 V un 4.0 V (see reference [100] for
more details). Therefore lithium insertion into rGO layers cannot be the only
explanation of the increased low rate capacity of LiFePO,/C/rGO composites.
The increase of the amount of the stored lithium in LiFePO,/C/rGO (1) and
other obtained LiFePO, - rGO composites is most likely a combination of three
phenomena: increased fraction of the electrochemically active LiFePO, particles
due to the rGO electron-conducting network, chemical bonding of lithium and
rGO (lithium insertion in rGO) [9, 101] and lithium storage in LiFePO,/C -
rGO interface as has been observed for a few other composites [90, 102].
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4.2.Electrochemical Properties of LiFePO, Thin Films

4.2.1. Thin Films Deposited by Pulsed Laser Deposition

The XRD analysis of the prepared PLD target indicates that the material
is pristine LiFePO,. All peaks correspond to the orthorhombic crystal lattice
of LiFePO, and Pnma space group. Raman spectroscopy and ICP-OES
measurements also confirm that the prepared material is pristine LiFePO,.

The XRD data for the obtained LiFePO, thin films displays only peaks
characteristic LiFePO,. ICP-OES results show stoichiometry Lijo.Fe; 0;P5000;3 .06
which indicates slight lithium evaporation during the thin film deposition. SIMS
indicates a uniform Li, Fe and PO distribution in the bulk of the thin film. XPS
data show maxima characteristic to Fe** and does not indicate any considerable
impurities.

The SEM images of the thin films (fig. 4.3.) indicate that the obtained
thin films are composed of a longitudinal particles with an average diameter
of 5 pm. These particles are composed of smaller grains with diameter of
50-500 nm as shown in fig. 4.3. b. The colour of the grains in fig. 4.3. is different
due to variations in the crystallographic orientations. A few cracks can also be
observed, they are most likely formed as a result of the substrate heating due to
different thermal expansion coeflicients of Nb:STO and LiFePO, [103-105].

Substrate

Thin film
10E')_.nm

Fig. 4.3. LiFePO, thin film SEM (a),(b) surface and (c),(d) cross-section images
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Cross-sections of LiFePO, thin films can be seen in fig. 4.3. ¢ and d. They
indicate that the thin film is dense, with no significant pores and with a rather
smooth surface. This is also confirmed by AFM. The analysis of AFM results
indicates that the actual surface is only 2 % larger than the projected one. Thin
film deposition rate was determined to be 200 nm/h.

The discharge capacities of the obtained thin films are up to 118 mAh/g
for the 100 nm thin film (see fig. 4.4.). This constitutes around 70 % of the
theoretical capacity of LiFePO,, which is 170 mAh/g. The capacities are very
high when compared with other studies of LiFePO, thin films where no carbon
additives have been used [84,106-115]. All electrochemical measurements
have been performed in two electrode electrochemical cells that were modified
in order to avoid undesired side reactions connected with the electrolyte
decomposition. At sufficiently small mass of active material the signal from such
side reactions becomes significant.

Obtained LiFePO, thin films have a very good cyclability — 85 % of the
initial discharge capacity of a 200 nm thin film is retained after 100 charge
and discharge cycles at 0.7 C rate (fig. 4.4. e). Cyclic voltammetry (CV) curves
display the peaks characteristic to lithium insertion and extraction (fig. 4.4. f).

a 39 —‘ b 39 C 39
37 azc 37k GiEc 37 o1ac
= oac oac 0I7cC
~ 35 pac a5 oEzC w 3.5 0.54C
o ) o & tosc
el 11c o 133¢C k] s
B33 Tsel Ess [ — Jme| =33 218¢
=] s = 2080 = 337¢C
. sac =31 517 C 31 5.45¢C
29 J - 29 29
27 27 27
a 30 100 0 50 100 0 50 100
Capacity, maAh/g Capacity, maAh/g Capacity, maAh/g
140 10 10
d € 120 f 2mvs
oo
}100 - —# — 10mm r' 1 os & =1
= 200nm 100 | s -5 F 1 mufs
E - —8 — 3000m oo o =
£ 80 ERn 1 06 E =
g » E 5 So |
2 80 ~ = &0 2 c 0
B ¢ ‘a £ 04 £
& 40 3 ~ T a0 . 2
5 9 [ ] N = @Charge capadty 1 a2 2 -5 F
+ 20 » - Yoan | .D‘sc1a’ge_ ca:ac_'t-,- < Q
o - #Coulombicefficiency
8 0 0 ) 00 -10 . . . .
0 5 10 o 50 100 26 29 32 35 38 41
Crate Cycle No. Voltage, V

Fig. 4.4. Galvanostatic charge and discharge experiments: (a) 100 nm, (b) 200 nm and
(c) 300 nm thick LiFePO, thin film charge and discharge curves, (d) rate capabilities,
(e) cyclability of a 200 nm thin film, (f) cyclic voltammetry curve, 1 C = 170 mA/g

Electrochemical impedance spectroscopy (EIS) was performed for several
LiFePO, thin films - see fig. 4.5. Charge transfer resistance increases with
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increasing LiFePO, thin film thickness, and the values of the charge transfer
resistance are close to those of the expected electronic resistance of the thin film.

By using EIS and galvanostatic intermittent titration technique (GITT) the
effective chemical diffusion coefficients of LiFePO, thin films were determined.
Their values can be seen in fig. 4.5. b and c att. For stoichiometries that are
close to Li,;FePO,, the effective chemical lithium diffusion coefficient Dy, is
approximately 1 - 10" cm?*/s. At higher and lower lithium concentrations the
determined diffusion coefficients are larger.
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Fig. 4.5. (a) EIS results for LiFePO, thin films with various thicknesses; effective
chemical lithium diffusion coefficients for a 200 nm LiFePO, thin film obtained by
using (b) EIS and (c) GITT

The effective chemical diffusion coefficient of lithium calculated from GITT
data in intermediate states of charge is approximately 107 cm?/s or 10® cm?*/s
for calculations done by using charge and discharge data respectively. The
diffusion coeflicients calculated from charge and discharge measurements
differ because the thin film de-lithiation process has larger resistance (higher
overvoltage). This is because thin film was deposited in a stoichiometry that
is close to LiFePO, (and not FePO,), therefore during de-lithiation additional
mechanical strains can develop.

Diffusion coeflicients calculated both from EIS and GITT data are close
and are also is in agreement with the values determined from the CV curves by
using Randles — Sevcik equation (10"% — 1077 cm?/s).

By interpreting the calculated effective chemical diffusion coeflicients one
has to take into account that, firstly, the model which is used for calculation of
Dy; assumes that all particles are lithiating and de-lithiating at the same time,
which might not the case with LiFePO, [116]. Secondly, the aforementioned
methods for calculating D,; are intended for solid solutions and not for two-
phase materials such as LiFePO,. Therefore the change in the free energy that
comes from the separation of lithium rich and lithium poor phases is not
taken into account [117]. Due to aforementioned reasons the calculated results
are called effective (or apparent) chemical diffusion coefficients, and they
characterize not only the diffusion but also the overall lithium kinetics in the
LiFePO, electrode.
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4.2.2. Thin Films Deposited by Magnetron Sputtering

The XRD data of LiFePO, thin films deposited by radio frequency
magnetron sputtering confirm that recrystallized thin films are composed
of crystalline LiFePO,. Fig. 4.6. shows SEM images of LiFePO, thin films
obtained by magnetron sputtering. Distinct grains can be observed in the thin
film with a size of 1 - 10 um. Although the grains are packed rather densely,
grain boundaries can clearly be distinguished. No cracks are formed during the
deposition, the surface adhesion is sufficient for the thin film to adhere to the
substrate.

h
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Fig. 4.6. SEM images of LiFePO, thin films obtained by magnetron sputtering
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Fig. 4.7. (a) CV curves for various LiFePO, thin films (v =1 mV/s),

(b) galvanostatic charge and discharge curves for 1000 nm thin film,

1 C =170 mA/g, (c) effective chemical diffusion coefficient of lithium in a LiFePO,
thin film at various states of charge
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CV curves in fig. 4.7. a indicate that the best electrochemical properties can
be obtained by recrystallizing the thin film after its deposition. Recrystallization
is important because the particles reaching the substrate during the deposition
may not have sufficient energy to form ordered crystalline structures. The
obtained capacities are up to 61 mAh/g at 0.1 C rate (17 mA/g) for a 1000 nm
film (see fig. 4.7. b). The capacities measured at higher charge and discharge
rates are 30 mAh/gat 0.2 C, 19 mAh/gat 0.3 Cand 10 mAh/gat 1 C.

Effective chemical diffusion coefficients of lithium have also been
determined for LiFePO, thin films deposited by magnetron sputtering — see
fig. 4.7. c. The determined diffusion coefficients are several orders of magnitude
higher than the ones obtained for thin films deposited by PLD. However, these
values are also in agreement with the ones reported in literature (in the range
of 10" to 10" cm?/s [12, 82-84]). It must again be noted that the values of
effective chemical diffusion coefficients are determined not only by lithium
diffusion but also by differences in electrode morphology, grain structure and
composition.

4.3.The Analysis of Sequential LiFePO, Particle Charging and
Discharging

4.3.1. In-situ XAS Measurements of LiFePO, Bulk Material

LiFePO, cathode was charged in order to obtain FePO,. The charging was
first done in a constant current, then - in constant voltage mode. The current
used was 0.27 mA (2 C or 340 mA/g). By charging the LiFePO, Fe oxidation
state changes from 2+ to 3+ and Fe X-ray absorption K-edge shifts to higher
energies. A shift from 7127 eV to 7131 eV can be observed, which is consistent
with the results reported in literature [118-123].

The intensity of the X-rays passed

through a LiFePO, particle at different states it [ S

of charge (SOC) of the LiFePO, electrode N

can be seen in Fig. 4.8. The LiFePO, 35" LiFePO,._ |
electrode was first discharged. However, ; v s 2 |~ FePO,
the SOC of the particular LiFePO, particle =~ g} =« sxce §

did not change until the electrode was £ e
discharged to 65% SOC. For a completely 100001 sowg -

diSCharged partiCIe Fe3+ has Changed to 7080 70‘50 71‘00 71'10 71f20 71'30 71‘40 71'50
Fe**. By charging the electrode the particle Energy, eV

still consisted of mostly Fe** both at 30 %  Ejg 4.8, Intensity of the X-rays
and 60 % SOCs. However, at 60% SOC passed through a LiFePO, particle
first indications of the particle being at various electrode SOCs
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de-lithiated can be observed. The results allow to conclude that the particular
LiFePO, particle was charged and discharged at a specific SOC of the LiFePO,
cathode. In the case of the specific LiFePO, particle that SOC corresponds to the
approximate overall electrode stoichiometry Li,;FePO, - Li, ;FePO,.

In order to view sequential charging and discharging of LiFePO, grains
an agglomeration of LiFePO, at 35 % SOC was analysed (see fig. 4.9.).
7127 eV X-ray energy used to obtain fig. 4.9. a is at the maximum of the Fe**
K-edge. However, it is located before the Fe** K-edge, therefore LiFePO,
containing mostly Fe*" is darker than the Li,FePO, containing mostly Fe**. The
Fe distribution in the overall image can be evaluated by looking at fig. 4.9. where
signal from the same electrode area is shown at pre-edge X-ray energies.

E 1 Partially o Discharged %
charged ™ .

)

Y

| Charged

’

Fig. 4.9. An agglomerate of LiFePO, particles at 35 % SOC, X-ray energy:
(a) 7127 eV; (b) 7109 eV (pre-edge); at 35% SOC individual grains within a single
agglomerate have a different lithium content.

At 35 % SOC charged (darker) and discharged (lighter) LiFePO, grains can
be observed simultaneously even within a single agglomeration of grains. This
observation confirms the sequential LiFePO, grain lithiation and de-lithiation.
By taking into account that there are several partially charged grains it can be
concluded that lithium is being inserted and extracted from several LiFePO,
grains simultaneously - at a given moment of time there is a specific set or
population of grains that are electrochemically active.

For the first time in-situ XANES imaging experiments have been performed
on a LiFePO, cathode. Strong evidence has been obtained for a sequential grain-
by-grain charging and discharging of the LiFePO, electrode.

4.3.2. Sequential Particle Charging and Discharging in LiFePO, Thin Films

Voltage hysteresis measurements were performed for LiFePO, thin films
deposited by PLD. The measurements are based on a galvanostatic charge
and discharge experiments in a limited charge interval. Open circuit voltage
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(OCV) is being measured between galvanostatic measurements. Voltage
hysteresis measurements were conducted in the characteristic LiFePO,
two-phase region which corresponds to a stoichiometry Li FePO, in which
0.1 < x < 0.9. The experimental procedure is schematically shown in fig. 4.10.
The measurement cycle shown in the figure was repeated several times, the low
currents used for hysteresis measurements were varied.

24hocy,

: . . Charged until 3 low current charge,
2 f;l; c:z:ﬁe{ g':ﬂ::ﬁi approximately 45% 12 hOcCv,
cycles : SOCwith 1 C current 3 low current discharge,

12 hocv

Fig. 4.10. Experimental procedure for a single voltage hysteresis measurement cycle

Voltage hysteresis measurements were conducted on four LiFePO, thin
film samples. Sample LFP-H1 is 100 nm thick, LFP-H2 and LFP-H3 - 200 nm
thick, LFP-H3L is the thin film LFP-H3 which has been coated with a 400 nm
thick LiPON layer. The electrochemically active mass of the thin films were
normalized based on their rate capabilities. Voltage hysteresis graphs and
Butler - Volmer type dependence or overvoltage versus current are shown in
fig. 4.11.
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dependence between overvoltage and specific currents
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The results indicate that if 1-5 % galvanostatic charge and discharge would
be performed at intermediate SOC with infinitely low currents, there would
be no voltage hysteresis or the observed voltage hysteresis would be extremely
small. Even if voltage and current dependence at very small currents cannot
be fitted with a linear line, there are still several data points indicating voltage
hysteresis bellow 2 mV which is at least an order of magnitude lower than
reported in literature for LiFePO, bulk material [59].

The results contradict the expectations according to the current model
which predicts a non-vanishing voltage hysteresis due to non-monotonic
lithium chemical potential - concentration dependence and sequential particle
charging and discharging [59]. The disappearance of voltage hysteresis indicates
that the sequential charging and discharging of LiFePO, particles in thin film
can occur in a significantly different way than in bulk material. As the grains
in a thin film are tightly connected and they are not separated by a layer of
carbon coating or electrolyte, mass transfer between the grains can take place
more efficiently. This can influence the way in which lithium is being inserted
and extracted from the LiFePO, grain. Inner mechanical strains can also play a
significant role.

a b 360 Cc 360
39 358 358 -
3.8
z > 356 | = 356
] b frt
B 37 g B
b E 354 £ 354
3.6 Write Cyde (1]
Wrrite Cyde (2]
35 352 read oyde 352 Write Cyde (3]
Regular oyde Read Cyde
Write cycle Regular oyde
34 350 . : 350 L s
0 1000 2000 0 200 400 500 v} 200 400 600
Charge, nAh Capacity, nAh Capacity, nAh
4.0
1 35 =
4 30 £ Read Cyde
]
125 E
1 50 % Regular oyde
=
113 E Fotentia
\ =
Wl 10 g difference
=
“d os £ Fotentiz
/ difference {fit]
350 bW L L 0.0
0 200 400 600

Capacity, nAh

Fig. 4.12. Electrochemical effects observed in LiFePO, thin films: (a) a local
maximum of the electric potential at the beginning of the charge (200 nA current),
(b) and (c) memory effect with one and three write cycles and (d) potential
difference due to the memory effect
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Two more electrochemical phenomena have been observed for LiFePO,
thin films. Firstly, at the first galvanostatic charging curve of a LiFePO, thin film
an uncharacteristically high local electric potential maximum can be observed
(see fig. 4.12. a). Secondly, the memory effect has been observed in LiFePO, thin
film, the results are shown in fig. 4.12. b, ¢ and d. The reader can learn more
about the origins of the memory effect in the reference [58].

The most likely explanation for the local maximum of the LiFePO, thin
film electric potential maximum is simultaneous charging and discharging
of LiFePO, grains via solid solution mode. However, when the cell reaches a
specific overvoltage, irreversible changes at the LiFePO, electrode take place.
As a result of this it becomes energetically more favourable for lithium rich and
lithium poor phases to separate. The aforementioned effect has been observed
before in several LiFePO, bulk electrodes [58, 86, 124-126]. However, it has
never been as pronounced as in LiFePO, thin films obtained in this work, and
this phenomenon has never been analysed in detail.

Sequential charging and discharging of LiFePO, grains or their
agglomerations is also confirmed by observing the memory effect (fig. 4.12.
b, ¢ and d). The experimental procedure for memory effect measurements is
shown in fig. 4.13. The memory effect [58] is based on the fact that during a
partial charge and discharge cycle only a part of the electrode is being charged
and discharged. After this partial charge and discharge cycle the electrode
is in a metastable state which leads to an increased electrode overpotential
during a part of the next full charge or discharge. When comparing the results
obtained for thin films with those seen for bulk material, the overpotential in
the read cycle is more stretched out and not as localized as for bulk electrodes.
Nevertheless the existence of the memory effect confirms that sequential
grain charging and discharging takes place in LiFePO, thin film. However, the
changes in electric potential observed during the read cycle in LiFePO, thin film
are much less pronounced than those observed for bulk material.

1 or more partial
charge and discharge cycles
(write cycles)

3 full charge and discharge
cycles, the first one is called
the read cycle

Fig. 4.13. The experimental procedure for memory effect measurements
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CONCLUSIONS

By completing the objectives of this work the aim of the work has been

achieved - the understanding of the working principles of LiFePO, lithium
ion battery cathode material has been expanded. The results of this work can
be used to increase the rate of lithium insertion and extraction in LiFePO, and
potentially other two phase lithium insertion and extraction material electrodes.
Three main conclusions can be drawn which correspond to the three chapters
describing the results of this work.

1.

Although LiFePO,/C/rGO (rGO - reduced graphene oxide) with a
remarkably high rate capability when comparing to other LiFePO,/C/rGO
composites [9, 25-34, 127] has been obtained, the main scientific novelty
of this part of the work is the conclusions drawn about the optimal
LiFePO,/C/rGO grain structure. The introduction of graphene oxide (GO)
at the earliest synthesis stage enables to obtain a grain structure where
rGO sheets are wrapped around LiFePO, grains and LiFePO, particles
are anchored on rGO sheets. The electron conducting network created by
rGO via this synthesis route enables to achieve the highest charge capacity
and rate capability of the LiFePO,/C/rGO composite. GO added in later
synthesis steps creates a grain structure where rGO sheets have been
uniformly mixed with LiFePO,/C but do not necessarily wrap around
LiFePO, grains. Grain structure in which LiFePO, grains have been
wrapped in rGO and anchored on it can also improve the charge capacity
at low charge and discharge rates. The extra charge capacity of the obtained
LiFePO,/C/rGO can be explained with the electron-conducting network
of rGO increasing the fraction of the electrochemically active LiFePO,
particles, lithium inserting in rGO and lithium storage in LiFePO,/C -
rGO interface. The large charge capacity and rate capability of the obtained
LiFePO,/C/rGO composite makes it suitable for use in advanced lithium
ion batteries.

High charge capacity LiFePO, thin films have been obtained with pulsed
laser deposition. Their charge capacity is up to 118 mAh/g which is one
of the highest values reported for pristine LiFePO, thin films. Due to the
two-phase nature of LiFePO, and sequential grain charge and discharge the
determined effective chemical diffusion coefficient of lithium is the lowest
for stoichiometry Li,;FePO, and is equal to approximately 1077 cm?s.
At cell voltages close to 2.7 and 4.0 V undesired side reactions take place
at the current collector — electrolyte interphase. They are connected with
the decomposition of the liquid electrolyte. The methodology of the
electrochemical measurements has been improved in order to avoid such
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side reactions. Relatively high charge capacity (up to 61 mAh/g) LiFePO,
thin films can be obtained on a stainless steel substrate via radio frequency
magnetron sputtering. This demonstrates the possibility to use this
technique for depositing large area LiFePO, cathodes which can be used for
large area thin film lithium ion batteries.

By studying X-ray absorption near edge structure (XANES) of Fe K-edge
in LiFePO, in imaging mode it was shown that LiFePO, grains are charging
and discharging sequentially. Even in a single agglomeration lithium rich
and lithium poor Li,FePO, particles can be observed. For the first time
electrochemical experiments characterizing sequential grain charging and
discharging have been performed on LiFePO, thin films. The observations
of voltage hysteresis and memory effect at low currents were performed.
The experimental results show that for LiFePO, thin films contrary to
the bulk material electrodes nearly vanishing voltage hysteresis can be
observed. Although several electrochemical features point to sequential
particle-by-particle charging and discharging behaviour, the disappearance
of voltage hysteresis means that LiFePO, thin film lithiates and de-lithiates
in a way that is different from bulk electrode lithiation and de-lithiation.
This is associated with the different grain structure of the thin film and
indicates that the grain boundaries have a crucial role in LiFePO, cathodes.
The research done in this work serves as a ground for further improvements
of the existing LiFePO, particle-by-particle charging and discharging model
by taking into account the inter-grain lithium ion and electron transport of
LiFePO,. In long term these results can serve as a ground for calculation —
based way of developing high power LiFePO, electrodes and other two
phase lithium insertion and extraction material electrodes.
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THESES

Anchoring LiFePO, particles on reduced graphene oxide sheets and
wrapping LiFePO, grains with reduced graphene oxide sheets are one of
the best techniques for improving the rate capability of LiFePO, cathodes.
LiFePO,/C - reduced graphene oxide interphase provides additional sites
for lithium storage in LiFePO,/C/rGO

LiFePOQ, thin films with no additional electron - conducting additives have
been deposited by pulsed laser deposition, their charge capacity is close to
the capacity of LiFePO, bulk material. LiFePO, thin films were deposited by
magnetron sputtering, they can serve as the cathode for large area thin film
lithium ion batteries.

Lithium insertion and extraction in Li FePO, bulk electrode and thin films
takes place particle by particle. Nearly vanishing voltage hysteresis has
been observed for LiFePO, thin film electrode, indicating that there are
significant differences in lithium insertion and extraction mechanisms in
LiFePO, thin films in comparison with the bulk material electrode.
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